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PREFACE TO THE SECOND EDITION

The present edition of "Radio Engineering," while following the same

method of presentation as the first edition, has been completely revised

to take into account the rapid advances in radio communication during

recent years." The extent of this revision is indicated by tin* fact that

the entire book has been rewritten except for the first several chapters,

and over half of the illustrations of the present edition are new

The order and details of presentation have been modified in a number

'of instances in order more readily to include new developments and

present I rends. The fundamental principles of all types of electron

tubes are now given in one unified chapter. The sections on power

amplifiers have been expanded into a full chapter that represents the

most complete treatment of this subject now available in book form.

A brief chapter on television has also been added because of the increas-

ing importance of this field. In order to take care of these and other

additions without undue increase in length, the chapter on measurements

has been omitted. It is believed that with the appearance of the author's

book "Measurements in Radio Engineering" the need for such a chapter

has been greatly lessened.

The present edition carries the analysis of many topics much farther

than did the first edition. A complete treatment of the diode detector

is presented, including the effects of the a-c -d-e ratio. The power-series

method of analyzing distortion, modulation, etc., in tubes is fully covered,

with the results boiled down to an equivalent circuit that greatly sim-

plifies the application of this analysis to engineering problems. There is

increased attention given also to the design and analysis of power ampli-

fiers of all types, and of modulators. The chapter on wave propagation

now includes sufficient material to permit calculation of ground-wave

coverage, determination of optimum frequency for sky-wave transmission

from ionospheric data, and the calculation of received field strength at

ultra-high frequencies.

A certain amount, of new material is presented here for the first tune.

This includes an accurate analysis of condenser-input filter systems,

universal amplification curves of resistance- and transformer-coupled

amplifiers, the analysis of the directional characteristics of radiation

from a nonresonant wire in space, and the high-efficiency grid- and

suppressor-grid-modulatcd amplifiers.
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Problems are given at the end of each chapter. In compiling these

an effort has been made to include at least one problem on every important

topic in the text. This has been done even for such subjects as radio

transmitters, for which it is difficult to formulate problems. As a result

it will be possible for the teacher to supplement all text assignments with

corresponding problem assignments that cannot be filled until an under-

standing of the corresponding parts of the text has been gained. In

order to further this, the problems have in the main been so worded that

they cannot be answered by copying from the text or by simple substitu-

tion in formulas, but rather- call for an understanding of how to apply

the principles given in the text. In using these problems, the instructor

is expected to fit: them to his own particular requirements. Thus the

total number of problems available is greater than can be included in

any ordinary radio course. Also, some of the problems are rather long

and difficult, and an instructor may find it desirable to shorten them.

Other problems are intentionally presented in a manner similar to the

way the corresponding problem is encountered in practice. That is,

the desired result is specified, and the student is asked to design apparatus

and circuits that will give the required performance without any details

such as number and types of tubes, etc., being given. It is believed such

a comprehensive group of problems will suggest to an instructor the

various possibilities that are present and will serve as the basis for

problem sets suitable for any circumstance.

The author is indebted to a number of individuals and organizations

for assistance rendered in the preparation of tins edition. Mr. Harold A.

Wheeler and the Hazeltine Corporation very generously made certain

material available to the author before publication. Thanks are also

due Bell Telephone Laboratories, RCA Radiotron Company, Inc.,

RCA Manufacturing Company. Inc., RCA Communications, Inc.,

Plnlco Radio & Television Corporation, The Crosley Radio Corpora-

tion, Jensen Radio Co., and the Stromberg-Carlson Telephone Company
for photographs, circuit diagrams, and data on commercial equipment.

Mention should also be made of Lowell Hollingsworth, F. Alton Everest,

John Donahue, Robert Sink, J. S. Anderson, and John R. Woodyard, all

students or former students at Stanford, who assisted in drawing figures

and checking the manuscript and proof. Acknowledgment is made for

suggestions, criticisms, and other help rendered by Dr. R. L, Freeman,

formerly of Crosley Radio, and James M. Sharp, instructor at Stanford

University.

Frederick Emmons T human.
Stanford DmvEBsmr,

June, 1937.



PREFACE TO THE FIRST EDITION

The aim of "Radio Engineering" is to present a comprehensive

engineering treatment of the more important vacuum-tube and radio

phenomena. Electrical circuits and vacuum tubes behave according

to exact laws, which in the main are simple and easily understood,

and which can be used to predict the performance of radio circuits and

radio apparatus with the same certainty and accuracy that the perform-

ance of other types of electrical equipment, such as transformers, motors,

and transmission lines, is analyzed. It is this ability to reduce a problem

to quantitative relations that predict with accuracy the performance

to be expected or explain the results already obtained that represents a

real mastery of the subject such as the radio engineer is expected to

possess.

The principal prerequisite for undertaking the study of radio engi-

neering is a good working knowledge of the fundamental concepts of

alternating currents, such as reactance, impedance, power factor, phase

angle, and vector representation. An elementary idea of complex

quantity notation is also desirable but not absolutely essential. This

means that radio work as outlined in this volume can be taken up in

the senior year of the usual electrical engineering curriculum.

The order of presentation has been intentionally so arranged that

the first part of the volume is devoted to the theory of tuned circuits

and the fundamental properties of vacuum tubes and vacuum-tube

applications, all of which an? of importance and interest to every elec-

trical engineer. The latter part then takes up more specialized radio

topics, such as radio receivers and transmitters, wave propagation,

antennas, and direction finding. This makes it possible where desired

to arrange a two-semester course, the first term of which will be suitable

for all electrical engineers, with the second term continuing for those

with definite radio interests.

Particular care has been taken to avoid unnecessary equations in

developing the analytical side of the various subjects taken up. It

has been the author's experience that the usual student when first coming

in contact with a new subject is confused by the presence of numerous

equations and, in such circumstances, frequently fails to realize which

relations are of real importance. By carrying on the reasoning in terms

of words as far as possible, by judicious use of footnotes, and by skipping

over purely routine mathematical manipulations, it has been possible

to cut down the number of equations appearing in the text to the point

where the important mathematical relations stand out by virtue of the
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fact that they stand nearly alone, free of attention-diverting trivial

equations. The result is that while "Radio Engineering" appears to

be relatively free from mathematics, yet it actually carries the analysis

much deeper than is customary. A typical illustration of this is the

treatment of the transformer-coupled amplifier given in Chap. V. As

far as the author is aware, this represents the only published analysis

that can be used to predict the complete amplification characteristic

of the transformer-coupled amplifier without an unreasonable amount

of work and with engineering accuracy. At the same time it is almost

devoid of mathematics as compared with the incomplete and often

incorrect treatment ordinarily found. This result has been achieved

by carrying the reasoning along in terms of physical concepts and words

and by writing down an equation only when the equation itself is of

importance.

A considerable quantity of original material is being published here

for the first time. Notable instances of this are the analysis of the

transformer-coupled amplifier mentioned above, the universal resonance

curve, the Class A power amplifier formulas, the analysis of the Class B

(linear) power amplifier, the analysis of regeneration resulting from a

common plate impedance, the concept of the effective Q of the tuned

amplifier, the analysis of the input admittance of amplifiers, the treatment

of the voltage and current relations existing in the screen-grid tube.

and the approximate analysis of rectifier-filter systems having a shunt

condenser across the filter input.

The footnote references form an integral part of the text and have

been carefully selected with a view toward helping the reader who desires

more information on a particular subject than is given in this volume.

No attempt has been made to compile complete bibliographies, the aim

having been rather to cite a limited number of comprehensive articles

that are really readable by the average student.

The author wishes to acknowledge the very helpful cooperation which

Ins been received on all sides. Particular mention should be made of

Philip G. Caldwell, the late Nathaniel R. Morgan, Paid F. Byrne, Dr.

Horace E. Overacker, William R. Triplet!, Harry Bngwicht, \\ .
G. Wag-

cner, and D. A. Murray, all former students at Stanford University, who

assisted in drawing the figures and cheeking the manuscript and proof.

The author is also greatly indebted to the Bell Telephone Laboratories,

the American Telephone and Telegraph Company, the General Radio

Company, the De Forest Radio Company, the General Electric Com-

pany, RCA Radiotron, inc., and the Stroinbcrg-C Prison Telephone Manu-

facturing Company for supplying copy for certain of the illustrations.

Stanford University, California, Frederick Emmons Terman.

August, 1932.
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RADIO ENGINEERING
CHAPTER I

THE ELEMENTS OF A SYSTEM OF RADIO COMMUNICATION

1. Radio Waves.—Electrical energy that has escaped into free space

exists in the form of electromagnetic waves. These waves, which are

commonly called radio waves, travel with the velocity of light and consist

of magnetic and electrostatic fields at right angles to each other and

also at right angles to the direction of travel. If these electrostatic and

magnetic fluxes could actually be seen, the wave would have the appear-

ance indicated in Fig. 1. One-half of the electrical energy contained

-r ,
1

'

1 1

•
1

1

//%7?^7

Fig.

r

<«> Front View '(b> Side View

1.—Front and side views of a vertically polarized wave. The solid lines represent

electrostatic flux, while the dotted lines and the circles indicate magnetic flux.

in the wave exists in the form of electrostatic energy, while the remaining

half is in the form of magnetic energy.

The essential properties of a radio wave are the frequency, intensity,

direction of travel, and plane of polarization. The radio waves produced

by an alternating current will vary in intensity with the frequency of the

current and will therefore be alternately positive and negative as shown

at b in Fig. 1. The distance occupied by one complete cycle of such an

alternating wave is equal to the velocity of the wave divided by the num-

ber of cycles that are sent out each second and is called the wave length.

1
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The relation between wave length X in meters and frequency /in cycles
per second is therefore

. 300,000,000X- _
(!)

The quantity 300,000,000 is the velocity of light in meters per second.
The frequency is ordinarily expressed in kilocycles, abbreviated kc;
or in megacycles, abbreviated mc. A low-frequency wave is seen from
Eq. (1) to have a long wave length, while a high frequency corresponds
to a short wave length.

The strength of a radio wave is measured in terms of the voltage
stress produced in space by the electrostatic field of the wave and is

usually expressed in microvolts stress per meter. Since the actual stress
produced at any point by an alternating wave varies sinusoidally from
instant to instant, it is customary to consider the intensity of such a wave
to be the effective value of the stress, which is 0.707 times the maximum
stress in the atmosphere during the cycle. The strength of the wave
measured in terms of microvolts per meter of stress in space is exactly
the same voltage that the magnetic flux of the wave induces in a conductor
1 meter long when sweeping across this conductor with the velocity of
light. Thus the strength of a wave is not only the dielectric stress
produced in space by the electrostatic field, but it also represents the
voltage that the magnetic field of the wave will induce in cutting across
a conductor. In fact, the voltage stress produced by the wave can be
considered as resulting from the movement of the magnetic flux of the
same wave.

The minimum field strength required to give satisfactory reception
of the radio wave varies with the amount of interference that is present.
Under the most favorable conditions it is possible to obtain intelligible
signals from waves having a strength as low as 0.1 /*v per meter, but ordi-
narily interfering waves generated by both man-made and natural sources
drown out such weak radio signals and make much greater field strengths
necessary. Thus experience has shown that in rural areas a field strength
in the order of 100 /xv per meter is required to give what the listener
considers satisfactory service from a broadcast station, while in urban
locations, where the man-made interference is much greater, a field

strength of 5000 to 30,000 /*v per meter is needed to insure good reception
at all times.

A plane parallel to the mutually perpendicular lines of electrostatic
and electromagnetic flux is called the wave front. The wave always
travels in a direction at right angles to the wave front, but whether it goes
forward or backward depends upon the relative direction of the lines

of electromagnetic and electrostatic flux. If the direction of either the
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magnetic or electrostatic flux is reversed, the direction of travel is reversed,

but reversing both sets of flux has no effect.

The direction of the electrostatic lines of flux is called the direction

of polarization of the wave. If the electrostatic flux lines are vertical,

as shown in Fig. 1, the wave is vertically polarized; when the electrostatic

flux lines are horizontal and the electromagnetic flux lines are vertical,

the wave is horizontally polarized.

Propagation of Radio Waves of Different Frequencies.—As radio waves

travel away from their point of origin, they become attenuated as a result

of spreading out and because of energy lost in travel. The amount of

this attenuation depends upon the frequency of the wave, the time of

day, the season of the year, and the character of the earth's surface.

Waves having frequencies below about 100 kc are called low-frequency

waves, and travel with an attenuation that is small and relatively

independent of time of day and season. These frequencies are therefore

well suited for carrying on continuous radio communication over dis-

tances as great as 5000 miles.

Frequencies ranging from 100 to 1500 kc are referred to as medium

radio frequencies. The distinguishing characteristic of these waves is

high received energy at night, particularly in the winter, and high

attenuation during the day. This effect becomes more pronounced

as the frequency is increased toward 1500 kc and is well illustrated by

the characteristics of broadcast waves. Medium-frequency waves are

suitable for covering distances up to several thousand miles at night but

only a few hundred miles in the daytime.

As the frequency is increased from 1500 toward 6000 kc, the attenua-

tion, particularly during the day, becomes less, and these waves, which

are said to be of medium-high frequency, are therefore suitable for carry-

ing on communication over distances in the order of several thousand

miles. The attenuation is greater during the day than at night, and

greater in summer than in winter, but is sufficiently small even under

unfavorable conditions to permit communication over distances of one or

more thousands of miles.

Waves of frequencies ranging from 6000 to about 30,000 kc are called

high-frequency waves. They are capable of traveling great distances

with small attenuation, but whether or not they reach a particular

destination depends upon the conditions existing in the ionized regions

in the upper atmosphere. In general, the frequency best suited for

reaching a very distant receiving point is highest on a summer day,

somewhat lower on a winter day or summer night, and lowest during a

winter night. In order to maintain reasonably continuous communica-

tion over great distances using high frequencies, it is necessary to change

the frequency of transmission as conditions warrant.
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Radio waves having frequencies less than about 12 kc have not been
found useful for commercial radio communication because these waves
require such large radiators for efficient radiation as to be impracticable
from an economic point of view. Waves having frequencies higher than
about 30,000 kc are likewise of limited use because they travel along
straight lines and are not reflected back to earth by the ionized region
in the upper atmosphere. They are therefore of use only over distances
so short that the earth's curvature permits a substantially straight-line
path between transmitting and receiving points.

Table I.

—

Classification of Radio Waves

Class

Low frequency . . .

Medium frequency 100 to

1,500

Fre-

quency

range,

kilo-

cycles

Below
100

Medium high fre-

quency.

High frequency . .

1,500 to

6,000

6, 000 to

30,000

Very high fre-

quency.
Above
30,000

Wave-
length

range,

meters

Over

3,000

3,000

to 200

200 to

50

50 to 10

Below

10

Outstanding

characteristics

Low attenuation at

all times of day and
of year

Attenuation low at

night and high in

the daytime; greater

in summer than win-

ter

Attenuation low at

night and moderate
in the daytime

Transmission depends
solely upon the ioni-

zation in the upper
atmosphere, and so

varies greatly with
the time of day and
season. Attenuation

extremely small
under favorable con-

ditions

Waves travel in

straight lines and are

not reflected by ion-

ized layers, so can
only travel between
points in sight of

each other

Principal uses

Long-distance trans-

oceanic service re-

quiring continuous

operation

Range 100 to 500 kc
used for marine com-
munication, airplane

radio, direction find-

ing, etc. Range 550
to 1500 kc employed
for broadcasting

Moderate-d i s t a n c e

communication of all

types

Long-distance com-
munication of all

kinds; airplane radio

Short-distance com-
munication, tele-

vision, two-way
police radio, portable

equipment, airplane

landing beacons
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As a result of the different characteristics of propagation possessed

by radio waves of different frequencies, each particular range of fre-

quencies is best adapted for a particular type of communication service.

The outstanding properties of the different classes of radio waves are

tabulated in Table I, as well as the uses to which each class has been found

best suited.

2. Radiation of Electrical Energy.—Every electrical circuit carrying

alternating current radiates a certain amount of electrical energy in the

form of electromagnetic waves, but the amount of energy thus radiated

is extremely small unless all the dimensions of the circuit approach the

order of magnitude of a wave length. Thus a power line carrying 60-cycle

current with 20-ft. spacing between conductors will radiate practically no

energy because a wave length at 60 cycles is more than 3000 miles and

20 ft. is negligible in comparison. On the other hand, a coil 20 ft. in

diameter and carrying a 2000-kc current will radiate a considerable

amount of energy because 20 ft. is comparable with the 150-meter wave

length of the radio wave. The com-

mon radio antenna consisting of a

vertical wire with a flat-top structure

as shown in Fig. 2 is essentially a

condenser in which one plate is the

ground while the other plate is the flat

top. Such an arrangement will be

a good radiator of electrical energy p7^^?^^^^jj%^^^^^5
when, the ratio of height to wave yiq. 2.—A simple system for pro-

length is appreciable, i.e., at least ducing radio waves, consisting of flat-top
^ &u rr

1 in a* "l 1
antenna, tuning inductance to bring

1 : 100, and preferably 1 : 10. feimilarly antenna circuit into resonance at the

a coil Will be a good radiator of elec- frequency of the waves to be radiated,

.iii • <• xi~ and a generator of radio-frequency energy.

trical energy provided the size ol tne

coil is sufficiently great. The usual loop antenna consists of a coil and

will be an efficient radiator to the extent that the ratio of loop diameter

to wave length is appreciable.

It is apparent from these considerations that the size of radiator

required is inversely proportional to the frequency. High-frequency

waves can therefore be produced by a small radiator, while low-frequency

waves require a high antenna system for effective radiation. The

practical result of this fact is that the antennas of low-frequency trans-

mitting stations are sometimes suspended from towers over 500 ft. high,

and yet are less efficient radiators than an antenna of one-tenth this height

operating on a very high radio frequency.

Every radiator has directional characteristics as a result of which

it sends out stronger waves in certain directions than in others. Thus,

while a vertical wire radiates the same amount of energy in directions
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t-'Atrhenna

Radiation intensify

that are perpendicular to the wire, the radiation in a vertical plane varies
from a maximum in a horizontal direction to zero in a vertical direction,
as shown in Fig. 3. Directional characteristics of antennas are taken
advantage of to concentrate the radiation toward the point to which it is

desired to transmit.

The amount of energy sent out from any radiating system is pro-
portional to the square of the radio-frequency current that flows in the
radiator. Since all the common sources of radio-frequency energy are
relatively low-voltage high-current sources, it is necessary that the

radiating system offer a relatively

low impedance to the radio-frequency

energy that is to be transmitted.
This is accomplished by tuning the
antenna circuit to resonance with the

in a

F
vertica7P̂ rTrtdiSrwtn frequency to be radiated, which makes

antenna consisting of a vertical wire, the impedance of the antenna circuit
The length of the radius vector from the I,.™ „„ j «„„i^i„ 1 .• i i,

base of the antenna represents the relative
low and enables a relatively small

intensity of wave radiated in the direction applied Voltage to produce a very
of the vector. i , , ,large antenna current and hence a
high radiated energy. This is the only reason for tuning the trans-
mitting antenna, as the mere tuning of the radiating systems to the
frequency being transmitted does not increase the radiated power per
ampere of current. The tuning is accomplished by inserting an induc-
tance or a condenser in series with the antenna, as circumstances require.
Thus in the flat-top antenna of Fig. 2 the antenna has a capacity reactance
and so is tuned by the use of the inductance coil shown in the figure.

3. Generation and Control of Radio-frequency Power.—The radio-
frequency power required by the radio transmitter is practically always
obtained from a vacuum-tube oscillator. Vacuum-tube oscillators are
capable of converting direct-current power into alternating-current
energy of any desired frequency up to 300,000,000 cycles or higher.
Over the range of frequencies used in long-distance radio communication,
i.e., 12 to 30,000 kc, the power that can be obtained from vacuum-tube
oscillators is in the order of tens to hundreds of kilowatts, and the
efficiency with which the direct-current power is transformed into
alternating-current energy is in the neighborhood of 50 per cent or higher.

A number of other methods of obtaining radio-frequency energy
have been used at one time or another during the history of radio.
Among these are the high-frequency alternator, the Poulsen arc, the
frequency multiplier, and the oscillatory spark discharge. The high-
frequency alternator is a special high-speed inductor-type alternator
with many poles. Such alternators -can generate several hundreds of
kilowatts with reasonable efficiency when operating at frequencies of
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50,000 cycles or less. A number of high-frequency alternators are now

in 'commercial use, although it is improbable that any more will ever be

built. 1 The frequency multiplier utilizes a moderately high frequency

alternator from which the desired radio frequency is obtained by the use

of magnetic-type harmonic generators. In this way it is possible with an

alternator giving a frequency of 5000 cycles to produce considerable

quantities of power at frequencies of from 20,000 to 40,000 cycles. This

type of arrangement at one time had a very prominent place in radio but

has now practically disappeared. 2

The Poulsen arc takes advantage of the negative-resistance charac-

teristic of an electric arc to convert direct-current power into radio-

frequency energy. The arc as ordinarily employed takes place between

carbon and copper electrodes in an atmosphere of hydrocarbon vapor

and with a magnetic field at right angles to the axis of the arc. Such

an arrangement, when properly designed, will generate large quantities

of radio-frequency energy at a fair efficiency. The Poulsen arc operates

most efficiently at frequencies below several hundred thousand cycles,

but it will function after a fashion up to frequencies approaching 2000 kc.

For the frequencies to which it is adapted the arc is a very simple and

rugged generator of radio-frequency energy, and hundreds are still in

regular use. It is, however, being rapidly replaced by the vacuum-tube

oscillator because of the latter's flexibility, frequency stability, and

freedom from harmonics. 3

The oscillatory spark discharge was the earliest and for many years

the only method known for the generation of radio-frequency power.

In this type of transmitter a condenser is charged to a high potential,

which then breaks down a spark gap, permitting an oscillatory discharge

through an inductance. This process is repeated about 1000 times

each second. The spark transmitter thus radiates a series of wave

trains, each of which is a damped sinusoidal oscillation. This method

is capable of generating large quantities of radio-frequency energy with

1 A description of the widely used Alexanderson alternator is to be found in an

article by Ernst F. W. Alexanderson, Ti^ns-oceanic Radio Communication, Proc.

I R E., vol. 8, p. 263, August, 1920. For information on this as well as other types of

alternators see G. G. Blake, "History of Radio Telegraphy and Telephony," pp.

230-232, Chapman & Hall, Ltd.

2 Extensive discussions of frequency multipliers are to be found in practically

every book on radio communication written prior to about 1920.

» For further information regarding the Poulsen arc, the reader is referred to the

following articles: Leonard F. Fuller, The Design of Poulsen Arc Converters for

Radio Telegraphy, Proc. I.R.E., vol. 7, p. 449, October, 1919; P. O. Pedersen, On the

Poulsen Arc and Its Theory, Proc. I..R.E., vol. 5, p. 255, August, 1917; Some Improve-

ments in the Poulsen Arc, Proc. I.R.E., vol. 9, p. 434, October, 1921, and vol. 11, p.

155, April, 1923.
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good efficiency but is in disfavor because the radiated waves are not
simple sine waves but rather waves of a number of frequencies super-
imposed on each other. The result is excessive interference with radio
signals being transmitted on slightly different frequencies. 1

Modulation.—The transmission of information by radio waves requires
that some means be employed to control the radio waves by the desired

(a) Telegraph Code Signal

I 1 r~i
(d) Sound Vibration

(b> Radio Wave After Modulation
by Code Signal

(e) Radio Wave A-fter Modulation
by Sound Vibration

-
. -n

Carrier'
amplitude

(O

Modulated Waves After Rectification
Showing Average Values

<f>
K

sAverage
/ values—-^

Fig. 4.—Diagram showing how a signal may be transmitted by modulating the ampli-
tude of a radio wave, and how the original signal may be recovered from the modulatedwave by rectification.

intelligence. In radio telegraphy this control is obtained by turning
the transmitter on and off in accordance with the dots and dashes of the
telegraph code, as illustrated in Fig. 4. In radio telephony the trans-
mission is accomplished by varying the amplitude of the radio-frequency
wave in accordance with the pressure of the sound wave being trans-
mitted. Thus the sound wave shown at d in Fig. 4 would be transmitted
from a radio-telephone station by causing the amplitude of the radiated
wave to vary as shown at e. In the transmission of pictures by radio a
similar method is employed, in which the amplitude of the wave radiated

1 An extensive art has been developed in connection with the spark generator of
radio-frequency energy, which, though obsolete as far as radio communication is con-
cerned, is still of value in other applications. Interested readers will find an excellent
treatment of the spark generator in J. H. Morecroft, "Principles of Radio Communi-
cation," 2d ed., Chap. V., John Wiley & Sons, Inc.
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at any time is made proportional to the light intensity of the part of the

picture that is being transmitted at that instant.

When the amplitude of the alternating-current wave is varied from

time to time, the wave is said to be modulated. Thus the wave radiated

from a radio-telephone station is modulated by the voice or sound wave,

while during the transmission of a picture the modulation is in accordance

with the light intensities of different portions of the picture, and in the

case of radio telegraphy the modulation is by the telegraph code. Except

in the case of telegraphy, the modulation of the radio-frequency wave is

usually accomplished by means of vacuum tubes that control the ampli-

tude of the generated or radiated high-frequency energy in accordance

with the intelligence that is to be transmitted.

4. Reception of Radio Signals.—In the reception of radio signals

it is first necessary to abstract energy from the radio waves passing the

receiving point. After this has been done, the radio receiver must first

separate the desired signal from other signals that may be present, and

then reproduce the original intelligence from the radio waves. In addi-

tion, arrangements are ordinarily provided for amplification of the

received energy so that the output of the radio receiver can be greater

than the energy abstracted from the wave.

Any antenna system capable of radiating electrical energy is also

able to abstract energy from a passing radio wave because the electro-

magnetic lux of the wave in cutting across the antenna conductors

induces a voltage that varies with time in exactly the same way as the

current flowing in the antenna radiating the wave. The voltage induced

in an antenna is equal to the product of the effective antenna height

and the strength of wave, and the resulting current flowing in the antenna

is the current that is produced by this induced voltage acting against

the impedance of the circuit. The energy represented by the induced

current flowing in the antenna system is abstracted from the passing

wave and will be greatest when the impedance of the antenna system has

been reduced to a minimum by making the antenna circuit resonant to the

frequency of the wave to be received.

The characteristics of an antenna when used for receiving radio

signals are the same as in sending. Thus an efficient transmitting antenna

is equally efficient when used for the reception of radio signals, and in

general the size of receiving antenna will be proportional to the wave

length being received, just as is the case in transmitting. The directional

characteristics of an antenna are the same for reception as transmission;

that is, if an antenna radiates most of the energy delivered to it in one

direction, then that antenna will have a larger voltage induced in it by

waves coming from the direction in which radiation is large than by waves

coming from other directions. Similar types of aerial systems are used
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for both radiating and receiving electromagnetic waves, the only differ-

ence being that receiving antennas can be less expensive and smaller
than transmitting antennas because amplification at the receiver can
readily make up for a less efficient antenna.

Since every wave passing the receiving antenna induces its own
voltage in the antenna conductor, it is necessary that the receiving

equipment be capable of separating the desired signal from the unwanted
signals that are also inducing voltages in the antenna. This separation
is made on the basis of the difference in frequency between transmitting
stations and is carried out by the use of resonant circuits which can be
made to discriminate very strongly in favor of a particular frequency.
It has already been pointed out that, by making the antenna circuit

resonant to a particular frequency, the energy abstracted from radio
waves of that frequency will be much greater than the energy from waves
of other frequencies; this alone gives a certain amount of separation
between signals. Still greater selective action can be obtained by the
use of additional suitably adjusted resonant circuits located somewhere
in the receiver in such a way as to reject all but the desired signal. The
ability to discriminate between radio waves of different frequencies is

called selectivity and the process of adjusting circuits to resonance with
the frequency of a desired. signal is spoken of as tuning.

Detection.—The process by which the signal being transmitted is

reproduced from the radio-frequency currents present at the receiver is

called detection. Where the intelligence is transmitted by varying the
amplitude of the radiated wave, detection is accomplished by rectifying

the radio-frequency currents. The rectified current thus produced varies

in accordance with the signal originally modulated on the wave radiated
at the transmitter and so reproduces the desired signal. Thus when the
modulated wave shown at e of Fig. 4 is rectified, the resulting current is

shown at / and is seen to have an average value that varies in accordance
with the amplitude of the original signal. In the transmission of code
signals by radio, the rectified current reproduces the dots and dashes of

the telegraph code as shown at Fig. 4c and could be used to operate a
telegraph sounder. When it is desired to receive the telegraph signals

directly on a telephone receiver, it is necessary to break up the dots and
dashes at an audible rate in order to give a note that can be heard, since
otherwise the telephone receiver would give forth a succession of unin-
telligible clicks.

Although intelligible radio signals have been received from stations

thousands of miles distant, using only the energy abstracted from the
radio wave by the receiving antenna, much more satisfactory reception
can be obtained if the received energy is amplified. This amplification

may be applied to the radio-frequency currents before detection, in
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which case it is called radio-frequency amplification, or it may be applied

to the rectified currents after detection, which is called audio-frequency

amplification. The use of amplification makes possible the satisfactory

reception of signals from waves that would otherwise be too weak to give

an audible response. It also permits the strength of the signal as heard

in the telephone receiver or any other indicating device to be raised to

any desired volume, permitting radio reception in noisy locations; such

as on airplanes, and making possible the use of loud-speakers.

Fig. 5.—Waves having different degrees of simple sine-wave modulation.

The only satisfactory method of amplifying radio signals that has

been discovered is by the use of vacuum tubes, and before such tubes were

discovered radio reception had available only the energy abstracted from

the radio wave by the receiving antenna. As a result of the small ampli-

tude of this energy, the signals were always weak, and radio reception

from other than local stations was possible only in very quiet^places.

5. Nature of a Modulated Wave.—The modulated wave that is sent

out by a radio station represents an oscillation of varying amplitude and

so consists of a number of waves of different frequencies superimposed

upon each other. The actual nature of a modulated wave can be deduced

by writing down the equation of the wave and making a mathematical

analysis of the result. Thus, in the case of the simple sine-wave modula-

tions shown in Fig. 5, the amplitude of the radio-frequency oscillation

is given by E = E + mE sin 2irfst, in which E represents the average

amplitude, fs the frequency at which the amplitude is varied, and m
the ratio of amplitude variation from the average to the average ampli-
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tude, which is called the degree of modulation. Waves with several
degrees of modulation are shown in Fig. 5. The equation of these
modulated waves can be written as

e = E (l + m sin 2irfst) sin 2rft (2)

in which / is the frequency of the radio oscillation. Multiplying out the
right-hand side of Eq. (2) gives

e = E sin %tft + mE sin 2irfst sin 2irft

By expanding the last term into functions of the sum and difference
angles by the usual trigonometric formula, the equation of a wave with
simple sine-wave modulation is

e = E sin %4t +^ cos 2r(f - /.)* -^ Cos 2w(f + /.)« (3)

Equation (3) shows that the wave with sine-wave modulation consists
of three separate waves. The first of these is represented by the term
E sin 2irft and is called the carrier. Its amplitude is independent of the
presence or absence of modulation and is equal to the average amplitude
of the wave, which is independent of the degree of modulation. The
two other components are alike as far as magnitude is concerned, but the
frequency of one of them is less than that of the carrier frequency by an
amount equal to the modulation frequency, while the frequency of the
second is more than that of the carrier by the same amount. These two
components are called the side-band frequencies and carry the intelli-

gence that is being transmitted by the modulated wave. The frequency
by which the side bands differ from the carrier frequency represents the
modulation frequency, while the amplitude of the side-band components
compared with the amplitude of the carrier determines the degree of
modulation, i.e., the size of the amplitude variations that are impressed
upon the radiated wave.

When the modulation is more complex than the simple sine-wave-
amplitude variation of Fig. 5, the effect is to introduce additional side-
band components. The carrier wave is always the same, irrespective
of the character of the modulation, and represents the average amplitude
of the wave, but there is a pair of side-band frequencies for each frequency
component in the modulation. Thus, if the wave of a radio-telephone
transmitter is modulated by a complex sound wave containing pitches
of 1000 and 1500 cycles, the modulated wave will contain one pair of

1000-cycle side-band components and one pair of 1500-cycle side-band
components. The amplitude of any side-band component is always
one-half of the amplitude of that particular frequency component which
is contained in the modulation envelope.
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Significance of the Side Bands.—The carrier and side-band frequencies

are not a mathematical fiction, but have a real existence, as is evidenced

by the fact that the various frequency components of a modulated wave

can be separated from each other by suitable filter circuits. The side-

band frequencies can be considered as being generated as a result of

varying the amplitude of the wave. They are present only when the

amplitude is being varied, and their magnitude and frequency are deter-

mined by the character of the modulation. The carrier frequency, on

the other hand, is independent of the modulation, being the same even

when no modulation is present.

The intelligence transmitted by the modulated wave is carried by

the side-band components and not by the carrier, i.e., the intelligence

is conveyed by the variations in the amplitude of the wave and not

by the average amplitude. It is therefore desirable to put as much power

into the side-band frequencies as is possible, which is equivalent to

saying that the wave amplitude should be varied through the widest

possible range. When the amplitude is carried clear to zero during the

modulation cycle, the modulation is at a maximum, or 100 per cent,

and the side bands contain the maximum amount of power possible.

With sine-wave modulation such as shown in Fig. 5 this maximum side-

band power is one-half of the carrier power. With degrees of modulation

less than 100 per cent the side bands will contain correspondingly less

power.

It is apparent that the transmission of intelligence requires the use

of a band of frequencies rather than a single frequency. In. speech and

music there are important frequency components, as high as 5000 cycles,

so that speech and music modulated upon a wave will produce side-band

components extending as far as 5000 cycles on each side of the carrier

frequency. V
A radio-telephone station therefore utilizes a frequency band

about 10,000 cycles wide in transmitting high-quality signals. If this

entire band is not transmitted equally well through space and by the

circuits through which the modulated wave currents must pass, then

the side-band frequency components that are discriminated against will

not be reproduced in the receiving equipment with proper amplitude.

With telegraph signals the required side band is relatively narrow because

the amplitude of the signals is varied only a few times a second, but a

definite frequency band is still required. If some of the side-band

components of the code signal are not transmitted, the received dots and

dashes run together and may become indistinguishable.



CHAPTER II

CIRCUIT CONSTANTS

6. Inductance.—Whenever a current flows in an electrical circuit,
there is produced magnetic flux that links with (i.e., encircles) the current.
The amount of such flux actually present with a given current is measured
in terms of a property of the circuit called the inductance and depends
upon the arrangement of the circuit and the presence or absence of mag-
netic substances.

Inductance can be defined as the flux linkages per ampere of current
producing the flux; that is

flux linkagesInductance L in henries io-8
(4)current producing flux

A flux linkage represents one flux line encircling the circuit current once.
Thus in Fig. 6 flux line aa contributes eight flux linkages toward the coil

inductance because it circles the current flowing in the coil eight times.
On the other hand, flux line b of the same coil contributes only one-half

of a flux linkage toward the coil induc-

tance because this particular line encircles

only one-half of the coil current.

The inductance of an electrical cir-

cuit is computed by assuming a conven-
ient current flowing in the circuit,

determining the magnetic flux produced
by the current, and then counting up the

total number of flux linkages present in

the circuit. The inductance in henries

is this total number of flux linkages
multiplied by 10~ 8 and divided by the circuit current.

The inductance of a circuit is the measure of a number of electrical

properties. When the current varies, as, for example, in the case of an
alternating current, the amount of flux linking with the circuit also varies,

and in doing so induces a voltage in the circuit just as magnetic flux
always does when cutting a conductor. The magnitude of this induced
voltage can be expressed in terms of the circuit inductance and rate of
change of current.

Fig. 6.—Flux and current distri-
bution in typical single-layer air-

cored inductance coil. The current
density is indicated by the depth of
shading.

Induced voltage in circuit caused by change in current = —L-^
at

14

(5)
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A positive voltage in this equation is a voltage acting in the direction of

the current. The voltage that must be applied to the circuit to over-

come the induced potential is equal and opposite to that given by Eq. (5).

It will be observed that the voltage induced in the circuit by an increase

of current is always in a direction that tends to reduce the current, while

a decreasing current gives a negative di/dt and produces a positive

induced voltage that tends to keep the current flowing. For the particu-

lar case where the current is alternating, di/dt = jcol, and substitution

in Eq. (5) shows that the applied voltage required to overcome the induced

voltage is the familiar quantity jcoLI.

Flux linkages can be created only by the expenditure of energy, and
these linkages represent electrical energy stored in the form of magnetic

flux. The amount of such storage depends upon the circuit inductance

and current according to the relation 1

Energy in joules stored in magnetic field = }^LI2
(6)

Inductance Coils With Non-magnetic Cores.—Inductance coils intended

for use at radio frequencies usually have non-magnetic cores. This is

because the energy losses in magnetic materials are very great even at

broadcast and lower frequencies unless the magnetic material is finely

subdivided (see Sec. 12). Inductance coils with non-magnetic cores

are also used at audio frequencies when it is necessary to avoid effects

introduced by the variation of the permeability of magnetic materials

with changing flux density.

Skilled mathematicians have derived formulas that give the induc-

tance of all the commonly used types of coils with non-magnetic cores in

terms of the coil dimensions. These formulas are usually both com-
plicated and hard to derive because of the difficulty encountered in

calculating the magnetic flux produced by a current flowing in the coil.

In order to make such-formulas of practical value, they are always simpli-

fied by the use of coefficients. Thus the inductance of a single-layer

solenoid, such as shown in Fig. 6, is given by the formula

Inductance in microhenries = N2dF (7)

where

N = number of turns

d — diameter of coil measured to center of wire

F = constant that depends only upon the ratio of length to diameter
and is given in Fig. 7.

1 Equations (5) and (6) are direct consequences of Eq. (4) and are derived in most
textbooks on alternating currents. For example, see V. Karapetoff, "The Magnetic
Circuit," Chap. X, McGraw-Hill Book Company, Inc.
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The quantity F depends in a complicated way upon the ratio of coil

length to diameter, but, once this relationship has been determined, the
value of F for different ratios can be computed once for all and presented
in a curve such as Fig. 7 or by a table.

Formulas giving the inductance of all the commonly used types of

coils having non-magnetic cores are given in Appendix A. By the aid
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of these formulas it is possible to compute the inductance of practically

any type of coil with as great accuracy as the geometrical dimensions

are ordinarily known. Guessing at the number of turns and the coil

dimensions to obtain a desired inductance is therefore never necessary.

The inductance of all coils with non-magnetic cores is proportional

to the square of the number of turns if the dimensions such as length,

diameter, depth of winding, etc., are kept constant as the number of

turns is altered. The reason for this behavior lies in the fact that, if the

coil dimensions are kept constant, the amount of magnetic flux produced
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by a given coil current and the number of times each flux line links with

the coil current are both proportional to the number of turns.

The inductance of all coils having the same number of turns and the

same shape is always proportional to the size {i.e., to a linear dimension,

such as length or radius) of the coil. Thus, if two coils have the same

number of turns, but one is twice as big as the other in every dimension

(such as diameter, length, width, depth of winding, etc.), then the larger

coil will have twice the inductance of the smaller one. This rule can

be verified by examining the inductance formulas in Appendix A; it

results from the fact that the cross section of the flux paths is proportional

to the square of the linear dimension of the coil, while the length of these

paths varies directly as the linear dimension.

Inductance Coils with Magnetic Cores.—Magnetic cores greatly increase

the flux produced by a given magnetomotive force {i.e., a given number
of ampere turns), and so make it possible to obtain a large inductance

in a small volume and with the use of only a small amount of material.

Because of this, inductance coils with magnetic cores are used in prefer-

ence to coils with non-magnetic cores wherever this is possible. There

are, however, two important factors limiting the usefulness of magnetic

materials in coils intended for communication work. In the first place

the permeability of all magnetic materials varies with the flux density

and the previous magnetic history so that the inductance of a coil with

a magnetic core depends somewhat upon the current flowing through the

winding; furthermore, when this current is alternating, the inductance

will be different at different parts of the cycle, which causes the production

of harmonics. In the second place the eddy-current losses increase so

rapidly with frequency as to make magnetically cored coils useless even

at the lower radio frequencies unless special methods of subdividing the

core are employed. Even with the greatest subdivision of the core

material that it has been possible to obtain, the losses become excessive

at frequencies of the order of 1000 kc and more (see Sec. 12 for further

discussion).

It is relatively easy to compute the inductance of coils with magnetic

cores with at least fair accuracy because the high permeability of magnetic

materials restricts practically the entire flux to the magnetic core. This

results in simple flux paths that can be readily handled in computations

when the magnetic characteristics of the core material are known. The
inductance of ordinary types of coils with magnetic cores is given to a

good approximation by the formula 1

L = 1.25N2P .
10- 8

(8)

1 Equation (8) is derived as follows: The flux produced by a current / flowing in a
coil of N turns with a core of permeance P is 1.2571NP (i.e., magnetomotive force
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where

L = inductance in henries

N = number of turns

P = permeance of the magnetic circuit of coil, assuming permeability

of air as unity.

This equation can be used in the calculation of inductance coils having a

short air gap in the magnetic circuit provided the permeance P in the

equation is interpreted to mean the permeance of the complete magnetic

circuit, which in this case consists of the air gap in series with magnetic

material.

The inductance of coils with magnetic cores is proportional to the

square of the number of turns if the dimensions of the coil are kept con-

stant, and is proportional to the linear dimensions if the number of turns

and proportions are the same. These two relations are identical with

those that exist in coils with non-magnetic cores and arise from the same
reasons.

Incremental- Permeability.—The behavior of coils having magnetic

cores may become very complicated when the current through the winding

contains several components of different frequencies. The most impor-

tant example of this character is when an alternating current is super-

imposed upon a direct current. In this case the effective inductance

offered to the alternating-current component depends upon the magni-

tudes of both currents and upon the previous magnetic history of the core.

When a core that has been thoroughly demagnetized is first magnetized,

the relation between current in the winding and core flux is the usual B-H
curve shown at OA in Fig. 8. If the current is then successively reduced

to zero, reversed, brought back to zero, reversed to the original direction,

etc., the flux goes through the familiar hysteresis loop shown in Fig. 8.

A direct current flowing through the coil winding brings the magnetic

state of the core to some point on the hysteresis loop, such as B in Fig. 8,

and it is to be observed that the flux with a given value of direct current

depends not only upon the magnitude of current but also upon which side

of the hysteresis loop one is on, and upon the width of the loop, both of

which are determined by the previous magnetic history.

When an alternating current is now superimposed on this direct

current, the result is to cause the flux in the iron core to go through a

times permeance of the magnetic circuit times 47r/10), and, as every flux line links with

every tvirn, the number of flux linkages is 1.2571N2P, which when substituted in Eq. 4

gives Eq. (8). This derivation is approximate in that it neglects the small amount
of magnetic flux that does not stay confined to the magnetic material and so gives

results that are slightly low. The additional inductance contributed by these flux

lines can be calculated with fair accuracy by estimating the flux linkages contributed

by this extra flux. Calculations of this type are described at length in many books

dealing with magnetic-circuit calculations, as, for example, Karapetoff, op. cit.
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displaced minor hysteresis loop that is superimpoced upon the usual

hysteresis curve. Examples of such displaced hysteresis loops are shown
at 1, 2, and 3 in Fig. 8. In this figure one tip of each minor loop is shown
resting on the normal loop. Actually, after the minor loop has been
traversed by a number of cycles of magnetization, the minor loop grad-

ually shifts its position and ceases to touch the main loop. The per-

meance of the core to the alternating current that is superimposed upon
the direct current, and hence the effective coil inductance ofered io the

alternating current, is proportional to the

slope of the line (shown dotted in Fig. 8)

joining the two tips of the displaced hyster-

esis loop. The permeability shown by a

magnetic material to alternating currents

superimposed upon direct currents is called

the incremental permeability (i.e., the per-

meability to a small increment of alternating

magnetomotive force) and has been the

subject of considerable study. 1 The most
important characteristics of incremental

permeability (and hence of the inductance Fig. 8.—Typical hysteresis

to superimposed alternating currents) are: }
oop showing displaced minor

,~ x - . u ,. ,. hysteresis loops 1, 2, and 3,

(1) tor a given alternating current the obtained when a small alternating

incremental permeability (and hence the c^1-611* is superimposed upon a
. j , \ j. .1 • ii, ,. direct-current magnetization.
inductance) to the superimposed alternating The effective permeability to

current will be less the greater the direct the superimposed alternating cur-

, i • i ii ,, ,. ,

rent is proportional to the slope
current upon which the alternating current of the line joining the tips of the

is superimposed; and (2) with a given direct displaced hysteresis loop,

current the incremental permeability, and hence the inductance to

the alternating current, will increase as the superimposed alternating

current becomes larger. These characteristics hold until the flux density
becomes highland are clearly brought out by Fig. 9.

When an alternating current of one frequency is superimposed upon a
current of another frequency instead of upon direct current, the situation
becomes very complicated. The general result is that the effective induc-
tance to each frequency is altered by the presence of the other current

;

furthermore the inductance offered to each frequency component varies
cyclically at the frequency of the other component.

When it is necessary to have an inductance that does not change
appreciably with the current flowing through the windings, or when it is

desired to minimize the various effects that result when the magnetic
flux is not proportional to the coil current, or when the effects of direct-

current saturation on incremental inductance are to be minimized, an air
1 See Thomas Spooner, Permeability, Trans. A.I.E.E., vol. 42, p. 340, 1923.
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gap is left in the magnetic circuit. The total reluctance of the magnetic

circuit of the coil is then the sum of the reluctances of the air gap and
of the magnetic part of the magnetic circuit ; by making the former much
the largest (from five to twenty-five times that of the latter), variations

in the reluctance (or permeability) of the core material have only a small

effect on the total reluctance of the magnetic circuit. The presence of

an air gap reduces the detrimental effects of the magnetic material but

does not eliminate them, and the length of gap to use therefore depends

upon the particular situation involved. 1
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Fig. 9.—Curve giving incremental permeability of typical silicon steel as a function of

alternating-current magnetization for several values of superimposed direct current, show-
ing how the inductance decreases with increased direct current and reduced alternating-
current magnetization.
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The length of air gap usually required is only a small fraction of the

total length of the magnetic circuit because the permeability of the

magnetic material is hundreds of times that of air. Thus, although an

air gap in the magnetic material reduces the coil inductance to a much
smaller value than would be obtained with no gap, enough magnetic

material is present in the coil to increase greatly the permeance of the

magnetic circuit, and hence the inductance, over the value obtainable

with no magnetic material whatsoever in the core. The necessary air gap

can be supplied in a number of ways. Under some conditions the air

gaps at the joints in the laminations are sufficient. In other cases a

non-magnetic spacer is placed at a butt joint to increase the gap, while

sometimes the cores are made up of insulated particles of powdered
magnetic material pressed together to form a core that has minute air

gaps distributed throughout its structure.

1 The design of reactors carrying a superimposed direct current can be carried

out by the method of C. R. Hanna, "Design of Reactances and Transformers

Which Carry Direct Current," Trans. A. I. E. E., vol. 46, p. 155, 1927.
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Magnetic Materials.—Cores for such communication applications as

audio-frequency transformers, power transformers, and filter reactors are

most commonly of silicon-steel laminations. Special grades of such
laminations have been developed which have lower losses and higher
incremental permeability than ordinary silicon steel. In addition, a
number of alloys having unusual magnetic properties are coming into

increasing use in communication work. Chief among these are a series of

nickel-iron alloys characterized by extremely high permeability and low
hysteresis loss at low flux densities. Different compositions go under such
names as permalloy, mu-metal, hypernik, nicoloi (or electric metal).

A related nickel-iron-cobalt alloy called perminvar, which has a moder-
ately high permeability at low flux densities, is remarkable for a permeabil-
ity that is practically constant for magnetomotive forces up to about two
ampere turns per centimeter, coupled with an extremely low hysteresis

loss. A wide variety of other alloys are available for other special uses,

such as permanent magnets, high permeability at high flux densities,

etc. 1

7. Mutual Inductance and Coefficient of Coupling.—When two
inductance coils are so placed in relation to each other that flux lines

produced by current in one of the coils link with the turns of the other
coil as shown in Fig. 10a, the two inductances are said to be inductively

coupled. The effects that this coupling produces can be expressed in

terms of a property calle*d the mutual inductance, which is denned by
the relation:

(flux linkages in second coil \

»u^^^ m xxx xxexxxxes = _Produced by current in first coil)
1Q

_8

current in first coil
v '

» /flux linkages in first coil \

= yproduced by current in second coil/

current in second coil

Formulas (9a) and (96) are equivalent and give the same value of mutual
inductance. The flux linkages produced iif the coil that has no current
in it are counted just as though there were a current in this coil, so that
the number of times a flux line would encircle an imaginary coil current
is the number of linkages contributed by this particular line. In adding
up the flux linkages it is important to note that different flux lines may

1 For further information on special magnetic alloys see: G. W. Elmen, Magnetic
Alloys of Iron, Nickel, and Cobalt, Elec. Eng., vol. 54, p. 1292, December 1935;
H. D. Arnold and G. W. Elmen, Permalloy, a New Magnetic Material of Very High
Permeability, Bell System Tech. Jour., vol. 2, p. 101, July, 1923; G. W. Elmen, Mag-
netic Properties of Perminvar, Bell System Tech. Jour., vol. 8, p. 21 January, 1929;
I. C. Pettit, Magnetic Materials, Bell Lab. Record, vol. 13, p. 39, October, 1932;
"Standard Handbook for Electrical Engineers," Sec. 4, McGraw-Hill Book Com-
pany, Inc.
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link with the same coil in opposite directions, in which case the total

number of linkages is the difference between the sums of positive and

negative linkages. The mutual inductance may therefore be positive

or negative depending upon the direction of the linkages.

The problem of calculating mutual inductance is similar in all respects

to the problem of computing inductance, and formulas have been worked

out by which the mutual inductance can be calculated with good accuracy

in all the ordinary types of configurations. Some of the more important

cases are treated in Appendix A.

("WOT*** ' oooffQ ' >

Im|rrCm

Ci C2

(«) Inductively (b) Coupled by Common Inductance <c)Coupled by
Coupled (direct coupling) Common Capacity

Fig. 10.-—Several simple methods of coupling two circuits.

Coefficient of Coupling.—The maximum value of mutual inductance

that can be obtained between two coils having inductances L\ and L 2

is -\/L]L%. The ratio of mutual inductance actually present to this

maximum possible value is called the coefficient of coupling, which can

therefore be expressed by the relation

:

M
Coefficient of coupling = k = — .

.

(10)

The coefficient of coupling is a convenient constant because it expresses

the extent to which the two inductances are coupled, independently

of the size of the inductances concerned. In air-cored coils, as used

in radio, a coupling coefficient of 0.5 is considered high and is said to

represent "close" coupling, while coefficients of only a few hundredths

represent "loose" coupling.

When two coils of inductance Li and L 2 , between which a mutual

inductance M exists, are connected in series, the equivalent inductance

of the combination is L x + L 2 + 2M. The term 2M takes into account

the flux linkages in each coil due to the current in the other coil. These

mutual linkages may add to or subtract from the self-linkages, depending

upon the relative direction in which the current passes through the two

coils. When all linkages are in the same direction, the total inductance

of the series combination exceeds by 2M the sum of the individual induc-

tances of the two coils; while if the mutual linkages are in opposition

to the other linkages, the inductance of the combination is less than the

sum of the two coil inductances by 2M. This property can be taken
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advantage of to measure the mutual inductance between two coils. The
procedure is to connect the two coils in series and measure the equivalent

inductance of thje combination. The connections to one of the coils are

then interchanged and the equivalent inductance is measured again. The
difference between the two measured inductances is then 4M.

Any two circuits sd arranged that energy can be transferred from

one to the other are said to be coupled, even though this transfer of energy

takes place by some means such as a condenser, resistance, or inductance

common to the two circuits rather than by the aid of a mutual inductance.

Examples of various methods of coupling are shown in Fig. 10. Any
two circuits that are coupled by a common impedance have a coefficient of

coupling that is equal to the ratio of the common impedance to the square root

of the product of the total impedances of the same kind as the coupling

impedance that are present in the two circuits. Thus with case b in Fig. 10,

where the coupling is furnished by the common inductance Lm , the total

inductances of the two circuits are L x -\- Lm and L 2 + Lm , and the coeffi-

cient of coupling is given by the equation

Coefficient of coupling k for Fig. 106 = — m — (11)
V(Li + Lm)(L2 + Lm)

In Fig. 10c the coupling element is a common capacity Cm , and the coeffi-

cient of coupling is
1

Coefficient of coupling for Fig. 10c = VCiC* ^
V(C».+ CiXC + C%)

8. Condensers and Dielectrics.—Electrostatic capacity exists wher-
ever an insulator {i.e., dielectric) separates two conductors between
which a difference of potential can exist. Applying a voltage between
these conductors causes an electric charge to flow into them, with the

resulting production in the dielectric of an electrostatic stress that repre-

1 Equation (12) is readily derived by following the rule that the coefficient of

coupling is equal to the ratio of common impedance to the square root of the product
of primary and secondary impedance of the same kind as the coupling element.

C C *

Thus, in Fig. 10c, the capacity of the primary is n \
m
n -, and that of the secondary is

C C
Y*
—

,
"^ • The coupling reactance is l/o>Cm , while the primary and secondary react-

C 4- C C 4- C
ances are —^ „

"*
and—n n

m
, respectively. The coefficient of coupling is then

k = l/frfi.)

.» /Ci + Cm Ci + Cm
odCm oyC^Cr,

which reduces to Eq. (12).
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sents stored electrical energy. 1 The combination of the conducting
plates separated by the insulating dielectric is called a condenser. The
amount of energy stored in this way in the electrostatic field of the
condenser depends upon the voltage that is applied to the electrodes

and upon the electrostatic capacity of the combination. The capacity
increases directly with the area and inversely with the thickness of

the dielectric, and depends to a considerable extent upon the kind of

dielectric being used. Electrostatic capacity is measured in farads,

which is a capacity of such a size that, when 1 volt is applied across a

capacity of 1 farad, a charge of 1 coulomb (equivalent to 1 amp. of current

flowing for 1 sec.) will be stored. The farad is a very large unit and is

frequently subdivided into the microfarad (abbreviated /if).

The principal properties of condensers are summarized in the following

equations, in which C is in farads and E in volts. 2 The energy stored
in a capacity C when charged to a voltage E is

Stored energy in joules = ^CE2
(13)

The charge stored in a capacity C when charged to a voltage E is

Stored charge in coulombs = CE (14)

The current that flows into or out of the condenser at any instant is the

rate of change of charge, and so is given by the relation

Current flowing into condenser = — = C-jt- (15)
Cvv GLL

J-pl

When the voltage is sinusoidal, C—rr reduces to jwCE. In the case where

the condenser electrodes are large plates having a constant spacing,

the capacity is given by the equation

A

Capacity in M/*f = 0.08842X-T (16)

where

A = area of active dielectric in square centimeters

d = spfocing between plates in centimeters

K = constant, called the dielectric constant, which depends upon the

dielectric material and is substantially independent of frequency

Values of K for common dielectrics are given in Table II.

1 For many years it was thought that the charge resided in the dielectric instead

of the conductors, but it has been recently discovered that in circumstances where the

charge appeared to exist in the dielectric it was really on the surface of the dielectric

in a conducting moisture film that acted as an extension of the electrodes.
2 The derivation of these equations is to be found in most textbooks of physics and

electrical engineering and will therefore not be given here.
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Losses in Condensers.—A perfect condenser when discharged gives

up all the electrical energy stored in it, but this ideal is never completely-

realized since all actual condensers return less energy than was expended

in charging them. The energy not delivered by the discharge represents

losses that cause the condenser to have a power factor that is not zero.

Practically all the electrical losses of the usual condenser are due to

dielectric hysteresis, which is the result of molecular friction in the

dielectric and is similar in character to magnetic hysteresis. The energy

lost in the condenser as a result of dielectric hysteresis appears in the form

of heat generated within the dielectric.

Table II.

—

Characteristics of Dielectrics at Radio Frequencies with Normal
Room Temperature 1

Material

Air

Mica (electrical)

Hard rubber

Glass (electrical)

Bakelite derivatives

Celluloid

Fiber (dry)

Wood (without special preparation)

Oak
Maple
Birch

Mycalex
Isolantite

Porcelain (wet process)

Dielectric

constant

1.00

5 to 9

3 to 5

4.90to7.
4.5 to 7.

4.10

4 to 6

3.3

4.4

5.2

8

6.1.

6.5 to 7.

Power factor

0.000

0.0001 to 0.0007

0.006 to 0.014

0.004 to 0.016

0.02 to 0.09

0.042

0.02 to 0.09

0.039

0.033

0.065

0.002

0.0018

0.006 to 0.008

1 These data were compiled from various sources and represent typical values that can be expected.

The power factor of a condenser is determined by the type of dielectric

used and is practically independent of the condenser capacity, the applied

voltage, the voltage rating, or the frequency. This constancy of the

power factor under such widely different conditions makes the power
factor of a dielectric of fundamental importance where the losses in

the condenser are to be considered. While the power factor of a con-

denser is determined by the dielectric used, it is also affected by the

conditions under which the dielectric operates. Thus the power factor

always becomes higher as the temperature is raised. Moisture absorbed

in the dielectric also has an extremely unfavorable effect on the power
factor, and with dielectrics such as paper and fiber, which readily absorb

moisture, the power factor may become extremely poor if the humidity

is appreciable.
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Table II gives information relative to the power factor of various

dielectrics commonly used in radio work. In Table III the effect that

changes in frequency and temperature have upon the power factor and

dielectric constant is given for several dielectrics. The reason for the

constancy of the power factor with changes in frequency is that with the

commonly used dielectrics the dielectric loss per cycle is almost independ-

ent of the number of cycles per second, so' that, irrespective of the fre-

quency, a constant proportion of the energy that is supplied to the

condenser disappears as dielectric hysteresis.

Table III.

—

Effect of Frequency and Temperature on Dielectric

Characteristics l

Material

Temper-
ature,

degrees

centigrade

Frequency,

kilocycles

Dielectric

constant

Power
factor

Bakelite derivative 21

71

120

21

71

120

21

21

21

21

21

21

21

21

500

500

500

500

500

500

295

500

670

1040

210

440

710

1126

5.6

6.9

10.4

3.0

3.1

3.2

5.9

5.8

5.7

5.6

3.0

3.0

3.0

3.0

0.054

Hard rubber

0.11

0.38

0.009

Bakelite derivative

0.021

0.065

0.051

Hard rubber

0.051

0.051

0.058

0.009

0.009

0.009

0.010

1 E. T. Hoch, Power Losses in Insulating Materials, Bell System Tech. Jour., vol. 1, p. 110, November

1922.

The losses of a dielectric are sometimes expressed in terms of the

angle by which the current flowing into the condenser fails to be 90° out

of phase with the voltage. This angle is called the phase angle of the

dielectric, and its value in radians is equal to the power factor. Thus a

power factor of 0.01 represents a phase angle of 0.01 radian or 0.573°.

Equivalent Series and Shunt Resistance.—While a comparison of the

losses of different dielectrics can be most satisfactorily expressed in terms

of power factor or phase angle, the effect that the losses of a particular

condenser have on the associated electrical circuits can be taken into

account by replacing the actual condenser with a perfect condenser

of the same capacity and having a resistance in series as shown in Fig. lib

or a resistance in parallel as in Fig. lie. The value of the series or
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shunt resistance is so selected that the power factor of the perfect con-

denser associated with the resistance is the same as the power factor of

the actual condenser. The value of the series resistance can be computed
in terms of the power factor, condenser capacity C, and frequency /
in the usual way and is given to a high degree of accuracy by the equation

Series resistance = Ri = -—
fn (17)

In the same way the shunt resistance that can be used to represent the

actual losses of the condenser is related to the power factor, capacity,

222S2KC

<«) <b> <c>
Fig. 11.—Representation of imperfect condenser by a perfect condenser of same capacity

with series resistance and by a perfect condenser with shunt resistance.

and frequency to a high degree of accuracy by the equation

Shunt resistance = R 2 = ,n ,„,, ?
—-—

r

(18)
(2tfC) (power factor)

The relationship between the shunt resistance and series resistance

for a given condenser at a given frequency can be obtained by combining

Eqs. (17) and (18) to eliminate the power factor, which yields the result

Ri =
R^vfC)

1
,

(19)

R
*
=

Ri(2wfCy

Both the equivalent series and shunt resistances of a condenser having

a constant power factor are independent of the voltage applied to the

condenser but vary inversely with the condenser capacity and the

frequency.

In addition to dielectric hysteresis, it is possible for other losses to

exist in a condenser. Among these are the losses caused by resistance

of the condenser plates, the loss from leakage currents passing through the

dielectric, and losses arising from corona discharges. The ohmic loss is

small but is not always negligible at very high frequencies. The effects

of leakage are wholly negligible at ordinary frequencies and become

of importance only when a condenser is used to block off a direct cur-

rent, in which case even a small leakage may be of importance, The
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leakage of a condenser is greatly increased by moisture in the dielectric

and by raising the temperature of the dielectric. The leakage is ordi-

narily expressed in terms of the equivalent resistance between the con-

denser terminals and is inversely proportional to the capacity of the
condenser. Corona occurs only in high-voltage condensers and is to be
avoided in all circumstances as it represents a large power loss and in

addition starts chemical actions that cause rapid deterioration of all

solid dielectrics in the vicinity.

Condensers with solid dielectrics are ordinarily freed of moisture

and then impregnated with some type of insulating compound during

manufacture. This has the effect of making the condenser moisture-

proof and thus insures that the power factor and leakage will be main-

tained at a low value irrespective of weather conditions. In high-voltage

condensers such impregnation, when done by a vacuum process, also

has the effect of eliminating air spaces between the dielectric and the

condenser plates, which removes the possibility of corona and therefore

greatly increases the voltage that may be safely applied to the condenser.

Condensers for Radio Purposes.—Paper, mica, and air are the dielec-

trics most frequently employed in condensers used in radio work. Paper

dielectric is inexpensive and gives a large capacity in a small volume
but has the disadvantage of fairly high electrical losses. Paper con-

densers are usually constructed by insulating two strips of tin or copper

foil with enough layers of paper strips to give the necessary voltage

strength and then rolling these into a compact bundle which is made
moistureproof by sealing with insulating compound. The dielectric

losses and the insulation strengths of different grades of paper vary widely,

and unless paper especially made for condenser use is employed, the

leakage and dielectric hysteresis will be high and the voltage rating low.

Mica is widely used as a dielectric in high-grade condensers because

of its high voltage strength and its superiority over practically all other

solid dielectrics in the matter of losses. Mica is expensive, however,

and is not used where paper is satisfactory (i.e., when the losses are

unimportant), except when the condenser capacity is so small that the

cost of the dielectric is insignificant. Mica condensers are constructed

by piling alternate layers of metallic and mica sheets upon one another

and then connecting alternate layers of conductors together to form

the two electrodes of the condenser. This type of construction is

necessary because mica is damaged when rolled. The quality of the

mica used is very important, and only the best grades are satisfactory for

electrical purposes.

Air is a perfect dielectric, having no dielectric hysteresis loss what-

soever. The principal losses that condensers with air dielectric have when
operating below the corona voltage are those introduced by the dielectric
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materia] used in mounting the plates. Air condensers arc extremely

bulky in proportion to capacity because of the low dielectric constant

of air and because a relatively large clearance between plates is necessary

to insure separation in view of mechanical irregularities.

Although paper, mica, and air are the dielectrics generally used in

condensers, the dielectric losses in other materials such as bakelite, hard

rubber, fiber, porcelain, and various molded insulating compounds are

important because these materials are often used in one form or another

as insula! nis. The solid dielectric used in the air condenser to separate

the two sets of plates is an excellent example of such use. Many other

cases may be cited, such as tube;

bases, tube sockets, coil forms, r
"_ ""

5fafor plates ,^fi? for r
panels, and so on. Although the ^•'W«"',,|^fc (connected.
1 '

» from fmmeh jBHWffl^^k. to frame?
.

dielectric losses thai arc present in _^. -<-'flPHPt

such cases are generally small / '-%
'""'mk jb

because of the small quantity of Frame wjptsmp
dielectric involved, they are some- Y/ »

times very important, as is the ^^^^\J?3L^£
case with the low-loss variable con- ^-J^.H--

denser used in tuning circuits to .. Dielectric bars
° iinsuicftsna stoifor from

rest)] 1a uce, the requirements of fmme)

which are discussed below.
,. . ,, ^ , -,i i Fig. 12.—A typical laboratory typo of
Variable Condensers with Air

aij._dieLeet.ric variable condenaer showing

Dielectric.—The chief use of air as a details of construction. In this condenser

,,,,.,, . i . the rotor plates arc connected to the cud
dielectric is in condensers used to

piates .

adjust the resonant frequency of

tuned circuits, where a small condenser having low losses at radio frequen-

cies and capacity that is continuously variable is required. Air-dielectric

condensers for this purpose are usually constructed as shown in Fig. 12,

with a series of fixed plates, spaced by washers, as one electrode, and a

scries of similarly spaced rotating plates as the other electrode. The

rotating plates mesh with the fixed plates without touching them, thus

causing the condenser to have a capacity determined by the angle of

rotation. The way in which the capacity of the variable condenser

varies with the angle of rotation can be controlled either by cutting the

stationary or the rotating plates to a special shape or by use of an air

gap bet ween the two sets of plates which varies with the angle of rotation.

In order to insure that the condenser will have low losses, the dielectric

used to insulate the fixed and moving plates from each other should be

arranged in a way that will keep the voltage gradient in it low and should

have the lowest possible power factor. Hard rubber is widely used for

i his purpose and is superior to bakelite, which has a much greater power

factor. The details of construction of a typical condenser can be seen
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in Fig. 12. In this condenser the metal, end plates are connected to

the moving plates by a hair-spring and act as a shield for the fixed plates,

from which they are insulated by the strips of dielectric. The usual

variable air-dielectric condenser has a capacity of 0.0005 /if or less.

Larger sizes are rather bulky, and air condensers with capacities in excess

of 0.002 /if are rarely made.
Condensers in which the fixed and rotating plates are both semicircular

have a capacity that is roughly proportional to the angle of rotation and

..--Rotating plates — .__

Straight-Line
Capacity

500

—Fixed plates-

Straight-Line
Wave Length

Straight-Line
Frequency

400

%300

S.200

3

100

<

0./

V

$%$V
/J
Y r

20 40 60 80 100 120 140 160 180

Angle of Rotation, Degrees

Fig. 13.—Characteristics of straight-line capacity, straight-line-wave-length, and
straight-line-frequency condensers, showing capacity as a function of angle of rotation and
the approximate shape of plates for each type.

are therefore called straight-lirie-capacity condensers. For some purposes

it is desirable to have a condenser in which the capacity is proportional

to the square of the angle of rotation. Such a condenser, when used to

resonate with a fixed inductance, causes the wave length at resonance to

be proportional to the angle of rotation, and so is called a straight-line-

wave-length condenser. Still other types of condensers are so constructed

that the resonant frequency is proportional to the angle of rotation, thus

giving a straight-line-frequency type of condenser. The shape of the

plates required in the straight-line-wave-length and straight-line-fre-

quency condensers is affected by the distributed capacity of the coil that is

being tuned by the condenser, so that in order to get absolute straight-

line-wave-length or straight-line-frequency characteristics it is necessary

to design the condenser to match a particular coil. The approximate

shapes of rotor plates that will give these effects are given in Fig. 13,
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which also gives the variation of capacity with angle of rotation for these

types of condensers. 1

In a single-dial-control radio receiver it is necessary
4
to tune several

circuits simultaneously. This is accomplished by using a variable con-

denser having several sets of rotating plates all mounted on a common
shaft, with a set of insulated stator plates to go with each rotor section.

When the various circuits involved are all to be resonant at the same
frequency, the different sections of the condenser are made as nearly alike

as possible, and then any residual inequalities are eliminated by bending
the plates and by using small auxiliary "trimmer" condensers which are

associated with each section and which can be adjusted by a screw

driver. When the different sections are to tune circuits to different but
related frequencies, as in the case of the superheterodyne receiver, one can
either make all sections alike and then design the associated circuits to

give the required frequency difference, or can make the plates of the

different sections of different shape. This is discussed further in Sec. 110.

Electrolytic Condensers.—The electrolytic condenser makes use of the

fact that aluminum (and certain other materials), when placed in a suita-

ble solution and made the positive electrode, will form a thin insulating

surface film which will withstand a considerable voltage and which at the

same time will have a high electrostatic capacity per unit area of film

because of the extreme thinness of the film. This film is the result of

electrochemical action and is formed by applying positive voltage to the

aluminum electrode. The thickness of the film and hence the capacity

obtained depend largely upon the voltage used in this forming process,

with the lower voltages giving the greatest capacity. The maximum
voltage that the film can be made to withstand depends somewhat upon
the electrolyte used, and can be as great as 600 volts. The composition

of the electrolyte varies with different types of electrolytic condensers,

and may be a liquid, a highly viscous fluid, or a paste, giving so-called

wet, semidry, and dry condensers, respectively. The negative electrode

is commonly supplied by the metal container, and is sometimes, although

not always, of aluminum.

Electrolytic condensers are characterized by a high capacity per unit

volume. They also have much higher leakage current than do other

condensers, and their power factor is high and dependent upon frequency.

The capacity, power factor, leakage, etc., are not particularly stable,

changing with age, applied voltage, and temperature. When excessive

voltage is applied, the insulating film breaks down, but tends to reform

when the voltage is lowered as a result of electrochemical action. If

1 Formulas for calculating the shape of plates in straight-line-frequency and wave-
length condensers are to be found in O. C. Roos, Simplified S.L.F. and S.L.W. Design,

Proc. I.R.E., vol. 14, p. 773, December, 1926.
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voltage is applied to the condenser in the reverse polarity, the condenser

acts as a low resistance and passes current freely.

Electrolytic, condensers are widely used in radio work for filter and

by-pass purposes. In such applications they are subjected to a steady

direct-current voltage, and are then called upon to short-circuit any super-

imposed alternating potential. Under such conditions the exact capacity

and the losses are unimportant. In proportion to capacity and voltage

rating, electrolytic condensers are the least expensive condensers avail-

able, but they have the disadvantage of deteriorating with time as a result

of destructive chemical action.

Voltage Rating of Condensers.—The voltage that can be safely, applied

to condensers having solid dielectrics such as paper and mica depends

upon the insulating strength of the dielectric used and upon the electrical

losses in the dielectric. If the applied voltages exceed the dielectric

strength, the dielectric will spark through and the condenser will be

destroyed. However, if the losses in the condenser are sufficient to cause

a moderate amount of heating, the allowable voltage will be something

less than the dielectric strength of the material because of the fact that all

dielectrics deteriorate rapidly when heated. As the condenser losses

are proportional to frequency, the voltage rating of a particular condenser

will be highest on direct-current potentials, somewhat less at low fre-

quencies, and increasingly lower as the frequency is increased, until at

high radio frequencies the allowable voltage is inversely proportional to

the square root of the frequency and is only a small fraction of the insula-

tion strength to direct current. It is therefore very important that

condensers which must withstand high radio-frequency voltages have low

losses. Otherwise the heat that is generated in the dielectric will raise the

temperature to a point where deterioration and eventual destruction will

take place. 1

1 The importance of losses in determining the voltage rating is illustrated by the

following ratings of a particular 0.001 juf mica condenser as given by I. G. Maloff,

Mica Condensers in High Frequency Circuits, Proc. I.R.E., vol. 20, p. 647, April,

1932:

Frequency, Rated effective

kc voltage, volts

Direct current 10,000

1 10,000

100 3,000

300 3,000

1,000 1,780

3,000 605

10,000 178
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Mica, because of its very low losses and high insulation strength,

is the dielectric universally used for high-voltage service at radio fre-

quencies. It is very important that high-voltage condensers with solid

dielectrics be thoroughly impregnated to eliminate corona and the losses

resulting from moisture. Transformer oil and some other types of

oil can be used as a dielectric for high-voltage service but these have the

disadvantages of picking up moisture from the atmosphere and of possess-

ing an insulating strength in bulk that is relatively low compared with the

value in small quantities. Variable condensers with air dielectric are

occasionally used in high-voltage radio-frequency service. Such con-

densers are extremely bulky in proportion to their capacity because the

spacing between plates must be very large if the volt-

age rating is to be reasonably high. The result is that

high-voltage air condensers are used only at high radio

frequencies where the capacity is very small. The t^^^J^S^tv:
voltage that may be applied to an air-dielectric con-

v

^ 14—Some
denser is proportional to the air pressure ; so enclosing of the coil capacities

the condenser in a container filled with air at a pressure
JJjJ* ^^j)^ cl°

of from 10 to 20 atmospheres greatly increases the parity of a' single-

potential that may be safely applied.
layer colL

Inductance of Condensers.—All condensers have a certain amount

of inductance in their circuit because of the fact that the current flowing

through the condenser produces magnetic flux. The major part of this

inductance occurs in the lead wires of the condenser, but a certain amount

results from magnetic flux set up by the current in the condenser plates.

The inductance of condensers is very small even under the most unfavor-

able conditions and is therefore important only when the frequency is

extremely high. Condenser inductance can be minimized by properly

arranging the lead wires and the connections to the condenser plates.

Distributed Capacity of Coils.—Every electric circuit and every piece

of electrical equipment has capacity associated with it because there

are always dielectrics separating conductors between which voltage exists.

These capacities are very often quite small, but at very high frequencies

even a small condenser has a low reactance and so becomes important.

The stray capacity of an inductance coil is an important example of this.

In an air-core inductance coil there are small capacities between

adjacent turns, capacities between turns that are not adjacent, and

capacities between terminal leads. In addition there can be capacities

to ground from each turn. Some of the different capacities that may exist

in a typical coil are shown in Fig. 14. It is to be noted that every turn

has a capacity to every other turn and also a capacity to ground. Each

of these capacities stores a quantity of electrostatic energy that is deter-

mined by the capacity and the fraction of the total coil voltage that
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<«)Loiyer Winding (b)Boink Winding

appears across the turns involved. The total effect which the numerous
small coil capacities have can be represented to a high degree of accuracy
by assuming that these many capacities can be repla'ced by a single

condenser of appropriate size shunted across the coil terminals. This
equivalent capacity is called either the distributed capacity or the self-

capacity of the coil.

In multilayer coils the distributed capacity tends to be high because
the layer arrangement of the winding causes turns from different parts

of the winding to be located near each other. Thus in the two-layer wind-
ing shown at Fig. 15a, in which the turns are numbered in order, the first

and last turns are adjacent, which causes

the voltage between these turns to be large

and hence greatly increases the effect of the

shunting capacity. An improvement over

the simple layer winding of Fig. 15a is

obtained by using the type of winding

shown in Fig. 156, known as a bank wind-

ing, in which adjacent turns represent

parts of the coil that are close together,

while the ends of the windings are fairly

far apart. Another method of keeping

down the self-capacity of a multilayer coil

is to use many layers with only a few turns

per layer, as in* Fig. 15c, which has the

effect of separating the ends of the coil.

Still another device for reducing self-

capacity is shown in Fig. 15d, in which the

layers are spaced to reduce the capacity from turns in one layer to turns

in adjacent layers. Many ingenious methods have been devised for

incorporating these principles into types of construction having desirable

mechanical rigidity, and several types of multilayer coils with low
capacity are produced commercially.

The various coil capacities that contribute toward the distributed

capacity include as part of their dielectric the wire insulation and the

form upon which the coil is wound. Since these materials have appre-

ciable dielectric hysteresis, there is a loss associated with the distributed

capacity of the coil which is referred to as the dielectric loss of the coil

and which has the effect of increasing the effective coil resistance. In
order to keep the dielectric loss small, the coil form should be of material

having low dielectric lbsses and should be no thicker than mechanical
considerations make advisable. It is also important that the winding be
covered with a moistureproof binder such as collodion to prevent absorp-

tion of moisture by the cotton or silk insulation of the wire. The dielectric

(d) Spaced Layer
Winding

(c) Deep Narrow
Winding

Fig. 15.—Several types of multi
layer windings.
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Magnetic
ffux

losses are low and often negligible in well-constructed coils but may reach

an undesirable magnitude if no attention is paid to them.

9. The Effective Resistance of Coils and Conductors at Radio Fre-

quencies.—The effective resistance offered by conductors to radio fre-

quencies is considerably more than the ohmic resistance measured with

direct currents. This is because of an action known as skin effect, which
causes the current to be concentrated in certain parts of the conductor

and leaves the remainder to contribute little or nothing toward carrying

the current. As a result of this effect it is necessary to generalize the

concept of resistance when dealing with

radio frequencies by considering the resist-

ance to be that quantity which when multi-

plied by the square of the current will give

the energy dissipated in the circuit.

Skin Effect in an Isolated Conductor.—

A simple example of skin effect, and one

which makes its nature clear, is furnished

by an isolated round wire. When a

current is flowing through such a con-

ductor, the magnetic flux that results is

in the form of concentric circles as shown
in Fig. 16. It is to be noted that some
of this flux exists within the conductor

and therefore links with, i.e., encircles,
,„ ,i , r Ji i showing flux paths and current dis-

current near the center of the conduc- tribution at radio frequencies. Note
tor while not linking with current flowing that the current density is highest for

near the surface. The result is that the ?^*^w uotar enCirded by th"

inductance of the central part of the con-

ductor is greater than the inductance of the part of the conductor near the

surface because of the greater number of flux linkages existing in the cen-

tral region. At radio frequencies the reactance of this extra inductance

is sufficiently great to affect seriously the flow of current, most of which

flows along the surface of the conductor where the impedance is low rather

than near the center where the impedance is high. The center part oi

the conductor therefore does not carry its share of the current and the

effective resistance is increased, since in effect the useful cross section

of the wire is very greatly reduced. The actual type of current distribu-

tion obtained in the case of a round wire is as shown in Fig. 16.

The ratio that the effective alternating-current resistance bears

to the direct-current resistance of a conductor increases with frequency,

with conductivity of the conductor material, and with the size of con-

ductor. This results from the fact that a higher frequency causes the

extra inductance at the center of the conductor to have a higher reactance,

s Distribution of
-' current density

Radial Distance
Fig. 16.—Isolated round conductor,
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while a greater conductivity makes the reactance of the extra inductance
of more importance in determining the distribution of current, and a
greater cross section provides a larger central region. It is to be noted,

however, that a larger conductor always has less radio-frequency resist-

ance than a smaller one because, although the ratio of alternating-current

to direct-current resistance is less favorable, this is more than made up
by the greater amount of conductor cross section present. The actual

value of the ratio of alternating-current to direct-current resistance for a
solid round conductor can be calculated with the aid of tables and
formulas found in every electrical handbook.

When skin effect is present, the current is redistributed over the conductor

cross section in such a way as to make most of the current flow where it is

<a> Fl 01+ Strip

/te-;%

(b) Square bar
Fig. 17.—Isolated strip and bar conductors, showing approximate flux paths and

current distribution. The current density is indicated by the density of shading and is

seen to be greatest for those parts of the conductor encircled by the fewest flux lines.

encircled by the smallest number of flux lines. This general principle con-

trols the distribution of current irrespective of the shape of the conductor
involved. Thus with a flat-strip conductor, such as shown in Fig. 17,

the current flows primarily along the edges, where it is surrounded by
the smallest amount of flux, and the effective resistance will be high

because most of the strip carries very little current. This illustration

makes clear that it is not the amount of conductor surface that deter-

mines the resistance to alternating current but rather the way in which
the conductor material is arranged. Another example is formed by the

square-bar conductor of Fig. 17, in which the current is concentrated
along the four corners as indicated in the figure because the flux linkages

are least for this portion of the cross section.

Where it is important that an isolated conductor have very low resist-

ance to radio-frequency currents it is preferable to use thin tubular

conductors instead of round wire of the same cross section, since the

central part of the wire carries very little current while all the material

of a tube is effective. Another way of making more effective use of

the conducting material is to form the conductor from a large number of

small enameled wires connected in parallel at their ends but insulated

from each other throughout the rest of their length, and thoroughly



Sec. 9] CIRCUIT CONSTANTS 37

interwoven. If the stranding is properly done, each conductor will,

on the average, link with the same number of flux lines as every other

conductor, and the current will divide evenly between the strands. If

each strand is small, it will have relatively little skin effect over its cross

section, with the result that all the material is effective in carrying

the current and a radio-frequency resistance approximating the direct-

current resistance results. A stranded cable of this type is called a litz

(or litzendraht) conductor.

Skin Effect in Coils.—The same principle that governs the current

distribution in an isolated conductor also determines the distribution of

current in the conductors of a coil; that is, the current density is greatest

in those parts of each coil conductor encircled by the smallest number of

flux lines. The skin effect in coils is^ however, much more complicated

and much greater in magnitude than in isolated conductors because

each turn of the coil produces flux that causes skin effect in adjacent

turns. As a result the radio-frequency resistance of coils may be as

much as several hundred times the resistance to direct currents. The

approximate current distribution in the conductors of a typical radio coil

is indicated by the shading in Fig. 6, which also shows the flux paths and

so brings out the relation between current density and flux linkages.

The losses in a coil are most conveniently expressed in terms of the

ratio of the coil reactance caL to the effective coil resistance R. This

ratio approximates the reciprocal of the coil power factor and is so

important in the theory of resonant circuits that it is considered as a

fundamental coil property and is usually referred to by the symbol Q;

that is

n _ coil reactance _ coL ,~„v

coil resistance R

The effective coil resistance R includes any dielectric loss that the coil

may have.

It is convenient to express the characteristics of a coil in terms of the

ratio of coil reactance to effective resistance because this ratio Q is approxi-

mately constant for the same coil over a wide range of frequencies as a

result of the fact that the effective radio-frequency resistance of a coil

is roughly proportional to frequency. Furthermore, the value of Q
for equally well-designed coils intended for use at different frequencies

is approximately the same, that is, a value of Q which is considered as

denoting an efficient coil of a size suitable for use at 100 kc also represents

the Q of an efficient coil for 1000-kc service. The values of Q actually

obtained with coils used in receiving equipment range from fifty to

several hundred, with values somewhat greater than these frequently

encountered in transmitter inductances.
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Factors Influencing the Q of a Coil—The actual value of wL/R depends
primarily on the coil construction and is determined by complicated
factors for which a complete mathematical solution has never been made.
In spite of this there are a number of general principles that can be used
as a guide in the design of coils. To begin with, if coils differing only
in wire diameter are compared, it will be found that for each frequency
there will be a particular size of wire that will give the lowest radio-
frequency resistance and hence the highest Q. This best size of wire
will be different for different frequencies and is often, although not neces-
sarily, the largest wire that can be wound in the space available. As

800 1,000 1,200 1,400 1,600.

Frequency- Kilocycles

Fig. 18.—Curves showing values of Q as a function of frequency for three coils differing
only in wire size. The largest size wire has over six times the cross section of the smallest,
and yet the latter has a value of Q only about 35 per cent less.

long as the wire is not too small, changes in wire size have surprisingly
little effect on coil alternating-current resistance because the increased
skin effect of the larger conductors offsets in large measure the greater
cross section. It is only when the frequency is so low or the wire so
small as to give little skin effect that the radio-frequency resistance of

the coil becomes markedly influenced by the direct-current resistance.
These effects of wire size are graphically shown by the curves of Fig. 18,
which give Qasa function of frequency for several coils differing only
in wire size, and in which increasing the direct-current resistance over
six times reduces the coil Q by about 35 per cent.

Increasing the size of a coil while maintaining the inductance, pro-
portions, and direct-current resistance constant tends to reduce the
effective radio-frequency resistance and hence give a larger Q. Further-
more the larger coil provides a winding space for larger wire than the
smaller coil, which if utilized will still further increase the Q as the dimen-
sions are increased. A large coil can utilize a large conductor to better
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advantage than a small coil because the increased space over which the

flux is distributed reduces the flux density in the vicinity of the conductors

and hence reduces the skin effect to reasonable values even with large

400 600 1,400 1,600800 1PO0 1,200

Frequency-Kilocycles

Fig. 19.—Curves showing values of Q as a function of frequency for three coils having
the same inductance and same ratio of length to diameter, but differing in size. Increas-
ing the size of the coil increases the Q at the frequency where the Q is highest and tends to
lower the frequency at which the coil is most efficient.

wire. The effect that changes in size can have on the Q of a coil is

demonstrated by the curves of Fig. 19.

400 600 1,400 1,600800 1,000 1,200

Frequency- Kilocycles

Fig. 20.—Curves giving values of Q as a function of frequency for three coils having
the same inductance but differing in ratio of length to diameter. These show how there is

a best shape.

The best shape for a coil having a given inductance is neither a very

long coil with a small diameter nor a short coil with a large diameter

but rather one of intermediate proportions. The curves of Fig. 20 are
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typical examples of the differences that can be expected from different

shapes.

The types of conductors most commonly used in coils are round wire,

litz, tubing, and flat and edgewise-wound strip. Ordinary wire repre-

sents one of the best shapes and finds use at all frequencies, although litz

wire is preferable at broadcast frequencies under some conditions and is

very markedly superior to solid wire

at lower frequencies (see Fig. 21).

Tubing and strip conductors are used in

transmitter coils that must carry large

currents.

The resistance of coils is normally

obtained by measurements on the actual

coils. Efforts to predict the resistance

by calculation have been made by a
400 wo 8oo woo number of investigators, with rather goodFrequency -Kilocycles ° ' &

Fig. 21.—Curves giving values of
success in some instances. 1 The difficulty

Q as a function of frequency for two is, however, that the theoretical formulas
coils identical in every way except n • 1 • it • >•

that one is wound with solid wire and a11 involve some simplifying assumptions
the other with litz of approximately and also ignore dielectric losses, and so
the same cross section. The litz coil • u , r , , i , T

has an exceptionally high q. Slve results that are at best only approxi-

mate. Furthermore, the theoretical for-

mulas are restricted to certain ranges of coil proportions, which reduces

their usefulness.

Large quantities of data giving coil resistance in countless specific

cases are to be found scattered throughout the literature, but no attempt

has Been made here to summarize the published results because they

represent a huge mass of figures which have as yet defied organization

in any systematic manner. 2 The important things to keep in mind are

1 The most noteworthy work on this subject is that of Butterworth. See S. Butter-

worth, Effective Resistance of Induction Coils at Radio Frequency, Exp. Wireless

and Wireless Eng., vol. 3, pp. 203, 309, 417, and 483, April, May, July, and August,

1926. Explanatory discussions which are of value in applying Butterworth's results

are given by B. B. Austin, Effective Resistance of Inductance Coils at Radio Fre-

quency, Wireless Eng. and Exp. Wireless, vol. 11, p. 12, January, 1934; A. J. Palermo
and F. W. Grover, Supplementary Note to Study of the High-frequency Resistance

of Single Layer Coils, Proc. I.R.E., vol. .19, p. 1278, July, 1931.

A review of other work that has been done, together with some original contri-

butions, is given by A. J. Palermo and F. W. Grover, Study of the High Frequency
Resistance of Single Layer Coils, Proc. I.R.E., vol. 18, p. 2041, December, 1930.

2 Useful information of this sort is to be found in the following publications:

August Hund and H. B. De Groot, Radio-frequency Resistance and Inductance of

Coils Used in Broadcast Reception, Bur. Standards. Tech. Paper 298; E. L. Hall, Resist-

ance of Conductors of Various Types and Sizes as Windings of Single-layer Coils at

150 to 6000 Kilocycles, Bur. Standards Tech. Paper 330; J. H. Morecroft, "Principles
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the general principles discussed above and the fact that the effective

resistance of a coil to alternating currents i.s determined primarily by
the flux distribution in the conductors and has very little relation to the

direct-current resistance of the wire.

10. Types of Coils Used in Radio Work. Coils for Tuned Circuits of

Radio Receivers.—("oils used in resonant circuits of radio receivers must

have low losses (i.e., a high Q), small size, and reasonably small distributed

capacity. The type of coil used to meet these; requirements depends upon

the frequency. At frequencies above about. 1500-kc single-layer solenoids

\Rpdio frequency choke

ofsnia// wire til the bottom ofthe slots

o
Single hyer Double &
solenoid coil °fsweave co;

I

ficneyco/r/b /
'Pankwouncf coil Fororcfaf coil

Fig. 22.—Representative rails of different types designed for use in radio receivers.

of solid wire are universally employed. The tarns arc nearly always

spaced and are preferably wound upon a form such as a thin bakelite tube.

Coils for circuits resonant at broadcast frequencies are usually single-

layer solenoids wound with solid wire. Bank-wound or "universal"

(honeycomb) wound multilayer coils using litz wire are sometimes

employed, and when properly designed will give a higher Q in the same

volume than a single-layer coil.

Coils for frequencies below the broadcast range are nearly always

bank-wound or universal multilayer coils, preferably using litz wire.

Single-layer coils at these lower frequencies are seldom employed because

of the large bulk necessary if the required inductance is to be obtained

with reasonable size wire. Litz wire is much more sat isfaetoxy than solid

wire at the lower frequencies and so is generally employed. Increasing

use is also being made of iron dust in coils designed for frequencies below

of Radio Communication"; Coil Design for Short Wave Receivers, E&ectronics, vol. 7,

p. 174, June, 1934; A. J. Palermo and F. W. G rover, A Study of the High Frequency

Resistance of Single Layer Coils, Proc. I.R.E., vol. IS, p. 2041, Dec. 1930; David

Grimes and W. S. Burden, A Study of Litz Wire Coils, Electronics, vol. 0, pp. 303 and

342, November and December, 1933.
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500 kCj and such dust-cored noils are often superior to air-cored coils

occupying; the same volume.

Small size is a very definite advantage in coils intended for radio

receivers. Small coils make For compactness and also simplify greatly

the shielding problem. Small size means increased losses, but it has been

possible to design coils of very small size which have 1 moderately high

values of Q.

Shortwave
f|

coils
(wound

. with copper,
tubing **•

% /

^Pancake coif
{wound with
copperst-rip)

Helix -~r\
<wound
with
copper
wire)

/
{Large layer
wound helix
made of IHz
wire and used
in moderate
power long wave
transmitters

Vm, 23. Representative coils of different types designed for use \n ratlin trmismit torn.

A great many different types of coils have been used at one time or

another in radio receivers. In some of these, such as the basket-weave

coil, the ami has been to reduce the solid dielectric present. It has been

found, however, that a thin solid form will not introduce appreciable

losses and will greatly increase the coil rigidity. Other types of construc-

tion, such as the toroid and double D coil illustrated in Fig. 22, have as

their object the elimination or reduction of the external magnetic field.

Better results are obtained, however, by using a single-layer solenoid

in a copper shielding can, since this arrangement gives both electrostatic

and magnetic shielding and results in a higher Q for the same bulk.

Coils for Transmitters.—The method of coil construction and type

of conductor employed in transmitters depend upon the frequency and

power involved. Coils for short-wave transmitters are always made in

the form of a single-layer solenoid. The conductor may be heavy wire,

tubing, or a flat strip. Coils made of tubing are normally arranged to be
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self-supporting as illustrated in Fig. 23, while those with wire and strip

are either wound on a form, usually isolantite, or held in position with

insulating strips as shown in the lower left-hand corner of Fig. 23. When
the transmitter power is very high, the heat dissipated in the coil is

considerable, and it is not uncommon to use coils constructed of tubing

through which cooling water is passed.

Coils for broadcast transmitters are usually large single-layer solenoids

wound with wire, copper tubing, or edgewise-wound copper strip.

Pancake inductances of copper strip, large wire, or tubing are occasionally

employed.

At the lower frequencies multilayer coils are usually employed in

order to obtain the necessary inductance in a reasonable space, and
litz wire, although much more expensive than large copper tubing, is

very much better and so is rather generally preferred.

Some use is also being made of radically different types of inductances

and tuned circuits to obtain very low losses. One method of approach

is to use toroidal coils made with flat conductor so arranged that the flat

side is parallel to the flux lines, thereby reducing the skin effect. l Another

means of achieving low losses is to employ tuned circuits utilizing resonant

transmission lines (see Sec. 15).

There are numerous design problems encountered in coils that are to

handle large radio currents. In particular, the high voltages developed

across such coils have a tendency to produce corona at the points where

the electrostatic stress is highest. Since even the slightest trace of

corona at radio frequencies results in high energy loss, great care must be

used in arranging the details of the construction. 2

Radio-frequency Choke Coils.—Certain types of radio circuits call for

an inductance coil having a very high impedance to radio-frequency

currents lying within a certain range of frequencies. The losses of

such coils are quite unimportant, but the impedance, when taking into

account the distributed capacity as well as the inductance, must be

very high. Coils of this type are called radio-frequency choke coils and
must have extremely low distributed capacity. The two methods
commonly used in constructing such coils are shown at a and b of Fig. 24.

In the first method the coil is very long in proportion to its diameter and
has a large number of turns of small wire. The great length insures

1 See F. A. Kolster, Generation and Utilization of Ultra-short Waves in Radio

Communication, Proc. I.R.E., vol. 22, p. 1335, December, 1934; F. E. Terman, Some
Possibilities for Low Loss Coils, Proc. I.R.E., vol. 23, p. 1069, September, 1935.

2 An excellent discussion of the problems involved in the design of large inductances

for use in high-power transmitting stations is to be found in W. W. Brown and J. E.

Love, Design and Efficiencies of Large Air Core Inductances, Proc. I.R.E., vol. 13,

p. 755, December, 1925.
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a small distributed capacity, and the many turns of small wire give a

large inductance. In the second method the coil is wound in a series

of spaced sections as shown in the figure. The over-all distributed

capacity of the coil is kept small by making the multilayer winding in

each section deep and narrow and by employing

a number of sections in series. For best results

the choke should behave as nearly as possible as

an inductance shunted by a single capacity, in

spite of the fact that the actual capacity is a

combination of distributed and lumped elements.

The desired mode of operation can be very

closely approximated by a careful balance between(b)Secfionalizeol
Coil

Fig. 24.—Radio-frequency the various capacities and the inductances of
choke coils. ^e various sections. 1 The resistance of radio-

frequency coils is unimportant, and the size of wire is selected from the

point of view of current-carrying capacity.

Variable Inductances.—Inductances that are continuously variable

can be constructed by connecting two coils in series and then varying

the total inductance L\ + L 2 + 2M of the combination by changing the

mutual inductance. Such variable inductances are called variometers

and have many uses. When each of the two coils has an inductance

of L and the maximum coefficient of coupling that

can be obtained is A;, the inductance can be varied

from 2L(1 - k) to 2L(1 + k). The construction

of a typical variometer is shown in Fig. 25, where

the two coils can be adjusted from series aiding

to series opposing by rotating the inner coil, and
where the maximum coefficient of coupling is

made high by arranging the two inductances so ^.
F*G

\ ?^: Construc-

.... . . tional details of a typ-
that they coincide as nearly as is physically ical variable inductance

possible. (variometer).

11. Electrostatic and Electromagnetic Shielding of Coils.—Under
many conditions it is necessary to confine substantially all electrostatic

and electromagnetic flux to a limited space in the neighborhood of the

coil. This result can be accomplished by completely enclosing the

Stator-f.

Rotating
coil -

1 Thus, where neither terminal is grounded and where there are more than two
sections, it is desirable to make the self-inductance of the sections decrease from the

ends toward the center, as shown in Fig. 246 and pointed out by Herman P. Miller,

Jr., Multi-band R-F Choke Coil Design, Electronics, vol. 8, p. 254, August, 1935.

Similarly with two section chokes, the desired type of behavior can be very closely

realized by properly adjusting the spacing and relative inductance of the sections

as outlined by Harold A. Wheeler, The Design of Radio-frequency Choke Coils,

Proc I.R.E. vol. 24, p. 850, June, 1936.
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coil in a container made of material having low electrical resistivity,

such as copper, aluminum, or brass, or by use of a conductor made of

magnetic material. Such an arrangement acts as an electrostatic

shield because it is a conductor and so constitutes a Faraday cage that

screens the space external to the cage from electrostatic effects within.

As far as electrostatic shielding is concerned, the exact nature of the
shielding material is not highly important, and the shielding is sub-
stantially perfect* if the container in which the coil is located is water-
tight or if its joints are lapped.

When the magnetic flux that is to be shielded is unidirectional or of

audio frequency, shields composed of

magnetic material of high permeability

are employed. Such material acts as a
magnetic short circuit which prevents the

magnetic flux lines from extending to

the space outside the container in which
the coil is located and thus gives a shield-

ing effect with magnetic flux that is

analogous in all respects to the effect

that a Faraday cage has on electrostatic

flux. • In order to obtain complete shield-

ing it is necessary that the magnetic
material of the shield be 'sufficiently thick

to give a low reluctance to the flux

entering the shield at one point and
departing from it at another, so that
there will be negligible magnetomotive FlG

-
26,—Paths of electrostatic

e j i ii, ,.«. .
and electromagnetic flux lines about

force developed between different points the same coil with and without

on the shield. Otherwise some magnetic masnetic and non-magnetic shields.

flux will not be intercepted by the shield. The best magnetic shields are
those made of magnetic materials having high permeability at low flux
densities, such as permalloy.

Where the frequency of the magnetic field is high, more satisfactory
shielding can be obtained by the use of shields having high electrical

conductivity. The magnetic flux in attempting to pass through such a
shield induces voltages that set up eddy currents which in large measure
prevent the magnetic flux from penetrating through the shield. The
shielding effect produced by eddy currents increases with frequency and
with the conductivity of the shielding material. This is because the
voltage induced by a flux line is proportional to frequency and because the
eddy currents produced by a given induced voltage are proportional to
the conductivity of the shield. At radio frequencies the result is that
non-magnetic shields of low electrical resistance, such as copper and

Electromagnetic Flux-
MagneKcsWelol



46 RADIO ENGINEERING [Chap. II

aluminum, are better than high-resistance magnetic materials, such as

iron. The effect that a non-magnetic shield has on the electrostatic

and electromagnetic flux of a coil is shown in Fig. 26. Non-magnetic

shields have no shielding effect on unidirectional fields.
•.':->

When perfect electrostatic and magnetic shielding is required, it is

necessary to employ several concentric shields separated by appreciable

air gaps. These shields should be as nearly continuous electrically as is

possible, and great care must be employed with leads that enter or leave

the shields. 1

Effect of Shielding on Coil Properties.—Placing a coil within a shield

increases the coil's distributed capacity and the effective resistance,

while the coil inductance is reduced with non-magnetic shields and

increased when the shield is magnetic. The distributed capacity is

increased as a result of the capacity between various parts of the coil

and the shield. Restricting the magnetic-flux lines to the space within

the shield by the use of non-magnetic material of high electrical con-

ductivity increases the reluctance of the magnetic circuit (i.e., decreases

the amount oi flux produced by a given coil current) and hence reduces

the effective inductance of the coil by an amount that depends on the

extent to which the shield interferes with the normal flux paths. When
the shield is so large in comparison with the coil size as to interfere with

only a small portion of the flux paths, the effect on the inductance will

be small, whereas a close-fitting shield interferes with many flux lines

and has the effect of greatly lowering the effective coil inductance. If

the shield is of magnetic material, the effect on inductance is just the

opposite, since the magnetic material supplies a low-reluctance path to

the magnetic flux which increases the flux (and hence the inductance)

the closer the shield is to the coil.

The energy consumed by the eddy currents flowing in the shield

and by the iron losses if a magnetic shield is used must be supplied by

the coil; this will have the effect of increasing the effective coil resistance

by an amount that depends primarily upon the extent to which the

shield interferes with the norpial flux paths. If high-conductivity

shielding material is used and if the shield is not too close to the coil, the

added losses will not be excessive.

The shielding obtained by inclosing a coil in a copper or aluminum

can is very good, and, if a reasonable clearance is provided between

shield and coil, the properties of the coil are not seriously impaired.

Thus with the usual coil, if the shield clears the coil everywhere by a

distance at least equal to the coil radius, the coil inductance will not be

1 A more complete discussion of the problems involved in obtaining complete

shielding of radio-frequency fields is given by F. E. Terman, "Measurements in

Radio Engineering," pp. 218-221, McGraw-Hill Book Company, Inc
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reduced by more than 10 to 15 per cent and the Q will be reduced even
less. 1 A properly shielded single-layer or universal-wound coil will, in

fact, have not only better shielding but also higher Q than a self-shielded

coil, such as a toroid, of equal size.

Electrostatic Shielding without Magnetic Shielding. 2—Electrostatic flux

can be shielded without affecting magnetic fields by surrounding the
space to be shielded with a conducting cage that is made in such a way
as to provide no low-resistance path for the flow of eddy currents, at
the same time offering a metallic terminal upon which electrostatic

flux can end. One way of accomplishing this is to use a cage formed
from a wire having one terminal grounded and the other free. Such a
cage acts as a fairly good electrostatic shield but has very little influence
on the magnetic field since there are no closed loops around which eddy
currents can circulate. Another type of electrostatic shield commonly
employed to shield primary and secondary windings in transformers
consists of metal foil so arranged that its surface is approximately
parallel with the magnetic field, with an insulated gap provided where
necessary to prevent the shield from becoming a short-circuited turn.

12. Radio-frequency Coils with Magnetic Cores.—The use of mag-
netic cores in coils intended for radio-frequency service is limited by the
fact that the eddy-current losses in magnetic material are proportional
to the square of the frequency and so become excessively great when the
frequency is high. The large eddy currents produced in the core also
set up flux of their own which is in opposition to the main flux and there-
fore causes the effective inductance of the coil to become lower as the
frequency is increased. This phenomenon is known as magnetic skin
effect, since it is equivalent to preventing the magnetic flux from pene-
trating very deeply into the magnetic material of the core and so is

analogous to skin effect in conductors.

The eddy currents can be reduced by subdividing the magnetic core
material and by using magnetic material of high electrical resistivity.

This can be accomplished in a fairly satisfactory manner at the lowest
radio frequencies by the use of extremely thin laminations of magnetic
materials such as silicon steel. A still better method of dividing the

1 For further discussion of effect of shields upon coil properties, see G. W. O.
Howe, The Effect of Screening Cans on the Effective Inductance and Resistance of
Coils, Wireless Eng. and Exp. Wireless, vol. 11, p. 115, March, 1934; RCA Application
Note 48, "Graphic Determination of the Decrease in Inductance Produced by a Coil
Shield," obtainable from RCA Radiotron Corporation; W. G. Hayman, Inductance
of Solenoids in Cylindrical Screen Boxes, Wireless Eng. and Exp. Wireless, vol. 11
p. 189, April, 1934.

Also see Sec. 17 for a qualitative analysis of the effect produced by a non-mag-
netic shield, based on coupled circuits.

* For further discussion see Terman, op. tit., pp. 341-343, 345.
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core consists of reducing the core material to a fine dust, mixing this

powder with an insulating compound that will surround the particles,

and then forming the mixture under high pressure into solid cores, pref-

erably of toroidal shape. This construction produces a core that is

subdivided to a much greater extent than can be realized with lamina-

tions, and at the same time there are distributed throughout its length air

gaps that prevent the core from saturating or changing its inductance with

moderate flux densities.

Fig. 27.-
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Dust cores have been successfully used with coils intended for fre-

quencies below about 500 to 1000 kc. The construction and design of the

cores depends primarily upon the frequency range. In particular, coils

intended for use at the high frequencies must be made from finer particles

and the individual particles must be more thoroughly insulated from
each other, which means a larger amount of insulating compound and
a lower effective permeability when the resulting air gaps are taken into

account. Iron- and permalloy-dust cores are used extensively in tele-

phone work for audio and carrier frequencies. 1 These are constructed

in the form of rings which have permeabilities ranging from 13 to 75,

with the lower values obtained in rings designed for higher frequency
service. More recently iron-dust cores suitable for use at intermediate

1 A description of the method of preparation of cores made of permalloy dust and
iron dust and their outstanding mechanical and electrical properties is to be found
in the following articles: Buckner Speed and G. W. Elmen, Magnetic Properties of

Compressed Powdered Iron, Jour. A.I.E.E., vol. 40, p. 596, July, 1921; W. J. Shackel-

ton and I. G. Barber, Compressed Powdered Permalloy, Trans. A.I.E.E., vol. 47,

p. 429, April, 1928.
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and lower broadcast frequencies have been developed. 1 These cores

are made from chemically produced iron-dust particles of about 5 n
diameter. The particles are insulated by a varnish, mixed with bakelite

powder, and then molded under pressure to the final shape. The effec-

tive permeability obtained is of the order of 10 and can be controlled by
varying the amount of bakelite. The cores are usually employed in the
form of cylindrical slugs upon which a universal-wound coil is directly

mounted. Such coils have been found to be extremely satisfactory at

the intermediate frequencies used in broadcast receivers, and will have a
fair Q even at the lower broadcast frequencies.

The performance of several types of dust-cored coils is given in Fig.

27. These results do not necessarily represent optimum designs, but
they give an idea of what can be expected. It will be noted that in-

every case the Q drops off at high frequencies. This is because of

increased eddy-current losses at the higher frequencies. The falling off

in Q at low frequencies is caused by the increasing importance of the
copper loss as the reduction in frequency reduces the eddy-current loss

and the inductive reactance. The Q is maximum at the frequency where
the best balance exists between copper and eddy losses.

Problems

1. If in Fig. 6 the flux shown is produced by a current of 0.1 amp., estimate the
coil inductance. (Assume that Fig. 6 gives a two-dimensional representation of the
flux lines in the three-dimensional coil.)

2. Design the winding of a coil to have 200 /*h inductance, when the diameter is

2 in. and the ratio of length to diameter is 1.5. • Use a standard-size wire.

3. Calculate the inductance of a coil consisting of 60 turns wound on a 3>£-in.

diameter cylinder with a pitch of 20 turns to the inch.

4. In iron-cored coils subjected to a direct-current magnetization it is found that,
with a given direct current in the winding, there is an optimum-length air gap for

which the incremental inductance at low alternating flux densities is maximum, and
this air gap is greater the larger the direct current. Explain.

5. Assume that the coil of Prob. 3 is the secondary and that the primary is

wound at one end of the secondary with 20 turns of fine wire having a pitch of 40 turns
to the inch.

o. Calculate the inductance of the primary.
b. Calculate the mutual inductance between primary and secondary.
c. Calculate the coefficient of coupling.

6. A primary coil having an inductance of 100 /*h is connected in series with a
secondary coil of 240 juh, and the total inductance of the combination is measured as
146 mL

a. Determine the mutual inductance.

6. Determine the coefficient of coupling.

c. Determine the inductance that would be observed if the terminals of one of the
coils were reversed.

1 See W. J. Polydoroff, Ferro-Inductors and Permeability Tuning, Proc. I.R.E.,
vol. 21, p. 690, May, 1933.
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7. A variable condenser with air dielectric is to have a total capacity of 350 nni.

If the spacing between plates is 0.07 cm, calculate the total area of dielectric required.

If the rotating plates are semicircular with a radius of 3 cm, calculate the number of

rotating plates required, assuming both sides of every plate are active.

8. A mica condenser with power factor 0.0004 has a capacity of 0.001 mf

.

a. What are its equivalent series and shunt resistances at frequencies of 1000,

100,000, and 10,000,000 cycles?

6. What are its phase angles at these same frequencies?

9. The condenser of Prob. 8 is able to stand a direct-current potential of 5000

volts and is capable of dissipating safely 3 watts of heat. What is the highest fre-

quency at which the heating will begin to limit the voltage rating, and what is the

voltage rating at frequencies of 1, 100, 1000, and 10,000 kc?

10. A certain variable condenser having air dielectric with bakelite supports

obtains 10 /xjuf of its capacity through the bakelite dielectric having a power factor of

4 per cent and the remainder of its capacity from the air, which has no losses. What
is the equivalent-series resistance at 100 and 10,000 kc when the total capacity is

100 mmf (90 mmf from air and 10 mmf from bakelite) ?

11. It is desired that a particular fixed condenser have the lowest possible induc-

tance. Describe constructional features that will contribute to this result.

12. Explain why the distributed capacity of a coil is always increased by the wax

or other coating used for protection against moisture.

13. Explain why moisture in the insulation is very detrimental to the properties

of a coil.

14. Derive an equation giving the exact relation between the Q of a coil and the

coil power factor, and from this calculate the error in the approximate relation:

Power factor = 1/Q, when Q = 50.

15. In Fig. 18, calculate and plot: (a) the resistance as a function of frequency for

the No. 20 wire case; (b) the ratio of alternating-current to direct-current resistance

for the same coil.

16. Explain how the skin-effect phenomenon causes the true inductance of a coil

to be slightly less at radio frequencies than at very low frequencies.

17. In transmitter inductances explain why copper tubing gives a resistance just

as low as solid copper conductor of the same diameter, and why it is superior to

conductor in the form of flat strip.

18. Transmitter inductances wound with bare copper tubing are sometimes plated

to prevent corrosion and improve the appearance. Discuss the relationship between

resistivity and thickness of the plated layer and the radio-frequency resistance of the

coil.

19. It is observed in a non-magnetic shield can surrounding a solenoidal coil that

the shielding is not affected appreciably by a joint in the shield provided this joint

is in a plane perpendicular to the axis of the coil, but is very seriously reduced if the

joint is in a plane that contains the axis of the coil. Explain.



CHAPTER III

PROPERTIES OF RESONANT CIRCUITS

13. Series Resonance.—When a constant voltage of varying frequency

is applied to a circuit consisting of an inductance, capacity, and resistance,

all in series, the current that flows depends upon frequency in the manner
shown in Fig. 28. At low frequencies the capacitive reactance of the

circuit is large and the inductive reactance is small, so that most of the

voltage drop is across the condenser, while the current is small and leads

the applied voltage by nearly 90°. At high frequencies the inductive

reactance is large and the capacitive reactance low, resulting in a small

current that lags nearly 90° behind the applied voltage, and most of the

voltage drop is across the inductance. In between these two extremes

there is a frequency, called the resonant frequency, at which the capacitive

and inductive reactances are exactly equal and consequently neutralize

each other, leaving only the resistance of the circuit to oppose the flow of

current. The current at the resonant frequency is accordingly equal

to the applied voltage divided by the circuit resistance, and is very large

if the resistance is low.

The characteristics of a series resonant circuit depend primarily upon
the ratio of inductive reactance ojL to circuit resistance R, i.e., upon
ojL/R. This ratio is frequently denoted by the symbol Q and is called

the circuit Q. In the usual resonant circuit the radio-frequency resistance

of the circuit is made up almost solely of coil resistance because the losses

in a properly constructed condenser are negligible in comparison with

those of the coil. The result is that the circuit Q can ordinarily be taken

as the Q of the coil alone, which was discussed in Sec. 9.

The general effect of different circuit resistances, i.e., different values

of Q, is shown in Fig. 28. It is seen that, when the frequency differs

appreciably from the resonant frequency, the actual current is practically

independent of the circuit resistance, and is very nearly the current that

would be obtained with no losses. On the other hand the current at the

resonant frequency is determined solely by the resistance. The effect

of increasing the resistance of a series circuit is accordingly to flatten

the resonance curve by reducing the current at resonance. This broadens

the top of the curve, giving a more nearly uniform current over a band
of frequencies near the resonant point, but does so by reducing the

51
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selectivity of the tuned circuit (i.e., the ability to discriminate between

voltages of different frequencies).
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Fig. 28.—Magnitude and phase angle of current in series-resonant circuit as a function

of frequency for a constant applied voltage. Curves are given for three values of circuit

resistance and also for zero resistance.

Analysis of Series Resonant Circuit.—In deriving the relations that

exist in a series resonant circuit, the following symbols will be used.

E = voltage applied to circuit'

/ = current flowing in circuit

/ = frequency in cycles

o) = 2tt/
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Q = o)L/R

R = effective series resistance of tuned circuit

L = inductance in henrys

C = capacity in farads

Z = impedance of series circuit

= phase angle of impedance
Subscript denotes values at resonant frequency

The resonant frequency is the frequency at which the inductive and
capacitive reactances are equal; thus it is given by the expression

or

Resonant frequency = /„ = — (216)

Equation (216) shows that the resonant frequency depends only upon the
product LC.

The impedance of the circuit is

Z = R+j(^L--L) (22)

and accordingly has a magnitude of

,z
i

=
VBt +

(
wL ~5e)

t

(23a)

and a phase angle 6 given by

tan =
R (236)

1 = Z
=—7 TT <24ft)

The current flowing in the circuit is

E E_

At resonance Z = R, giving a current in phase with the applied voltage
and having a magnitude

Current at resonance = I = — (246)

This is the maximum current that can flow in the circuit.
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In the series-resonant circuit the voltages across the condenser and

the inductance will both be very much greater than the applied voltage

when the frequency is in the vicinity of resonance. This is possible

because the voltages across the condenser and inductance are nearly

180° out of phase with each other and so add up to a value that is much

smaller than either voltage alone. Since the current at resonance is

E/R, the voltage across the inductance at resonance is a>L times the

current, or

Voltage across L at resonance = E-^ = EQ (25)

The voltage across the condenser also has this same value since, at reso-

nance, coL = 1/wC. Equation (25) shows that at resonance the voltage

across the inductance (or condenser) is Q times the applied voltage (i.e.,

there is a resonant rise of voltage in the circuit amounting to Q times) .
Since

Q can be expected to have a value in the neighborhood of 100, a series-

resonant circuit will develop a high voltage even with small applied

potentials. Thus, if the applied voltage is 50 and Q = 100, the potential

developed across the condenser is 5000 volts and, unless the condenser is

built for high-voltage service, the insulation will break down.

Universal Resonance Curve.—Equations (24a) and (246) can also be

rearranged to express the ratio of current actually flowing to the current

at resonance, in terms of the circuit Q and the fractional deviation of the

frequency from resonance. When this is done the result is
1

1 The derivation of this equation follows: The ratio of Eq. (24a) to (24b) gives:

Actual current Ro

Current at resonance „ . ./ T 1 \

Ro

R+\—^c—)

By the definition of 5,

o> = w (l + 5)

Substituting this value of w and remembering that w„L = l/w„C, one obtains

Actual current _ Ro

Current at resonance .[ (1 + 5)
2 — 1 ~| Tr +j[—rrr~JUoL

When Q is constant, the radio-frequency resistance is proportional to frequency so

t,hat R/Ro = w/w = (1.4- 5), which when substituted yields Eq. (26).
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Actual current 1

Current at resonance
1 + 8 + JQ8m (26)

where

Q = WoL/Ro = circuit Q at resonant frequency

. _ (actual frequency) — (resonant frequency)

(resonant frequency)

The quantity 8 represents the ratio of the number of cycles by which
the actual frequency is off resonance to the resonant frequency; this can
be called the fractional deviation of the frequency from resonance. Thus
a value 8 = 0.01 means that the actual frequency differs from the resonant
frequency by 0.01 of the resonant frequency. The value of 8 is positive

or negative as the actual frequency is greater than or less than resonance,
respectively. By expressing 8 as 8 = a/Q, it is possible to plot the
universal resonance curves of Fig. 29, from which the exact resonance curve

of any series circuit may be obtained without calculation when Q is known.
These curves are extremely useful because they are independent of the
resonant frequency of the circuit and of the ratio of inductance to capac-
ity. It is to be noted that they are practically symmetrical about
the resonant frequency and are substantially independent of Q.

The use of Fig. 29 in practical calculations can be illustrated by two
examples.

Example!.—It is desired to know how many cycles one must be off resonance to
reduce the current to one-half the value at resonance when the circuit has a Q of 125
and is resonant at 1000 kc.

Reference to Fig. 29 shows that the response is reduced to 0.5 when a ~ 0.86.
Hence

Cycles off resonance = °-86 * 100° = 6.88 kc

The phase angle of the current as obtained from the curve is 60°.

Example 2.—With the same circuit as in the preceding example, it is desired to
know what the response will be at a frequency 10,000 cycles below resonance.

To solve this problem it is first necessary to determine a.

« = x ?fooo X 125 = 1.25

Reference to Fig. 29 shows that for a = 1.25 the response is reduced by a factor 0.36,
and that the phase of the current is 68° leading.

The only assumption involved in Eq. (26) is that Q is the same at
the frequency being considered as at the resonant frequency. When
this is true, Eq. (26) and the universal resonance curve involve no approxima-
tions whatsoever. Over the limited range of frequencies near resonance,
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where the universal resonance curve finds its chief usefulness, the varia-

tions in Q are so small as to introduce negligible (i.e., less than 1 per cent)

Values of a

Cycles off resonance a

Resonant frequency Q
a

Cycles off resonance = —

a = Q

= — = Fractional detuning

X resonant frequency

Cycles off resonance

Resonant frequency

Fig. 29.—Universal resonance curve from which the exact ratio of actual current to

current at resonance, as well as exact phase angle, can be determined for any series circuit

in terms of the detuning from resonance. This curve can also be applied to the parallel

resonant circuit by considering the vertical scale to represent the ratio of actual parallel

impedance to the parallel impedance at resonance. When applied to parallel circuits,

angles shown in the figure as leading are lagging, and vice versa.

errors from the use of the curve provided the value of Q existing at reso-

nance is used in determining the fractional deviation from resonance.
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The voltage developed across the inductive or capacitive reactance

of a series-resonant circuit is equal to the product of the current and the
reactance. For most practical purposes the voltage developed across the

inductance or capacity can be considered as varying with frequency in

exactly the same way as does the current in the circuit. This is because
the part of the resonance curve in which one is normally interested

occupies a very narrow frequency band extending only a few per cent on
either side of resonance, and for this limited range of frequencies the

reactance of the inductance or capacity is substantially constant.

Working Rules for Estimating Sharpness of Resonance.—Since the

curves for different values of Q are almost identical in Fig. 29, particularly

in the neighborhood of the resonant frequency, it is possible to state

several easily remembered working rules that will enable one to estimate
the sharpness of any resonance curve with an error of less than 1 per
cent when only the Q of the circuit is known. 1 These rules follow:

Rule 1. When the frequency of the applied voltage deviates from the

resonant frequency by an amount that is 1/2Q of the resonant frequency,

the current that flows is reduced to 70.7 per cent of the resonant current, and
the current is 45° out of phase with the applied voltage.

Rule 2. When the frequency of the applied voltage deviates from the

resonant frequency by an amount that is 1/Q of the resonant frequency,

the current that flows is reduced to 44.7 per cent of the resonant current, and
the current is 633^° out of phase with the applied voltage.

Thus in the circuit considered in the above examples the current would
be reduced to 70.7 per cent of the value at resonance when the frequency
is J^50 of 1000 kc, or 4000 cycles off resonance, and to 44.7 per cent of the

resonant current for a frequency deviation of 3^25 of 1000 kc, or 8000
cycles. Since the resonant rise of voltage in this circuit is 125 times, the
rise of voltage is very nearly 0.7 X 125 = 87.5 times when the frequency
is 4000 cycles off resonance, and is very close to 0.45 X 125 = 56.25

times at a frequency 8000 cycles from resonance.

Practical Calculation of Resonance Curves.—When a complete reso-

nance curve is to be determined, it is necessary to supplement the above
working rules by additional calculated points. The proper procedure
is to start by calculating the current at resonance, using Eq. (246).

The working rules can then be applied to obtain the response at fre-

quencies 1/2Q and 1/Q on either side of resonance. This gives a picture

of the resonance curve and is sufficient for many purposes. Additional

points as needed in the vicinity of resonance can be calculated with the

1 An errot of 1 per cent is nearly always permissible in calculations of radio-

frequency circuits. This is because the effective circuit constants at radio frequencies

are very seldom known to an accuracy that involves an error of less than 1 per cent.
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aid of the universal resonance curve of Fig. 29. Currents at frequencies

too far off resonance to come within the range of the universal resonance

curve can be obtained with an accuracy sufficient for all practical pur-

poses by neglecting the resistance. This introduces an error of only

1 per cent when the number of cycles off resonance is equal to the resonant

frequency multiplied by 3.5/Q, with rapidly diminishing error still

farther off resonance. When this simplification is made, 1

Actual current when far off resonance

Current of resonance

where

,_ actual frequency
T — resonant frequency

4 - 7)

(27a)

The phase angle of the current is usually not important, but if desired it

can be calculated without error by the use of Eq. (236), which can also

be rewritten

tan e = Q(l--A (276)

The above procedure for calculating resonance curves is much superior

to making calculations based directly upon Eq. (24a). The use of the

universal resonance curve in the vicinity of the resonant frequency not

only reduces the amount of labor involved but also greatly improves the

accuracy under ordinary conditions. This is because resonant circuit

formulas such as Eq. (24a) contain a term ( coL - —g ) which involves the

difference of two large and nearly equal quantities. In order to obtain

this difference without more than 1 per cent error, five-place logarithms

must ordinarily be employed. Slide-rule calculations are never per-

1 Equation (27a) is derived as follows: When resistance is neglected, Eq. (24a)

becomes

E E
I =

i(uL " ^5).
jaL

(
1 ~ ~Jlc)

Dividing both numerator and denominator by R , the resistance at resonance, and

substituting o> = two gives

I

71 _ E/Ro
TCOqL /-. 1 \

R V 7WLC7
Equation {27a) follows when it is remembered that 1 /o> *LC = 1 because at resonance

&>oL = l/woC'.
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missible. Neglecting the. resistance at frequencies too far off resonance
to come within the range of the universal resonance curve reduces the

labor enormously and introduces an error of less than 1 per cent' of the

magnitude at resonance, 'this accuracy is ample for all ordinary pur-

poses and the error is undetectable when resonance curves are plotted.

The resonance curve of voltage developed across the inductance or

capacity of a series circuit is obtained in much the same way as the

current. For precise results one calculates the current resonance curve
and then multiplies the result by the reactance across which the voltage
is developed. However, for ordinary purposes the recommended
procedure is to determine the voltage at resonance, which has already
been shown to be Q times the applied voltage. The universal resonance
curve is then applied to determine the way this voltage drops off on
either side of resonance for frequencies in the vicinity of resonance.
For frequencies too far off resonance to come within the range of the
universal resonance curve, calculations of magnitude can be made
satisfactorily by neglecting the resistance. When this is done, a little

manipulation based on Eq. (24a) gives:

For voltage across the inductance:

Actual voltage when far off resonance _ 1

Voltage at resonance 7 jf\
^

a'

<>-$
For voltage across the condenser:

Actual voltage when far off resonance _ 1

Voltage at resonance
=

Q(y 2 - 1) ^ ^

where Q and y have the values as defined above.

14. Parallel Resonance.—A parallel circuit consisting of an inductance
branch in parallel with a capacity branch offers an impedance of the
character shown in Fig. 30. At very low frequencies the inductive
branch draws a large lagging current while the leading current of the
capacity branch is small, resulting in a large lagging line current and a
low lagging circuit impedance. At high frequencies the inductance has
a high reactance compared with the capacity, resulting in a large leading
line current and a correspondingly low circuit impedance that is leading
in phase. In between these two extremes there is a frequency at which
the lagging current taken by the inductive branch and the leading current
entering the capacity branch are equal; and being 180° out of phase,
ttiey neutralize, leaving only a small resultant in-phase current flowing
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in the line. The impedance of the parallel circuit will then be a very high
resistance, as is brought out in Fig. 30. l

The effect of circuit resistance upon the impedance of the parallel-

resonant circuit is very similar to the influence that resistance has

960 970 980 990 1010 1020 10301000
Kilocycles

Fig. 30.—Magnitude and phase angle of impedance of a parallel circuit as a function
of frequency. Curves are given for three representative values of circuit resistance and also
for zero resistance.

upon the current flowing in a series-resonant circuit, as is evident when
Figs. 28 and 30 are compared. Increasing the resistance of a parallel

1 In obtaining a parallel-resonance curve experimentally by measurements of

applied voltage and line current, extreme care must be taken to insure that the

applied voltage contains no harmonics. This is necessary because at resonance the
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circuit lowers and flattens the peak of the impedance curve without

appreciably altering the sides, which are relatively independent of the

circuit resistance. The dotted curve of Fig. 30 represents the impedance

of the parallel circuit as a function of frequency when the circuit has

no losses. It is apparent that at frequencies that differ from the resonant

frequency by at least several per cent the resistance has little effect

on the magnitude of the impedance.

The resonant frequency of the parallel circuit is sometimes taken as

the point of minimum line current, sometimes as the condition that

makes the impedance a pure resistance, and sometimes as the frequency

for which coL = 1/coC These three definitions of resonance in parallel

circuits lead to resonant frequencies that are different by such a very

small fraction of 1 per cent when the circuit Q is at all large that for

all practical purposes the resonant frequency of a parallel circuit can be

taken as the frequency that satisfies the relation

u)L = -^ (29a)
coC

or

Resonant frequency = j=== (296)
2ir\/LC

With this definition the parallel resonant frequency of a tuned circuit

is exactly the same as the series-resonant frequency of the same circuit.

Analysis of Parallel Resonance.—In the analysis of the parallel-

resonant circuit of Fig. 30 the following notation will be used

:

E = voltage applied to circuit

Zc = Rc . ^ = impedance of capacitive branch
coC

Zl = Rl + jwL = impedance of inductive branch

Zs = Ze + ZL — series impedance of circuit

Z = parallel impedance of circuit

Ra = Rc -\- Rl = total series resistance of circuit

co = 2x times frequency

coo* = 2tt times resonant frequency

Its

The quantities L, C, Rl, and Re refer to the inductance, capacity, and
resistance components of the circuit as indicated in Fig. 30.

circuit impedance is extremely high to the fundamental component of the applied

voltage and very low to the harmonic components, with the result that even a small

harmonic-voltage component will cause line currents that mask the small fundamental

component.
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The impedance of the parallel circuit is the impedance formed by the
capacitive and inductive branches connected in parallel:

Parallel impedance = Z = -J£±- =-Mi
(30a)

It will be noted that the denominator of this expression is the impedance
that the same circuit offers when connected in series, as given by Eq. (22).
Equation (30a) is the fundamental equation of the parallel circuit and
applies for all conditions, irrespective of the circuit Q, the frequency,
or the division of resistance between the branches.

When the circuit Q is reasonably high, as is nearly always the case
in actual practice, the exact expression of Eq. (30a) can be simplified
by neglecting the resistance components of the impedances ZL and Zc
in the numerator. When this is done/

Parallel impedance = Z = ±~L (306)

The error involved in Eq. (306) depends upon the Q of the circuit and
the division of resistance between the branches. Under the most
unfavorable condition, which is when all the resistance is in one branch,
the magnitude of the parallel impedance as calculated by Eq. (306) has

an error of one part in 2Q 2
, while the error in phase angle is tan" 1 ^-

These errors are entirely negligible for ordinary calculations if the circuit

Q is at all high. Thus for Q = 100 the error in magnitude is 3^ o of
1 per cent, and the error in phase is 0.5°.

Examination of Eq. (306) shows that the parallel impedance is equal
to a constant divided by the series impedance of the circuit. This
means that the resonance curve of parallel impedance of a circuit has
exactly the same shape as the resonance curve of the series current in the
same circuit, since in Eq. (24a) the current of a series circuit is a constant
divided by the series impedance. Consequently the universal resonance
curve and the working rules that were applied for estimating the sharp-
ness of resonance of the series circuit also apply to the case of parallel
resonance. The only difference is that the signs of the phase angles
are now reversed, the phase now being leading at frequencies higher than
resonance and lagging at frequencies below resonance.

1 This' transformation is carried out as follows: If the resistance components are
neglected, the product ZlZc becomes a>L/u>C = L/C. One can now eliminate the
capacity C in this expression by multiplying both numerator and denominator by
wo and then noting that 1/« C = woL. That is,

ZlZc =
V

=
*7? * (woL)2
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Calculation of Parallel Impedance.—-The proper procedure for cal-

culating the impedance of a parallel-resonant circuit is similar to that

used with a series circuit. The first step is the determination of the

impedance at resonance. At the resonant frequency the series imped-

ance Zs becomes the series resistance Rs of the circuit, so that Eq. (306)

becomes

Parallel impedance at resonance = (31a)

= (cooL)a (31b)

The next step is to apply the working rules to obtain the 70.7 per cent

and 44.7 per cent points on either side of resonance. This gives the

general picture of the sharpness of resonance, and is sufficient for many
purposes. If a more complete resonance curve is desired, however,

one can make use of the universal resonance curve of Fig. 30 to calculate

additional points in the region around resonance. Finally, points too

far off resonance to come within the range of the universal curve can be

calculated with an accuracy sufficient for all ordinary purposes by
neglecting the circuit resistance. With this simplification, Eq. (306)

becomes

Impedance at frequencies far from resonance _ 1 . .

Impedance at resonance 7 " v4 - *)
where y is the ratio of the actual to the resonant frequency. The
phase angle at all frequencies is very nearly the negative of the angle

of the current for series operation, and from Eq. (276) is found to be

<*-)tan B = Q(^ - 1
j

(326)

1 Miscellaneous Features of Parallel Resonance.—It will be noted from

Eq. (31a) and (316) that at resonance the impedance of the parallel

circuit is a resistance that is Q times the impedance of one of the branches.

It can therefore be said that the parallel ' arrangement of inductive

and capacitive branches causes a resonant rise of impedance of Q times

the impedance that would be obtained from either branch alone. It is

thus apparent that very high impedances can be developed by parallel

resonance, and this is one of the most important properties of parallel

resonance.

The line current that flows when a voltage is applied as in Fig. 30

is relatively small at the resonant frequency because of the high circuit

impedance, but, as the frequency departs from resonance, becomes

rapidly larger as the result of the lowered circuit impedance. The
currents in the individual branches do not go through any resonance
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action, however, since the current in a branch is equal to the applied

voltage divided by the branch impedance, and this impedance varies

only very slowly with frequency. The resonance phenomenon arises

from the fact that at the resonant frequency both capacitive and induc-
tive branches draw large currents, but these currents are reactive and
add up to a very small resultant. This means that at resonance there

is a large current circulating* between the inductance and capacity,

with the line current being just large enough to supply the circuit losses.

Inasmuch as the resistance of a tuned circuit is low, the energy losses

and hence the line current will be correspondingly small at resonance.

At frequencies off resonance, the line current increases because the
reactive currents drawn by the capacitive and inductive branches are

not equal, which makes it necessary for the line to supply considerable

reactive current along with the power component of current.

The quantitative relations between line and branch currents follow:

W
Line current = -~

. (33a)

E E
Inductive branch current = =- = -=

—

;

—^=r (33&)
4l Kl -r JUL
W W

Capacitive branch current = 77- = (33c)
7,0

J? 3

coC

At resonance the two branch currents are substantially the same, and
have a value that is very nearly E/caoL, while the line current is E/{o>Jj)Q.
At resonance the branch currents are Q times the line current, giving what
might be thought of as a resonant rise of current from line to branch of Q
times.

When the voltage is applied across only part of the inductive or part
of the capacitive branch of a parallel resonant circuit, as illustrated in

Fig. 31, the only effect on the impedance near the resonant frequency
is to reduce the magnitude of the parallel impedance curve without chang-
ing its shape. The magnitude actually obtained will be approximately
proportional to the square of the branch reactance between the points
of voltage application. Thus the curve of parallel impedance,for the case
in Fig. 31a when the voltage is applied across only one-half of the coil

will have exactly the same shape as though the voltage has been applied
across the entire inductance, but the impedance values will be only one-
fourth as great. Tapping in at intermediate points on a branch of a
parallel circuit accordingly serves to step down the parallel impedance
to lower values without changing its characteristics near the parallel
resonant frequency.
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Parallel Circuits with Low Q.—WJien the circuit Q is low, the approxi-

mations made in deriving Eq. (30&) will introduce an error that depends
on the division of resistance between the inductive and capacitive

branches. If the resistances are divided so that a>L/RL and l/<aCRc are

approximately equal, the error is at a minimum. The parallel impedance
then very accurately follows the behavior discussed above. If, on the

other hand, the resistances in the two branches are decidedly unequal,
as is commonly the case since the losses are usually concentrated in the

inductive branch, then Eq. (306) and
the discussion based upon it are only r
approximately true. The principal Applted~\ T Applied±
modification produced under such vo,fc,9e p |

voltage T
conditions is that the frequency at

<01* ^
i.i.i hi- -xi • Fig. 31.—Parallel resonant circuits con-

which the parallel circuit has maxi- nected to make the parallel impedance at

mum impedance is not the frequency tIie circuit terminals less than the imped-
c i.* i_ -J. u 'j- rj. ance across the complete circuit.
for which it has unity power factor.

This behavior begins to appear when the circuit Q drops below 10

with the resistance largely concentrated in one branch. The exact

behavior for low circuit Q's can be calculated from Eq. (30a) by using the

exact expressions for ZL and Zc in determining the numerator. The
division of resistance between the inductive and capacitive branches of a

parallel circuit has relatively little effect on the circuit behavior provided

the Q is not too low. The most important thing is then the value of total

resistance Rs and the resulting value of wL/R8 .

Components of Parallel Impedance.—The parallel impedance as

calculated by Eq. (30a) can be thought of as equivalent to a resistance

in series with a reactance. These resistance and reactance components
will be found to vary with frequency in the manner shown in Fig. 32.

The resistance component varies in much the same way with frequency

as does the parallel impedance, and it reaches a magnitude at resonance

equal to the parallel impedance. The sides of the resistance curve fall

away faster than does the resonance curve, however. The reactance

of the parallel circuit is inductive at low frequencies, reaches a maximum
value at a frequency slightly below resonance, passes through zero at

resonance, and then becomes a capacitive reactance at higher frequencies.

The maximum values of inductive and capacitive reactance are both

almost exactly one-half the impedance of the parallel circuit at resonance,

and the reactance maxima occur at a number of cycles off resonance

equal to the resonance frequency divided by 2Q.

Parallel Resonance Effects in Inductance Coils.—The self-eapacity

associated with an inductance coil is in shunt with the inductance and
thus makes the coil equivalent to a parallel-resonant circuit. The
result is that the apparent coil inductance as measured between the
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terminals increases with frequency until a maximum is reached just below

the frequency at which the self-capacity is resonant with the coil induc-

tance. The apparent inductance becomes zero at the parallel-resonant

frequency, while for higher frequencies the coil has a capacitive reactance

and is therefore equivalent to a small condenser. The apparent resistance

Q =125 •J
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Fig. 32.—Resistance and reactance components of the parallel impedance of Fig. 30 shown
as a function of frequency.

of the coil increases with the frequency until a maximum is reached at the

resonant frequency, beyond which the resistance rapidly diminishes.

These effects are all direct consequences of the properties of parallel-

resonant circuits and can be readily deduced by an examination of Fig. 32

or of Eqs. (30a) and (30b).
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The behavior of an inductance coil with self-capacity can be cal-

culated just as one would determine the characteristics of any parallel

circuit. The frequency at which the self-capacity and coil inductance

are in parallel resonance is called the natural frequency of the inductance

coil and represents the highest frequency at which the coil acts as an

inductance. At frequencies that do not exceed 80 per cent of the natural

frequency, Eq. (30a) can be rearranged to yield the following approxi-

mate results :
x

Apparent inductance of coil \\/ith self-capacity = j——-

2 (34)

Apparent resistance of coil with self-capacity = 7y~Z—2T2 (^5)

where 7 is the ratio of actual frequency to natural resonant frequency

of the coil while L and R are the true coil inductance and resistance,

respectively. The apparent inductance and resistance given by these

equations are the values one would find by actual measurement and they

represent the apparent but not the true quantities. Thus at a frequency

one-half the natural frequency of the coil, 7 = }4 and (1 — 7 2
) = /4>

and as a result of the coil capacity the apparent inductance and resist-

ance as measured are, respectively, % and x% of the actual values.

It is to be noted that the apparent Q of a coil is decreased by self-capacity.

Because of the parallel-resonance effects resulting from self-capacity,

it is customary to determine the < inductance of radio coils at audio

frequencies, where 7 is very small.

This discussion of the effect, of self-capacity in inductance coils is

approximate in that it assumes the self-capacity is lumped across the

terminals of the coil as a single condenser, whereas it is actually dis-

tributed throughout the coil as shown in Fig. 14. The principal effect

of assuming the self-capacity lumped instead of distributed is to make

the calculated natural frequency in error, but for frequencies that are

appreciably lower than the natural period the approximation is very gpod.

15. Voltage and Current Distribution in Circuits with Distributed

Constants. 2—When the inductance, capacity, and resistance of a circuit

1 Equations (34) and (35) are derived by rationalizing the denominator of Eq.

(30a) and then neglecting the resistance term of the denominator as being small

compared with the terms involving only the inductance and capacity when the

frequency is not too close to resonance. The real part of the result is the apparent

resistance given in Eq. (35), and the reactive part can be simplified to give Eq. (34).

2 The subject of circuits with distributed constants is so extensive as to require

an entire book devoted to this one topic if the treatment is to be adequate. The

remarks made in this section should be considered as giving only a superficial treat-

ment of those properties of such circuits which are of fundamental importance in radio

communication. JTor further information relative to circuits with distributed con-

stants, the reader is referred to any good book on ihe theory of telephone or power

lines.
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are mixed together rather than being in separate lumps as in the case of

the simple series and parallel circuits that have been considered, it is said

that the circuit has distributed constants. Examples of circuits with
distributed constants include telephone, telegraph, and power lines,

as well as most types of radio antennas.

The distribution of voltage and current along a circuit with distributed

constants, such as a transmission line, depends upon the impedance
at the receiving end of the circuit and upon the distance from the receiv-

ing end to the point at which the voltage is applied to the circuit. The
distributions with open- and short-circuited receivers are shown in Fig.

33 and are seen to involve very pronounced resonances. In considering

these resonances it is convenient to measure distances along the circuit

in terms of wave lengths. One wave length is twice the distance between
adjacent minima and is given with high degree of accuracy by the
equation

Distance along circuit corre-) _ 1 ,o
fi

\

sponding to one wave length
J

—
f-\/LC

in which L and C are the series inductance and shunt capacity, respec-
tively, per unit length of circuit, and / is the frequency of the applied
voltage. Where the circuit consists of one or more straight wires in

space, as is the case with an antenna or a 60-cycle power line, the dis-

tance corresponding to one wave length found from Eq. (36) will always
be almost exactly the same as the wave length of radio waves of the
same frequency.

Voltages and Current Distribution with Open- and Short-circuited

Receiver.—When the receiving end of a circuit with distributed constants
is open, the voltage distribution is such that the voltage goes through
minima at distances from the receiver corresponding to an odd number of

quarter wave lengths and goes through maxima at distances correspond-
ing to an even number of quarter wave lengths, always measured from
the receiver. The current distribution for the open-circuited receiver
has its minimum values where the voltage is maximum and its maximum
values where the voltage is smallest. The ratio of these maximum to
minimum values in a distribution curve, such as Fig. 33a, depends on
the resistance per unit length of circuit and is greater the lower the resist-

ance. Changing the frequency alters the distance representing one
wave length and so changes the number of maxima and minima obtained
in a given line length but does not otherwise affect the general character
of the line behavior. The sending-end impedance of a circuit with
distributed constants having an open receiver will be low when the
line is an odd number of quarter wave lengths long because then the

sending-end voltage is small and the current is high, while the impedance
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will be high when the line is an even number of quarter wave lengths in

length.

The voltage that must be applied at the sending end of a circuit with

distributed constants to develop a given receiving-end voltage (Er in

Fig. 33a) on open circuit depends upon the length of the line in wave
lengths. The ratio of receiver voltage to sending-end voltage is equal

to the ratio of Er in Fig. 33a to the height of the voltage curve in Fig. 33a
at a distance from the receiver corresponding to the length of the line.

Thus, if the line is a quarter wave length long, the sending end is at A

(a) Receiver terminals open circuited

y ^"f^
V V Vvf \/«£j\

"4" 2 4
Distance to Receiver in Wave Lengths

Er

(d) Receiver terminals closed through
a resistance greater than the
characteristic impedance

I E

15T

(b) Receiver terminals short circuited

yis—x _
4 2 4-

Distance to Receiver in Wave Lengths

(e) Receiver terminals closed through
an inductive reactance ea,ualin

magnitude to characteristic
impedance

(c) Receiver terminals closed through
characteristic impedance load

(f) Receiver terminals closed through
acapacitive reactance equal in

magnitude to characteristic
impedanceK ^"V ,'fx

_v»

* 3Xx 5* .* X
4 2 4 4 2 4

Distance to Receiver in Wave Lengths

Fig. 33.—Typical voltage and current distributions for circuit with distributed constants,
showing conditions existing with widely different receiver end conditions.

and an applied voltage E8
' will produce an open-circuit receiver voltage

Er ; if the line is three-eighths wave lengths long, the sending end is

at B and an applied voltage Es
" will be necessary to give a receiver

voltage of Er . The currents that will flow into two such lines will be
/.' and //', respectively, as shown in the figure. It is seen, therefore, that,

when the circuit is exactly some odd number of quarter wave lengths in

length, there will be a resonant rise of voltage in the line, while, if it is

exactly an even number of quarter wave lengths long, there will be no
place along the line where the voltage exceeds the sending-end potential.

When the receiving end of a circuit with distributed constants is short-

circuited, the voltage and current distribution are as shown in Fig. 336.

It will be noted that the voltage distribution in the short-circuited case is
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Distance to Receiver in Wave Lengths

Fig. 34.—-Schematic method of

of exactly the same character as the current in the open-circuited receiver

case, and the current distribution with the receiver shorted is exactly the
same as the voltage distribution with open receiver terminals. By
making allowances for this interchange of voltage and current, everything
that was said about the open-circuited receiver also applies to the case of

the short-circuited receiver. Thus, when the receiving terminals are
short-circuited, the voltage along the line is low at points that are an
even number of quarter wave lengths from the receiver and the current
is low at all odd quarter wave lengths from the receiver. The sending-end

impedance is low when the line length is an
even number of quarter wave lengths long

and is high at lengths that are an odd
number of quarter wave lengths distant

from receiver.

In the cases of both open- and short-

circuited receivers the voltage and current

are substantially 90° out of phase at all

representing voltage and current dis- Places along the line except in the vicinity
tribution of Case a in Fig. 33. This of the quarter-wave-length points, where
diagram indicates the 180° phase ',-,

i
* , . „ , .,. »

shift on opposite sides of the minima the Pnase an£le rapidly shifts from nearly
and is an accurate representation 90° on One side of Unity power factor to
of the conditions existing along the i nno ji ,i • ^ /•

circuit except where the voltage and nearly 90 on the other side of unity
current are shown going through power factor. The voltages on opposite

sides of a voltage minimum are therefore

substantially 180° out of phase, as are also the currents on opposite sides

of a current minimum. In order to show this change of phase, the voltage
and current distributions in circuits with distributed constants are fre-

quently drawn as shown in Fig. 34, which corresponds to a of Fig. 33
except that adjacent maxima are shown on opposite sides of the base
line to indicate the reversal of phase. It will be noted that, while this

method of representation gives the distribution along most of the line

accurately, it fails to show the conditions actually existing at the minima
since the curves of Fig. 34 go through zero where the axis is crossed,

whereas in reality the minima never reach zero if the line has any losses,

and where there are losses, the 180° phase shift takes place gradually,

instead of all at one spot. In many circumstances, notably in the
calculation of radiation from a circuit with distributed constants, the
small amplitude at the minima te of negligible importance and the con-
venient approximate representation of Fig. 34 yields results that are

entirely satisfactory from a quantitative point of view. It will be noted
that the distribution curves at a and b of Fig. 33 would be half sine waves
if the minima reached zero. As a result the curves of Fig. 34 are sine

wave in character, and this fact can be used in solving problems involving
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distributions in circuits with distributed constants, provided, of eourse,

that the effect of the finite though small minima can be,neglected.

Voltage and Current Distribution with Any Type of Load Impedance.—
When the receiving end of a circuit with distributed constants is closed

through a resistance of s/lJC ohms, where L and C are, respectively, the

inductance and capacity per unit length of circuit, the voltage and current

distribution is as shown in Fig. 33c and the impedance at the sending end is

a constant resistance of -y/L/C ohms for all frequencies. This particular

value of receiver resistance is called the characteristic impedance of the

line and destroys all resonances, no matter what line length or frequency

is being considered.

When the load at the receiving end of the line is a resistance that is

greater than the characteristic impedance, but is not infinite, the type of

voltage and current distribution that can be expected is shownin Fig. 33d.

The resonances that now exist are similar in general character to those

with open circuit at the receiver but differ in that the variation that takes

place between adjacent quarter-wave-length points is not so great. If

the load at the receiver is a resistance which is less than the characteristic

impedance, but is not a short circuit, the distribution obtained is similar

in its general character to the short-circuit case, but the resonance effects

at the quarter-wave-length points are not so pronounced. The voltage

and current distributions are now similar to those shown for current and

voltage, respectively, in Fig. 33d.

With reactive loads the first resonance, point comes closer to the

receiver than a quarter of a wave length, as shown in Figs. 33e and 33/.

With capacitive loads the distribution is essentially of the same character

as with open circuit, except that the curves are all shifted bodily toward

the receiver by an amount that becomes greater as the capacitive reactance

is reduced. With inductive loads the distribution is essentially of the

same character as with short circuit, except that everything is shifted

toward the receiver by an amount that increases as the load reactance

approaches an open circuit. These displacements in position with

reactive loads are clearly brought out in Fig. 33.

Transmission lines that are either open- or • short-circuited at the

receiving end have many of the properties of ordinary resonant circuits.

Thus, if the line is open at the receiver and is an odd number of quarter

wave lengths long, the receiving voltage is much higher than the sending-

end voltage, giving a resonant rise of voltage similar to that obtained with

a series circuit. Also, if the line is an even number of quarter wave lengths

long and is open at the receiver, the sending-end current is low and the

line offers a high impedance at its sending end that has the same general

characteristics as the impedance of an ordinary parallel-resonant circuit.

When properly designed, resonant transmission lines have very high
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effective Q's at high frequencies and are superior to tuned circuits consist-

ing of an ordinary coil and condenser. 1

16. Inductively Coupled Circuits; Theory.—When mutual induc-

tance exists between coils that are in separate circuits, these circuits

are said to be inductively coupled. The effect of the mutual inductance
is to make possible the transfer of energy from one circuit to the other

by transformer action. That is, an alternating current flowing in one cir-

cuit produces magnetic flux which induces a voltage in the coupled circuit,

resulting in induced currents and a transfer of energy from the first or

primary circuit to the coupled or secondary circuit. Several types of

inductively coupled circuits commonly encountered in radio work are

shown in Fig. 35.

-vw—a c

<«)

-J&h£

Rp Cp ,M, Ho ,W

1«-S }
Fig. 35.—Various types of inductively coupled circuits commonly encountered in radio

work.

The behavior of inductively coupled circuits is somewhat complex,
but it can be readily calculated with the aid of the following rules.

Rule 1. As far as the primary circuit is concerned, the effect that the,

presence of the coupled secondary circuit has is exactly as though an imped-
ance (wM)*/Zs had been added in series with the primary, 2 where
M = mutual inductance

co = 2irf

Zs = series impedance of secondary circuit when considered by itself.

1 For a complete discussion of the properties of resonant transmission lines used
to perform the functions of ordinary resonant circuits, see F. E. Terman, Resonant
I^ines in Radio Circuits, Elec. Eng., vol. 53, p. 1046, July 1934.

2 This can be demonstrated by writing down the circuit equations for the primary
and secondary. These equations are

E = IPZV + juMI,
Induced voltage = —joMIp = hZa
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The equivalent impedance {u>MY/Za which the presence of the secondary

adds to the primary circuit is called the coupled impedance, and, since Zg

is a vector quantity having both magnitude and phase, the coupled

impedance is also a vector quantity, having resistance and reactance

components.

Rule 2. The voltage induced in the secondary circuit by a primary

current of Ip has a magnitude of o)MIp and lags the current that produces it

by 90°. In complex quantity notation the induced voltage is —jwMIp .

Rule 3. The secondary current is exactly the same current that would

flow if the induced voltage were applied in series with the secondary and if the

primary were absent. 1 The secondary current therefore has a magnitude
o}MIp/Zs , and in complex quantity representation is given by —ja)MIp/Z8 .

These three rules hold for all frequencies and for all types of primary

and secondary circuits, both tuned and untuned. The procedure to

follow in computing the behavior of a coupled circuit is, first, to determine

the primary current with the aid of Rule 1 ; second, to compute the voltage

induced in the secondary, knowing the primary current and using Rule 2;

finally, to calculate the secondary current from the induced voltage by
means of Rule 3. The following set of formulas will enable these

operations to be carried out systematically.
•

Impedance coupled into primary \ _ (coM) 2 ,_„.

circuit by presence of the secondary/ Z8

Equivalent primary impedance = Zp + (coilf) 2/Z8
' (39)

where Zv is the series impedance of the primary and E is the voltage applied to the

primary. Solving this pair of equations to eliminate 7, gives

E = IP[ZP+^] (37)

This relation shows that the effective primary impedance with secondary present is

(coilf) 2

Zp +

—

j=
—

; of which the second term represents the coupled impedance arising

from the presence of the secondary.
1 Some readers may wonder why it is that, although the secondary circuit couples

an impedance into the primary, the primary is not considered as coupling an imped-
ance into the secondary. The explanation for this is as follows: The effect that the

secondary really has upon the primary circuit is to induce a back voltage in the

primary proportional to the secondary current. This back voltage represents a

voltage drop occurring in the primary circuit which is equivalent to the voltage drop

produced across the hypothetical coupled impedance considered as being in series

with the primary. The impedance that the secondary couples into the primary is

hence a means of taking into account the voltage the secondary current induces in the

primary. The voltage that is induced in the secondary circuit by the primary
current is taken into account by Rule 3, so that no coupled impedance need be postu-

lated as present in the secondary to take into account the effect of the primary.
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E_

(a>AQ s

E
Primary current = Ip = r..n/r\2 (^0)

Zp + ~x~
Voltage induced in secondary = —jo)MIp (41)

secondary current = —^— =^ + (a>Af)a
(42)

In these equations

:

M =. mutual inductance between primary and secondary

£0 = 2x/

Z8 — series impedance of secondary circuit considered as though
primary were removed

Zp = series impedance of primary circuit considered as though second-

ary were removed
E = applied voltage.

The primary and secondary impedances Zp and Zs , respectively, are

vector quantities, so that Eqs. (38) to (42) are consequently all vector

equations. Thus in the case of the coupled circuits of Fig. 35c one has:

Zv = Rp + j[ wLp —

Zs = Rs + jl a>Ls -^
J

For other circuits the impedances Zp and Zs are given by expressions

similar to these, but differing in detail.

Action of the Coupled Impedance.—Many of the important' properties

of coupled circuits can be determined by examining the nature of the
- coupled impedance (ojM) 2/Zs . When the mutual inductance M is very

small, the impedance coupled into the primary by the presence of the

secondary is correspondingly small, and the primary current is very
nearly the same as though no secondary were present. The coupled
impedance is also very small when the secondary impedance Zs is large

because, even when a large mutual inductance induces a high voltage

in the secondary, the secondary current produced is small as a result of

the high impedance, and little energy transfer takes place. When the

secondary impedance Zs is low and the mutual inductance is not too

small, the coupled impedance (<aM) 2/Zs is large and the voltage and
current relations in the primary circuit are affected to a considerable

extent by the presence of the coupled secondary. In particular, when
the secondary is a series-resonant circuit, as in Figs. 35c and S5d, the

secondary impedance Zs will be very low at the resonant frequency of the

secondary, so that at this frequency the coupled impedance will be
very high, and the presence of the secondary will be an important factor

in determining the primary current.
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The coupled impedance has the same phase angle as the secondary

impedance Zs , with the exception that the sign of the angle is reversed;

that is, if the secondary impedance is inductive and has an angle of 30°

lagging, the impedance coupled in series with the primary circuit by the

action of the secondary has a phase angle of 30° leading. The physical

significance of this change from lagging to leading is that coupling a

secondary circuit having an inductive reactance to a primary circuit is

equivalent to neutralizing some of. the inductive reactance already

possessed by the primary, and this is done electrically by postulating a

capacitive reactance of suitable magnitude in series with the inductance to

be neutralized. 1 When the secondary impedance Zs is a pure resistance,

the coupled impedance will also be a resistance. This is a very important

special case because, when the secondary is a tuned circuit, as in Figs. 35c

and 35d, the secondary impedance will be a resistance at resonance.

The energy consumed by the secondary circuit is the energy repre-

sented by the primary current flowing through the resistance component

of the coupled impedance. In the same way the reactive volt-amperes

transferred from the primary to the secondary are the volt-amperes

developed by the primary current flowing through the reactive part of

the coupled impedance. By expressing the secondary impedance Zs in

terms of its real and reactive components Rs and Xs, respectively, one can

rewrite Eq. (38) in the following form

:

Coupled impedance = p 2 v 2
— j p 2 v 2 (43)

Us T A s lis T Aj

in which the resistance component of the coupled impedance is Rs
2 + X*

and the reactance component is —j'
2 y

s

2
- The effect that the

secondary has on the primary circuit is then exactly as though this resist-

ance and this reactance had been inserted in series with the primary

circuit and as though this resistance and reactance had. consumed the

energy and the reactive volt-amperes transferred to the secondary.

It will be noted that, although two inductance coils between which

mutual inductance exists constitute a transformer, the inductively

coupled circuit is not treated here in terms of leakage reactances, turn

ratio, magnetizing current, and so on, as are power transformers. The
reason for this is that in transformers used for radio work the leakage

reactances are very high, causing the ratio of voltage transformation to

be entirely different from the turn ratio.

1 Although the coupled impedance is capacitive and so neutralizes part of the

primary inductance, it is impossible to obtain a resultant capacitive reactance in the

primary circuit by very large coupling since, with the maximum coupling that can

possibly exist (k = 1), it will be found that the coupled capacitive reactance will just

neutralize the inductive reactance of the primary and no more.
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The conventional equivalent circuit of a transformer in terms of the
inductance and coefficient of coupling is shown in Fig. 36. Here the total
primary inductance is broken up into a leakage inductance U and a
coupled inductance Le', while the secondary is likewise broken up into
leakage inductance L" and a coupled inductance Lc". The leakage
inductance is considered as having no coupling whatsoever to the other
winding, while the coupled inductances Lc

' and Lc
" are taken as having a

coefficient of coupling equal to unity. The values of these inductance
components in terms of the coefficient of coupling and the primary,
secondary, and mutual inductances are given in the figure. It will be
noted that, when the coefficient of coupling is low, for example, 0.01,
then practically all the primary and secondary inductances are leakage

(b) Equivalenttransformercircuit
Leakage inductances

(a) Actual circuit L'=(l-K)

L

p }[ L"° Q-K) Ls

LpiM

Coupledinductances
M-KVL^Ls ^KLpKLs

=\[7^" •

Fig. 36. Equivalent circuit of a transformer expressed in terms of primary and secondary
inductances, mutual inductance, and coefficient of coupling.

inductances and the power-transformer method of representation is not
particularly convenient.

17. Analysis of Some Typical Coupled Circuits.—In this section the
types of coupled circuits most commonly encountered in communication
work will be analyzed by the principles given above.

Coupled Circuit with an Untuned Secondary Consisting of a Resistance
and Inductance.—-This arrangement is illustrated by Fig. 35a and is the
type of coupled circuit encountered when the secondary is q, mass of metal
such as a shield can, a metal panel, screw, mounting bracket, etc., which is

near the coil representing the primary circuit. Such a secondary is

essentially an inductance in series with a resistance and so has a lagging
reactance. As a consequence the secondary couples into the primary a
resistance component and also a capacitive component. The effect of
the coupled resistance is to increase the effective resistance that appears
between the primary terminals. The effect of the coupled capacitive
reactance is to neutralize a portion of the primary inductance, thereby
reducing the equivalent inductance that is observed between the terminals
of the primary coil. With perfect coupling (k = 1.0), the primary induc-
tance would be completely neutralized, while with lesser degrees of coupling
the effect of the secondary upon the primary inductance is correspondingly
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When the impedance of the secondary is largely reactive, that is to

say, when the secondary is a metal object of low-resistance material, the

resistance component of the coupled impedance is small and the principal

effect upon the primary coil is the reduction in effective inductance which
is produced by the coupled reactance. Consequently, if a coil must
be located near a metal object such as a shield can or a panel, the metal

used should be the best possible conductor, preferably copper or alumi-

num, since in this way the added losses will be small. If the resistance of

the secondary can be assumed to be zero, the coupled impedance is a

capacitive reactance having no resistance component, and the equivalent

primary inductance is

Equivalent primary inductance) _ T ^ _ , 2
. ,...

in presence of secondary f

where Lp is the primary inductance with the secondary removed and k is

the coefficient of coupling between the coil and the secondary. In order

to calculate the reduction in effective inductance which is produced by a

shield or a metal panel, one needs to know only the coefficient of coupling.

The number of primary turns, etc., is not important.

Coupled Circuits with Untuned Primary and Tuned Secondary.—

A

circuit of this type is shown in Figs. 35c? and 37 and is the fundamental cir-

cuit of the transformer-coupled tuned radio-frequency amplifier.

As the circuit is ordinarily encountered, the primary resistance Rp

represents the plate resistance of a tube and is much larger than the react-

ance o)Lp of the primary inductance. A curve showing the variation of

secondary current with frequency in a typical case is shown by the solid

lines in Fig. 37 for the case where the primary resistance is much higher

than the primary reactance. The resulting curve is seen to have the same
shape as an ordinary resonance curve with the maximum at the resonant

frequency of the secondary, but upon close inspection it will be found to

correspond to a somewhat lower Q than that of the secondary circuit.

When the reactance cjLp of the primary inductance is not negligible

compared with the primary resistance, the curve of secondary current as a

function of frequency still has the shape of a resonance curve, but the

frequency at which the secondary current is maximum has been shifted

to a frequency higher than the resonant frequency of the secondary.

This is shown by the dotted lines in Fig. 37 for a typical case.

A quantitative analysis of the circuit arrangement shown in Fig. 37

can be obtained by the use of Eqs. (38) to (42). The coupled impedance

is given by the expression

(wMY2 (o,M) 2

Coupled impedance = „
6»

R.+3
(
wL

' - ik)
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An examination of this expression shows that in the limited frequency

range in which the resonance effects take place the numerator is sub-

stantially constant, whereas the denominator represents the series imped-
ance of the secondary circuit. This is therefore an equation 6f the same
general type as Eq. (306) for parallel resonance. The coupled impedance

produced by a tuned secondary circuit consequently varies with frequency

according to the same general law as does the parallel impedance of the

secondary circuit. The absolute magnitude of the curve, however, depends

upon the mutual inductance.

R p --I0,000si

Ls = 0.15mh
C s = 169 inifds. y
Qs= too ^
\A-0.05mh -*"

980 9% 1,000 1,010 1,020 1,030

Frequency, Kilocycles

Fig. 37.—Secondary current when che secondary is a resonant circuit and the primary
is untuned. The solid lines are for the case where the primary inductance has negligible
reactance, while the dotted lines are for a large primary inductance but the same mutual
inductance. It will be observed that in both cases the secondary current follows a reso-
nance curve, but the shape corresponds to a lower Q than that of the secondary circuit
taken alone.

Two Resonant Circuits Tuned to the Same Frequency and Coupled
Together.—When two resonant circuits that are tuned to the same
frequency are coupled together, the resulting behavior depends very
largely upon the degree of coupling, as seen from Fig. 38. When the

coefficient of coupling is small, the curve of primary current as a function

of frequency is substantially the series-resonance curve of the primary
circuit considered alone, while the secondary current is small and varies

with frequency in such a way as to be much more peaked than the reso-

nance curve of the secondary circuit considered as an isolated circuit. As
the coefficient of coupling is increased somewhat, the curve of primary
current becomes broader, as a result of a reduction in the primary current

at resonance and an increase in the primary current at frequencies slightly
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off resonance. At the same time the secondary current peak becomes
larger and the curve of secondary current somewhat broader. These

trends continue as the coefficient of coupling is increased until the coupling

is such that the resistance which the secondary circuit couples into the

primary is equal to the primary resistance. This is called the critical

coupling, and it causes the secondary current to have the maximum value

920 940 960 1.040 (.060980 i,000 1,020
Frequency- Ki focycles

Fig. 38.—Curves for two circuits separately tuned to the same frequency and coupled
together, showing variation of primary and secondary currents with frequency for a number
of coefficients of coupling.

it can* attain. The curve of secondary current is then somewhat broader

than that of the resonance curve of the secondary circuit considered

above. The primary current now has two peaks since the primary current

is slightly more at frequencies just off resonance than at the resonant

frequency. As the coefficient of coupling is increased beyond the critical

value, the double humps in the primary current become more prominent

and the peaks spread farther apart. The curve of secondary current also
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begins to display double humps, with the peaks becoming more pro-

nounced and spreading farther apart as the coupling increases. The
value of the primary current at the peaks becomes smaller the greater the

coupling, but in the secondary circuit the peaks have substantially

the same value irrespective of- the coefficient of coupling provided the

coupling is not less than the critical value.

The reason for the above behavior follows from the theory of coupled
circuits and centers around the way in which the coupled impedance
(coilf)

2/Za varies with frequency. Consider first the total primary circuit

impedance. This consists of the actual self-impedance of the primary
plus whatever impedance the secondary circuit couples into the primary.
The type of coupled impedance produced by a tuned secondary has already

been discussed; it is substantially a parallel-resonance curve having a
shape corresponding to the Q of the secondary circuit and an amplitude
determined by the mutual inductance. The coupled impedance is hence

maximum at resonance and is then a resistance. At frequencies below
resonance the coupled impedance is inductive and at frequencies above
resonance it is capacitive, as shown in Fig. 32.

When this coupled impedance is added to the self-impedance of the

primary circuit, the effect at resonance is to increase the effective primary
resistance above the value that would exist in the absence of the secondary.

At frequencies somewhat below resonance the coupled impedance is

largely inductive whereas the primary self-impedance is capacitive, so

that the coupled inductive reactance neutralizes some of the primary
capacitive reactance, lowering the primary circuit impedance and increas-

ing the primary current. The situation is somewhat similar for fre-

quencies above resonance except that now the coupled reactance is

capacitive and neutralizes some of the inductive reactance which the

primary circuit otherwise has at frequencies above resonance. Conse-
quently the net effect of the coupled impedance is to lower the primary
current at the resonant frequency and raise the current at frequencies

somewhat off resonance. The magnitude of this effect depends upon the

coefficient of coupling, being naturally small when the coupling is loose.

When the coupling is of the order of magnitude of the critical value or

greater, the coupled impedance becomes sufficient to be the major factor

in determining the impedance of the primary circuit. In particular, at

resonance the primary current tends to be small because of the very
large coupled resistance, while there is a frequency on each side of

resonance at which the coupled reactance exactly neutralizes the

primary reactance, giving zero reactance for the total primary circuit

impedance and causing the flow of a large current. This is the cause of

the double-humped curves of primary current for high couplings, such as

shown in Fig. 38.
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The curve of secondary current is determined by the secondary
impedance, and by the voltage induced in the secondary by the primary
current. The induced voltage varies with frequency in almost exactly the
same way as does the primary current, since the induced voltage is equal
to o)MIp ;

and in the limited frequency range in which the resonance effects

take place, u changes very little. As a result of this the curve of second-
ary current has a shape that is almost exactly the product of the shape of

the curve of primary current and the shape of the resonance curve of the
secondary circuit. Since the latter curve is sharply peaked, the secondary
current is much more peaked than the primary current, as is clearly evi-

dent in Fig. 38. At low coefficients of coupling the curve of secondary
current is particularly sharp, being substantially the product of the reso-

nance curves of the primary and secondary circuits. As the coupling
increases, the primary-current curve becomes broader, thereby making the
secondary curve less sharp. At the same time the peak amplitude of

the secondary current increases because of the increased coupling. When
the coefficient of coupling reaches the critical value, the secondary current
has the maximum value it can attain, and the curve of secondary current
in the immediate vicinity of resonance is somewhat broader on top than
the secondary resonance curve because of the double-humped curve of

primary current that exists with critical coupling. As the coupling is

increased beyond the critical value, the secondary-current peak splits into
two peaks which have amplitudes substantially the same as the secondary-
current peak at critical coupling. The separation between these peaks
increases with frequency, and is substantially the same as the separation
of the peaks of primary current.

The exact shape of the curves shown in Fig. 38 can be calculated with
the aid of Eqs. (38) to (42). In practical work the most important
quantity is the secondary current, and it is often desirable to rearrange
Eq. (42) to express the secondary current in terms of the circuit Q's,

the coefficient of coupling, and the ratio of the actual frequency to the
resonant frequency. When this is done, one obtains 1

1 The rearrangement of Eq. (42) to give Eq. (45) is accomplished by starting with
the final form of Eq. (42) and making the following substitutions:,

Zp = Rp + j(«L, - ^-) = RP + jaLp(l - -^.) - Rp + j„LP(l - 1)

Z. = R, + j(o>Ls - -^) = R. +,„L.(l - -J-^) = b. +*&.(l - ±)
This gives

j _ —jEosM

RPRa - (l - ^y^LpL. + (coil/) 2 +j(l - y^(o,LpR, + <*L,RP )

Dividing both numerator and denominator by ^LpLs, noting that Qp = uLP/Rp ,

Q, «= uL,/Ra , M 2/LpL, = k 2
, and « = y« , results in Eq. (45).
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Secondary current = Is =

-jEk

Two\/LpL t ^m-(i-7h{i-3(k + w)

(45)

where

co = 2ir times resonant frequency

_ actual frequency
,

resonant frequency

E — voltage applied in series with primary

Qp = uLp/Rp for primary circuit

Qs = o}Ls/Rs for secondary circuit

k = coefficient of coupling

Lp = total inductance of primary circuit

Ls = total inductance of secondary circuit.

Since this equation is too complicated to permit qualitative analysis by
inspection, it is convenient to derive special formulas giving the most
important features involved in the curves of secondary current. The
points that are of greatest interest are the conditions required for critical

coupling, the secondary current at resonance, the secondary current at

the peaks of the secondary current curves if the coupling is more than the
critical value, and the separation of these peaks of secondary current.

The secondary current reaches its maximum possible value when the
circuits are in resonance and when the coupled impedance is a resistance

equal to the resistance of the primary circuit. This condition exists when
{u>MY/Rs = Rp , or

(coikf) = VRpRs (46)

The coefficient of coupling k required to give the critical coupling can be
expressed in terms of the ratios Qv = wLp/Rp and Qs = a)LJR s of the pri-

mary and secondary circuits, respectively, by using these two relations to
eliminate Rp and Rs which appear in Eq. (46). When this is done, the
critical coefficient of coupling is found to be

Critical k = —
, (47)

VQPQs
v ;

The critical coefficient of coupling is usually very small since, if the
circuit Q's are 100, the corresponding coefficient is only 0.01.

The secondary current at resonance is the current given by Eq. (45)
when 7 equals unity:

rp h.

Secondary current at resonance = —j- ° (48a)
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When the coefficient of coupling has the critical value, the secondary cur-

rent is at a maximum and can be found by substituting Eq. (47) into

Eq. (48a), giving

Secondary current at resonance) _ .E \^QPQS _ . E
with critical coupling j

~
~
J
2^/LJ7S

~
~

3
2^/R^Rs

When the coupling is greater than the critical value, the secondary-
current curve has two humps. The current at these peaks is the same as

the resonant current with critical coupling, as has already been mentioned,
and is given by Eq. (486). The spacing of the humps depends primarily

upon the coefficient of coupling, but it is also influenced somewhat by the

rati© of this actual coefficient of coupling to the critical coupling. When
the coupling is considerably greater than the critical value, the peaks occur

at practically the same frequencies as if the circuit resistances were zero.

One then has 1

Frequency at secondary peak 1 , An .

— (49a)
Resonant frequency of tuned circuits \/l ± k

The plus sign denotes the lower frequency and the minus sign the higher

frequency peak.

The voltage developed across the secondary condenser is equal to the

reactance of this condenser times the secondary current; thus it can readily

be calculated once the current curve is known. For most purposes it is'

1 Equation (49a) is derived by starting with Eq. (45) and assuming Qp and Q,
are infinite {i.e. assuming zero losses). This gives

Secondary current = — =—-

—

°—

The secondary current becomes infinite (assuming zero losses) when the denominator
is zero, or when

Solving this for y gives Eq. (49a), since the value of y obtained is the ratio of frequency
required to give maximum secondary current to the resonant frequency.

If the effect of the resistance upon the location of the peaks is taken into account,
a complicated manipulation based on Eq. (45) gives

Frequency at secondary peak _ 1 .

Resonant frequency of tuned circuits / r
1 / 1~ TtT^

v i± i i -2Pte + ^)r
Equation (49b) is the general equation while Eq. (49a) is a special form for the case
where Qp and Qs are infinite (i.e., for zero losses). The latter equation is commonly
used for all cases, however, because of its much greater simplicity and 1he fact that
it still gives a general idea of the width between the peaks of secondary current.
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sufficient to assume that the curve of voltage developed across the con-

denser has the same shape as the curve of secondary current. One is

interested primarily in the behavior about resonance, and in the limited

frequency range consequently involved the condenser reactance changes

very little.

The calculation of complete.curves of secondary current, such as given

by Fig. 38, is rather involved and usually not worth the trouble. For
many practical purposes it is sufficient to calculate only a few critical

characteristics. The first of these are the actual coefficient of coupling

and the critical coefficient of coupling, the latter obtainable by Eq. (47).

A comparison of these two will give the type of behavior to be expected.

One can then calculate the response at resonance, using Eq. (48a);

if the coupling exceeds the critical value, one can determine the location of

the peaks of secondary current by Eq. (49a) or (496) and the magnitudes

of these peaks by Eq. (486).

Two Resonant Circuits Tuned to Slightly Different Frequencies and

Coupled Together.—This differs from the case just discussed in that the

primary and secondary circuits are adjusted to have slightly different

resonant frequencies, i.e., are detuned. The behavior then depends upon
both the amount of detuning and the degree of coupling. Curves show-

ing the variation of primary and secondary currents as a function of

frequency for some typical cases are shown in Fig. 39. Examination *of

these shows that the secondary current curves are symmetrical about a

frequency midway between the individual resonant frequencies, and that

the curves have the same general shape as though the circuits were

tuned to the same frequency and had a somewhat higher coupling than

used in Fig. 39. Quantitative analysis confirms this, and shows that to a

good approximation the shape of the secondary current curve that is

obtained with detuning is the same as the shape that would be obtained

if the circuits were both tuned to the same frequency and the coefficient

> + ©'of coupling were increased to +k2 + ( ^ ) ' where k is the actual coeffi-

cient of coupling, A is the difference between the resonant frequencies of

the primary and secondary circuits, and / is the frequency midway
between the primary and secondary resonant frequencies. 1 Hence detun-

ing primary and secondary circuits slightly has approximately the same

effect on the shape of the secondary current curve as increasing the coefficient

of coupling when there is no detuning. The only essential difference

between the curves of secondary current obtained by detuning and the

1 See Harold A. .Wheeler and J. Kelly Johnson, High Fidelity Receivers with

Expanding Selectors, Proc. I.R.E., vol. 23, p. 594, June, 1935. The principal assump-

tions involved are that A// is small compared with unity and that the primary and

secondary circuits have the same value of Q.
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curves obtained by use of increased coupling is that in the latter case the

absolute magnitudes may be greater.

The primary current obtained when the primary and secondary cir-

cuits are detuned is unsymmetrical, as shown in Fig. 39. There is always

a peak at a frequency that is very nearly the resonant frequency of the

primary circuit, and in addition one can expect a certain amount of defor-

mation in the curve near the frequency at which the secondary is resonant.

This latter effect occurs as a result of the impedance that the secondary
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Fig. 39.—Effect of symmetrically detuning the primary and secondary circuits. Note
the similarity in the curves of secondary current in this figure and in Fig. 38, showing how
detuning has the same effect on the shape of the secondary current curve as increasing the
coefficient of coupling.

couples into the primary, which is maximum at the secondary resonant
frequency but small as in Fig. 39 unless the mutual inductance is large.

18. Miscellaneous Coupling Methods.—Energy can be transferred

from one circuit to another by a variety of coupling methods, in addition
to the inductive coupling just considered. Thus in Fig. 106 the coupling
consists of an inductance common to two circuits while in Fig. 10c the
coupling is provided by a capacity common to two circuits. Still other
coupling methods of a relatively simple nature are illustrated in Fig. 40,

while complex coupling networks are given in Fig. 124. The behavior of
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all these coupled circuits follows the same general character as that

discussed for inductive coupling. Thus the secondary circuit can be

considered as producing an equivalent coupled impedance in the primary

circuit while the primary circuit can be considered as inducing in the

secondary a voltage that gives rise to the secondary current. The

analysis may become relatively complicated, however, particularly in the

case of complex coupling networks such as shown in Fig. 124.

The simplest method of analyzing these various forms of coupled

circuits is to take advantage of the fact that all of them can be reduced to

the simple coupled circuit of Fig. 40#, provided suitable values are assigned

—I—ii—i— —
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Fig. 40.—Some of the methods that may be used in coupling circuits.

to Zp, Zs , and M. The rules that determine the values of these quantities

in the simple equivalent circuit are as follows

:

1. The equivalent primary impedance Zp of the equivalent circuit is the impedance

that is measured across the primary terminals of the actual circuit when the secondary

circuit has been opened.

2. The secondary impedance' ,ZS of the equivalent circuit is the impedance that is

measured by opening the secondary of the actual circuit and determining the imped-

ance between these open points when the primary is open-circuited.

3. The equivalent mutual inductance M is determined by assuming a current I

flowing into the primary circuit. The voltage which then appears across an open

circuit in the secondary is equal to —juMIo.

In making use of the equivalent circuit of Fig. 40g it is to be remem-

bered that the values of Zp , Zs , and M may all vary with frequency, so

that it is generally necessary to determine a new equivalent circuit for

each frequency at which calculations are to be made.

After the actual coupled circuit has been reduced by the above pro-

cedure to its equivalent form shown in Fig. 40gr, one can then apply the

formulas that have already been derived for inductively coupled cir-

cuits, using the appropriate values M, Zs ,
Zp as determined for the equiv-

alent circuit. This procedure has the advantage of using the same

fundamental formulas to handle all types of coupling, and makes it possi-
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ble to cany on the analysis in the same manner for all cases. The method
is particularly convenient in the handling of complex coupling networks
such as illustrated in Fig. 124.

The quantity M that appears in the equivalent circuit represents the

effective coupling that is present between the primary and secondary
circuits. It is not necessarily a real mutual inductance of the inductive

type, but rather a sort of mathematical fiction that gives the equivalent

effect of whatever coupling is really present. If the actual coupling is

capacitive, the numerical value of M will be found to be negative; if the

coupling is of a complex type representing both resistive and reactive

coupling, the numerical value of M will be found to have both real and
imaginary parts. This need introduce no uncertainty, however, since

the proper procedure is to take the value of M as it comes and substitute

it with its appropriate sign and phase angle whenever M appears in the

expressions previously derived for inductively coupled circuits.

When this analysis is applied to the capacitively coupled circuits of

Figs. 10c, 406, 40c, and 42c the results are essentially the same as for

inductive coupling, since the coefficient of coupling is independent of

frequency. Thus, when primary and secondary are both tuned to the

same frequency in Fig. 42c, the secondary-current characteristic has two
humps if the coupling is large, i.e., if condenser Cm is small, while
there is only one peak of secondary current when the coupling is small,

i.e., when condenser Cm is large.

Circuits having combined electromagnetic and electrostatic coupling,

such as those at e and / of Fig. 40, behave as ordinary coupled circuits

except that the coefficient of coupling varies with frequency. Thus in the
case of circuit e the circuit is capacitively coupled at low frequencies and
inductively coupled at high frequencies because the coupling combination
of Cm in series with Lm has capacitive and inductive reactance under these
respective conditions. In between, at the resonant frequency of Lm
and Cm , there is no coupling and k = 0. The arrangement shown at /
acts similarly as a circuit with a coefficient of coupling that varies with
frequency. Depending upon the relative direction in which primary and
secondary are wound in /, the mutual inductance M may introduce an
inductive coupling that either aids or opposes the capacitive coupling.

Circuits having combined electrostatic and electromagnetic coupling find

application where it is desired to obtain a coefficient of coupling that
varies with frequency, as is commonly the case in tuned amplifiers and
antenna-coupling circuits of radio receivers. 1

1 For further information see: Harold A. Wheeler and W. A. MacDonald, Theory
aud Operation of Tuned Radio-frequency Coupling Systems, Proc. I.R.E., vol. 19,

p. 738, May, 1931; Edwin H. Loftin and S. Young White, Combined Electromagnetic
and Electrostatic Coupling, and Some Uses of the Combination, Proc. I.R.E.

?
vol. 14,

p. 605, October, 1926,
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19. Band-pass Filters. 1—Examination of Fig. 38 shows that it is

possible, by suitably coupling together two circuits tuned to the same
frequency, to obtain a curve of secondary current which is substantially

constant over a limited range of frequencies around resonance and which

then falls off rapidly at frequencies farther off resonance. When this

result is obtained, one is said to have a band-pass filter. Such band-pass

characteristics are particularly desirable in handling modulated waves

because the response is practically the same to all side-band frequencies

contained in the wave as to the carrier. In contrast with this, ordinary

resonant circuits have a rounded top and so discriminate against the

higher side-band frequencies in favor of the lower side-band frequencies

and the carrier.

The most important characteristics of a band-pass filter are the width

of the band of frequencies which is transmitted and the uniformity of the

response within this band. When the band-pass filter is properly designed

the width of the pass band is approximately the distance between the

coupling humps when the circuit resistance is low. By making use of

Eq. (49a) one gets

Width of pass band _ -\/l + k — \/l — k ,_~ .

Resonant frequency of tuned circuits -y/i _ &2

Under all ordinary conditions k is small so that this can be reduced to the

approximate relation

Width of pass band _ , /rinM
Resonant frequency of tuned circuits

The width of the pass band given by Eq. (506) is slightly greater than the

actual separation of the peaks of secondary current when the circuit has

losses, but it represents relatively accurately the extreme limits over which

the transmission is approximately uniform.

The uniformity of response within the pass band of frequencies

depends on the circuit Q in relation to the coefficient of coupling. If the

Q is high, the pass-band will have two peaks with a pronounced dip in the

center; if the Q is low, the top will be rounded off and will look much like

a broad resonance curve. For best results the circuit Q should be about

50 per cent greater than the Q that would give critical coupling with the

value of k required to give the desired band width.

1 This section is limited to a consideration of the types of band-pass filters encount-

ered in radio work. These filters are very special cases of much more general filters

which are used extensively in telephone work. For further information on telephone

wave filters see F. E. Terman, "Measurements in Radio Engineering," Chap. IV,

McGraw-Hill Book Company, Inc.; T. F. Shea, "Transmission Networks and Wave
Filters," D. Van Nostrand Company, Inc.; E. A. Guillemin, "Communication Net-

works," vol. II; O. J. Zobel, Theory and Design of Uniform and Composite Wave
Filters, Bell System Tech. Jour., vol. 2, p. 1, January, 1923.
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In designing a band-pass filter the procedure is to select first the

coefficient of coupling to give the desired band width, making use of

Eq. (506). The circuit Q's are then made about 50 per cent greater than

the Q required for critical coupling. Hence

V&Qs = ±~ (51)

It will be noted that the proper Q's are inversely proportional to the band
width.

In most band-pass filter applications the useful output is the voltage

developed across the condenser in the secondary circuit. The ratio of

this voltage to the voltage acting in series with the primary circuit can be

thought of as the resonance rise of voltage in the circuit, and it depends

upon the coefficient of coupling and the Q's. When the primary and
secondary circuits have the same Q, this resonance rise is equal to Q/2
times. Inasmuch as the resonant rise depends upon the circuit Q's,

and since these must necessarily be made inversely proportional to the

width of the pass band, it is seen that the resonant rise of voltage that can

be realized from a band-pass filter becomes less the wider the pass band,

and is only about half the resonant rise of voltage that would be obtained

from one of the circuits taken alone as a simple series resonant circuit.

This is the price that must be paid to secure a resonance curve having a

substantially flat top combined with sides somewhat steeper than those

obtained by using series resonance with a single circuit.

The effect that the circuit Q has on the uniformity of response within

the pass band is brought out by Fig. 41a. The reduction in response

caused by widening the pass band while maintaining Q at the proper value

is similarly shown in Fig. 416.

The results discussed in connection with Fig. 41 and Eqs. (50) and

(51) are exactly the same irrespective of the method of coupling employed

to give the coefficient k. The most commonly used methods are the

inductive-, direct-, and capacitive-coupled arrangements shown in

Fig. 42, and inductively coupled circuits which also possess capacitive

coupling as a result of stray capacities. The only differences in the

performances of these circuits arise from variations in the coefficient of

coupling as the common resonant frequency of the two tuned circuits is

changed to alter the location of the pass band.

Where a band-pass filter is used for tuning purposes instead of the usual

simple series-resonant circuit, the position of the pass band is ordinarily

% controlled by the use of identical primary and secondary variable con-

densers, which are either geared together or mounted on a common shaft,

so that the capacities of the two circuits remain identical as the common
resonant frequency is changed. It would be possible to adjust the loca-
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tion of the pass band by varying the circuit inductances, but this is seldom
done because of the difficulties involved in obtaining variable inductances
having low radio-frequency resistance. When tuning is accomplished by
varying the circuit capacity, the coefficient of coupling is independent of
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Fig. 41.—Characteristics of band-pass filter, showing (a) effect of circuit Q on uni-
formity of response within the pass band, and (6) effect of coefficient of coupling upon the
width of the pass band and the response within the pass band when the proper circuit Q
is used.

the frequency to which the circuits are tuned if inductive or direct coupling

is used, but is inversely proportional to the square of the frequency with

capacitive coupling. 1 Band-pass filters that are tuned by variable con-

i

E

J

Ih o ± X
<ci> Inductive Coupling <b) Direct Coupling (c> Capacity Coupling

Fig. 42.—Various types of coupling employed in band-pass circuits.

densers will therefore have a width of pass band that is approximately
proportional to the resonant frequency of the circuits when inductive

*

1 This is readily checked by observing that the circuit capacity varies inversely

as the square of the resonant frequency, so that with a constant capacity of coupling
condenser the definition of coefficient of coupling leads to the result stated.
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or direct coupling is used and a band width approximately inversely-

proportional to the resonant frequency when capacitive coupling is

employed. These conclusions follow directly from Eq. (506), which

shows that the width of the pass band is nearly proportional to the

frequency at the center of the band and also to the coefficient of coupling.

If the width of the pass band is to be constant irrespective of the fre-

quency at which the band is located, it is necessary for the coefficient of

coupling to be inversely proportional to the resonant frequency. Such a

coefficient can be obtained by varying the coupling with the same control

that adjusts the primary and secondary circuits, or can be approximated

by a combined inductive and capacitive coupling, such as shown at e and

/ in Fig. 40. The effective Q required to give uniform response to the

different frequencies in the pass band is seen from Eq. (51) to be inversely

proportional to the coefficient of coupling. When the pass band has a

constant width, the required Q will hence be proportional to the resonant

frequency, which results in a resonant rise of voltage that is also inversely

proportional to frequency. It is, accordingly, impossible to obtain a

constant-width flat-topped pass band that has a resonant rise of voltage

independent of the frequency at which the band is located. This is true

irrespective of the type of coupling used or the method employed to change

the location of the pass band.

Band-pass effects can also be obtained when the primary and second-

ary circuits are detuned slightly, as shown by the curve for

\/k2 + (A// )
2 = 0.015 in Fig. 39. The shapes of band-pass curves

obtained in this way are substantially identical with those obtained in the

manner described above, provided the amount of detuning and the

coefficient of coupling are so related that the quantity \/k2 + (A// )
2 is

equal to the value of k called for by Eq. (50&). The circuit Q's required

are then the same as those called for by Eq. (51), and the general behavior

is the same as though the band-pass effect was developed without detun-

ing. The only essential difference is that detuning causes the absolute

magnitude of the secondary current curve to be reduced. This makes it

preferable to obtain band-pass action without resorting to detuning.

Another method of obtaining band-pass action is to combine a double-

humped resonance curve with an ordinary series-resonance circuit. If the

circuit Q's of a band-pass filter are much higher than the values called for

by Eq. (51), the result is a double-humped resonance curve as shown in

Fig. 38 for large values of k. This causes frequencies near resonance to be
discriminated against in favor of frequencies at the peaks on either side of

resonance. It will be observed that this is the opposite from the type of

response that a simple series circuit produces. Hence by combining a

double-humped curve such as shown in Fig. 38 with a series-resonant cir-

cuit having a suitable Q, a much more uniform over-all response is
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obtained. It has been discovered 1 that, when the-Q's of the primary and
secondary circuits are the same and are high enough to give a pronounced
double-humped action, combining the resulting response with the response
of a simple resonant circuit having one-half the Q of the individual resonant
circuits in the coupled combination gives a substantially flat-topped band-pass
characteristic over the entire pass band irrespective of the coefficient of
coupling. This action is clearly brought out by the curves of Fig. 43.

This fact makes it possible to devise a system of circuits in which the band

(a) Two similar resonant circuits
tuned to same frequency and _ _ ,„-

coupled together .. Qs=Qp=IOO
-K= 0.015

8 (c) Product
of a and b

Frequency
Note: the curves for
the different values of
K have all'been re-
duced to a common
amplitude to show
the relative shapes

Frequency

^
IG

'k?
3 '— Dia«ram illustrating how a band-pass action can be realized by combining

the double-humped curve of a pair of coupled circuits with a simple resonance curve. By
using proper proportions the band-pass effect is realized irrespective of the coefficient of
coupling between the pair of coupled circuits.

width can be varied by changing the coupling without the necessity of
making a simultaneous adjustment of the circuit losses.

20. The Analysis of Complex Circuits.—Complex networks made up
of combinations of inductances, resistances, and condensers are most
satisfactorily handled by being reduced to simpler equivalent networks.
This simplification is carried out by adding impedances that are in series

to obtain an equivalent impedance of the series combination and by add-
ing the admittances of parallel impedances in order to obtain an equivalent
admittance of the parallel combination. The procedure is exactly the

rSee Harold A. Wheeler and J. Kelly Johnson, High-fidelity Receivers with
Expanding Selectors, Proc. I.R.E., vol. 23, p. 594, June, 1935.
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same as used in the analysis of low-frequency alternating-current circuits

and need not be considered in detail at this time.

The A-Y Transformation.—Bridge circuits of the type shown in Fig.

44a cannot be simplified by the usual method of combining impedances
and admittances; they are most easily analyzed by replacing one of the

A's of impedances in the circuit by an equivalent Y of impedances.

Thus the impedance triangle ZiZ2Z3 of Fig. 44a, which cannot be cal-

culated by combining networks in series and parallel, can be replaced

by the Y of impedances shown at Fig. 446, which can be made exactly

equivalent to the original network as far as the terminals A, B, and C are

concerned; that is, the currents and voltages at A, B, and C are the same
with the equivalent Y of impedances as in the original network. 1

Electrically Equivalent
Circuit in Which the Delta

'C C
(a) Circuit with an (b)
ImpedanceTriangle ABC

of Impedances Has Been
Replaced by an EquivalentY

Fig. 44.—Circuits showing how an impedance triangle ABC can be replaced by an equiva-
lent Y of impedances.

The Y that is equivalent to a given A can be obtained by giving the

impedances composing the Y the following values

:

ZiZz
Z' =

Z" =

Z"' =

Z\ + Z2 + Zz

Z\Zi

Z\ -f- Z2 + Zs

Z<2,Z%

(52)

Z\ + Z2 + Zz]

The notation is given in Fig. 44.

It is also possible to analyze complicated networks, including bridge

circuits such as shown in Fig. 44a, by means of Kirchhoff's laws, which
when applied to alternating-current circuits state: (1) the vector sum of

all currents flowing into a junction is zero, and (2) the vector sum of the

voltages acting around any closed loop is equal to the vector sum of the

voltage drops around the loop. The number of independent equations
1 This transformation was originated by A. E. Kennelly and published in his

paper, The Equivalence of Triangles and Three-pointed Stars in Conducting Net-
works, Elec. World and Eng., vol. 34, p. 413, 1899. It will be noted that a A of
impedances is the same thing as a x section and that a Y of impedances can be drawn
as a T-section. Hence the A-Y transformation is equivalent to a transformation
from a 7r to a T-section.
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that can be written according to law 1 is one less than the number of

junctions because the equation for the last junction can be obtained by
combining the other current equations. The number of these current

equations plus the number of voltage equations for the independent

loops always equals the number of unknown currents, thus enabling these

currents to be determined by a simultaneous solution. The use of Kirch-

hoff's laws has the disadvantage of requiring the simultaneous solution of a

number of vector equations, each of which may be rather complicated;

this makes the computations long and increases the likelihood of errors.

It is ordinarily preferable to solve a network by combining impedances

and admittances rather than by Kirchhoff's laws, and this can always be

done except in some circuits involving mutual inductance.

.'CircuitKhaving
YL series impedance Z2

/Circuit M. having
'.& series impedance Z3

Ml3

CircuitX having
series impedance Zx

Fig. 45.—A complex coupled circuit involving three mutual inductances.

Circuits Containing Two or More Mutual Inductances.—Circuits

involving complex arrangements of mutual inductance must ordinarily

be analyzed by means of Kirchhoff's laws. When these laws are applied

to coupled circuits, it must be remembered that every current flowing

through an inductance induces a voltage in every other coupled induc-

tance. Thus, in Fig. 45, I\ induces voltages in circuits 2 and 3, 72 induces

voltages in circuits 1 and 3, and JT3 induces voltages in circuits 1 and 2.

These induced voltages have a magnitude —jwMI where M is the mutual

inductance and I the current involved. The way in which the analysis

of complex circuits with mutual inductance is carried out can be seen from

the following three equations which determine the behavior of the circuit

of Fig. 45:

E - (ja)M 12I2 + jwMuIt) = Z xIx

( —jooMiJi — jtaMnls) = ZJ2

(—iwAfu/i - jwMnli) = ZJz

In each of these equations the term in parenthesis represents the induced

voltages, and it will be noted that each equation states that the sum
total of voltages acting in a circuit is equal to the voltage drop resulting

from the circuit current flowing through the circuit impedance Z it Z2,
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and Z3, as the case may be. Simultaneous solution of these equations

will give expressions for each of the three currents. The various mutual
inductances M i2, MiZ , and Mn involved in Fig. 45 may be either plus or

minus depending upon the relative direction in which the turns are

wound.

Complex circuits may frequently be analyzed qualitatively by inspec-

tion. Thus with the circuit of Fig. 46 there will be two frequencies at

which the line current will be very great, namely, the frequencies at which
one or the other branch is series resonant. In between these two fre-

quencies the reactance of one branch is inductive while that of the other

is capacitive, so that there is some frequency in this intermediate range

where parallel resonance exists and the line current is extremely small.

When several voltages are simultaneously applied to a circuit, the

simplest procedure is to determine the currents and voltages resulting

from each component of the applied potential just as though this com-
ponent existed alone, and then to add the separate effects of the different

parts of the applied voltage. This procedure can be followed both when
the applied force is composed of components having different frequencies

and when there are several voltages of either the same or different fre-

quencies applied at different points in the network.

21. Thevenin's Theorem.—According to Thevenin's theorem, any linear

network containing one or more sources of voltage and having two terminals

line current

J8

-'90°

Lead

,#'

I f Frequency

I f-*~Phase angle

Fig. 46.—Complicated parallel circuit together with sketch showing the current entering
the circuit when a constant voltage of varying frequency is applied.

behaves, insofar as a load impedance connected across these terminals is

concerned, as though the network and its generators were equivalent to a
simple generator having an internal impedance Z and a generated voltage E,
where E is the voltage that appears across the terminals when no load imped-
ance is connected and Z is the impedance that is measured between the ter-
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minals when all sources of voltage in the network are short-circuited. l This
theorem means that any network and its generators, represented sche-

matically by the block in Fig. 47a, can be replaced by the equivalent
circuit shown in Fig. 476. The only limitation to the validity of The-
venin's theorem encountered in ordinary practice is that the circuit

elements of the network must be linear, i.e., the voltage developed must
always be proportional to current.

Thevenin's theorem offers a very powerful means of simplifying net-

works, particularly when a load impedance is connected across the output
terminals of a complicated network. This theorem will be used repeat-

edly to assist in the analysis of vacuum-tube amplifier circuits.

(a) Actual arrangement (b) Equivalent arrangement
Z

1 WW\/—o
1

Load E % Load

Fig. 47.—Schematic diagram illustrating how Thevenin's theorem can be used to simplify
a complicated network containing generators.

Problems

1. Check one or two of the current and phase-angle curves of Fig. 28 by calcu-

lating and replotting, using Eq. (27) and the universal resonance curve.

2. A variable condenser having a maximum capacity of 350 md. and a minimum
capacity of 20 nixi is used for tuning in a broadcast receiver:

a. What size inductance coil is required to make the lowest frequency 530 kc,

assuming the coil and associated wiring have a capacity of 20 tud? Also calculate

the exact tuning range with the coil selected.

&. It is also desired to cover the short-wave bands by the use of additional coils

to which the condenser can be switched. Assuming these coils and wiring also have
20 M/*f of capacity, (1) determine the number of coils required to cover frequencies up
to 30,000 kc, (2) specify a suitable inductance value for each coil, and (3) calculate the
exact tuning range for each coil chosen.

3. Assume that a series-resonant circuit employs the coil of No. 24 wire shown in

Fig. 18 and that the tuning condenser has a power factor of 0.0001. Calculate and
plot the current that flows for 1 volt applied when the resonant frequency is 1000 kc,

carrying the curve to 50 kc on each side of resonance. In making out these calcu-

lations, use the universal resonance curve and Eq. (27)

.

4. a. Using a series circuit employing the same coil as, in Prob. 3, and assuming
that the losses in the tuning condenser are negligible, calculate and plot upon a
common coordinate system the voltage across the condenser as a function of frequency
when the applied voltage is 1 mv and when the resonance frequency of the circuit is

600, 1000, and 1400 kc. Carry the curves to 50 kc on each side of resonance, and
make use of the universal resonance curve and Eq. (28).

1 When the sources of energy in the network are constant-current generators

instead of constant-voltage generators, the internal impedance Z is the impedance
observed between the terminals when all constant-current generators are open-

circuited. This is due to the fact that a constant-current generator is equivalent to

an infinite voltage source having an infinite internal impedance, so that short-circuit-

ing the ultimate source of voltage of the constant-current generator still leaves an
infinite impedance in the circuit.
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6. From the curves obtained in (a), discuss: (1) the effect of the resonant fre-

quency upon the ability of the circuit to discriminate against frequencies that are

50 kc off resonance; (2) the tendency to distort a modulated wave having side-bands

extending 5000 cycles on either side of the carrier (corresponding to ordinary broad-

cast signals), when the circuit is tuned to different carrier frequencies in the broadcast

range of frequencies (550 to 1500 kc); (3) the relative response when tuned to differ-

ent frequencies in the broadcast range.

5. a. What is the highest effective Q which a tuned circuit may have when it

must respond to a band of frequencies 10,000 cycles wide with a response always at

least 70 per cent of the response at resonance, assuming carrier frequencies of 50 kc,

500 kc, 5000 kc, and 50,000 kc.

b. Discuss the significance of the results in Prob. 5a with regard to the reception

of radio-telephone signals.

6. Check one or two of the impedance and phase-angle curves of Fig. 30 by calcu-

lating and replotting, using Eq. (32) and the universal resonance curve.

7. The coil of No. 24 wire in Fig. 18 is tuned to resonance at 800 kc with a con-

denser of negligible loss. Calculate and plot as a function of frequency : (a) magnitude
and phase angle of parallel impedance; (6) line current, and current in each branch,

when the applied potential is 10 volts; (c) reactance and resistance components of

the impedance of (a). Carry these calculations up to 40 kc on either side of resonance,

and make use of Eqs. (31), (32), and (33) and the universal resonance curve.

8. A particular coil having an inductance of 0.18 mh has a distributed capacity

of 10 Mjuf- Calculate and plot the factors by which the actual inductance, actual

resistance, and actual Q must be multiplied to give the apparent or observed values,

carrying out these calculations to a frequency closely approaching the point where
the coil is in resonance with the distributed capacity. (Note that the results at fre-

quencies in the vicinity of resonance are only approximate because the distributed

capacity is assumed to be lumped.)

9. Sketch the types of current and voltage distribution that would be expected

on a line 1% wave lengths long when the receiver is: (a) an open circuit, (6) a short

circuit, (c) a resistance equal to the characteristic impedance.

10. Two identical coils each having Q = 100 and an inductance of 200>h are

coupled together with a mutual inductance of 50 ph. If the secondary coil is short-

circuited, calculate : (a) the coupled resistance and reactance at a frequency of 600 kc,

(6) the total resistance and reactance of the primary circuit, (c) the effective Q of

the primary circuit including the effect of the coupled impedance.

11. Describe a procedure for experimentally determining the coefficient of coupling

between a coil and its shield can, assuming that the shield has negligible resistance.

12. Discuss the effect that a copper shield has on the inductance and resistance

of a coil as compared with the effect of a shield of identical dimensions but having a

higher resistivity, such as a brass shield.

13. In the circuit shown in Fig. 37, assuming wLp < < Rp , calculate and plot

curves up to 40 kc on either side of resonance showing: (a) magnitude, phase angle,

resistance component and reactance component of impedance coupled into the

primary; (b) magnitude of total primary impedance; (c) magnitude of primary current;

(d) magnitude of Voltage induced in the secondary; (e) voltage across the secondary

condenser. In drawing these curves use one set of axes for (a) and another for the

curves in (b) to (e).

14. Recalculate the curves for k = 0.03 of Fig. 38 by going through the following

steps:

a. Calculate and plot the resistance and reactance components of the coupled

impedance.
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b. Calculate and plot the resistance and reactance components of the primary
circuit when the secondary is removed.

c. Add (a) and (b) to obtain the curve of total primary-circuit resistance and
reactance, and convert the results into curves giving the magnitude and phase1

of the
primary impedance.

d. Calculate and plot magnitude of primary current and of secondary induced
voltage.

e. Calculate and plot the secondary-current curve.
Carry these calculations to 40 kc off resonance, and plot the various sets of curves

above one another.

16. Two identical tuned circuits with L = 180 (Ax and Q = 100 are coupled
together and both tuned to a resonant frequency of 800 kc.

a. Calculate and plot the secondary current at resonance as a function of mutual
inductance when 1 volt is applied in series with the primary.

6. For couplings greater than the critical values calculate and plot width between
humps of secondary current as a function of mutual inductance.

16. Calculate and plot the coefficient of coupling as a function of frequency in the
circuit of Fig. 40e when L x = L 2 = 180 Mh, d = C 2 = 169 wl, Cm = 3380 M/<f, and
Lm = 9 /ih. Carry the curves over the frequency range of 700 to 1300 kc.

17. Derive formulas for the equivalent mutual inductance of the circuits of Figs.
40a and 40/.

18. A particular band-pass filter for use as an intermediate-frequency transformer
in a radio receiver must have a band width of 7000 cycles centering about a frequency
of 456 kc. If the primary and secondary inductances are both 2 mh

:

a. Specify the tuning capacities, the proper coefficient of coupling, and the proper
circuit Q.

b. Calculate the shape of the response curve obtained when 1 mv is considered as
applied in series with the primary circuit.

19. Signals in the frequency range of 550 to 1500 kc are to be tuned by means of a
band-pass filter for which a constant band width of 8000 cycles would be ideal. The
circuits are assumed to have Q = 100 over this frequency range. If the adjustment is

such that k = 0.013 at 550 kc, discuss how the width and shape of the pass band will
vary with resonant frequency when the tuning is obtained by varying the primary
and secondary condensers simultaneously and when the coupling is (a) inductive as
shown at Fig. 42a and b, (b) capacitive as shown at Fig. 42c.

;

Illustrate the discussion
with the aid of sketches showing types of response curves to be expected under various
conditions.

20. Assume that the circuit of Fig. 44a represents a bridge not perfectly balanced
and that arm BC represents the galvanometer, while a direct-current voltage of 10
volts is applied to AD. If Zi = 1000 ohms, Z 3 = 10,000 ohms, Z 2 = 5000 ohms,
BD = 1000 ohms, and DC = 9000 ohms, calculate the current through Z 2 , using
both the A-Y transformation and Thevenin's theorem.

21. The two inductances in the circuit of Fig. 46 are both 10 mh, while the capaci-
ties are 0.005 and 0.003 mf , respectively. Neglecting the circuit resistance, calculate
and plot the following as a function of frequency:

a. Reactance of the individual branches.
b. Current in the individual branches.

c. Total reactance of the parallel combination.
d. Line current for the parallel combination.

22. By means of Thevenin's theorem, derive a formula for the secondary current
in a circuit of the type shown in Fig. 37,



CHAPTER IV

FUNDAMENTAL PROPERTIES OF VACUUM TUBES

22. Vacuum Tubes.—Vacuum tubes are used to generate the radio-

frequency power required by a radio transmitter, to control the energy

radiated, to amplify the weak radio-frequency signals obtained at the

receiver, to rectify the signal, to amplify this rectified signal, and so on.

The amplifying properties of vacuum tubes have also made possible the

long-distance telephone, the talking picture, the modern phonograph,

public-address systems, television, and so on. Altogether it may be

said that the vacuum tube is probably the most important single piece

of equipment that has come into electrical engineering since the beginning

of the century.

In its usual form the vacuum tube includes a cathode capable of

emitting electrons when heated, an anode (often called the plate) that

attracts the electrons emitted from the cathode, and some means of

controlling the flow of electrons from the cathode to the anode. These

electrodes are enclosed in a gas-tight space, evacuated to a degree which

usually represents the highest vacuum that it is practicable to obtain,

in order to permit the electrons to flow unimpeded from cathode to

anode. There are, in addition, modified forms of vacuum tubes, such

as those having only a cathode and anode, tubes with more than three

electrodes, and tubes into which small quantities of gas have been

intentionally introduced to produce certain operating characteristics.

Tubes are classified as diodes, triodes, tetrodes, pentodes, Ac, accord-

ing to whether there are two, three, four, five, etc., electrodes present.

Thus a tube with only cathode and anode is a diode, while the addition

of a control electrode (a grid) converts it into a triode.

23. Electrons and Ions.—Electrons can be considered as minute

negatively charged particles which are constituents of all matter. They
have a mass of 9 X 10~28 gram, which is Ks40 that of a hydrogen atom,

and a charge of 1.59 X 10-19 coulomb; they are also always identical irre-

spective of the source from which derived. 1 Atoms are composed of

one or more such electrons associated with a much heavier nucleus which

has a positive charge equal to the number of the negatively charged

1 Recent studies have shown that, in addition to the usual properties of a moving

charged body, electrons in motion possess wave characteristics, which, however, are

not of practical importance as far as vacuum-tube technique is concerned.

99
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electrons contained in the atom, so that an atom with its full quota of

electrons is electrically neutral. The differences between chemical
elements arise from differences in the nucleus and in the number of asso-

ciated electrons but not from variations in the character of electrons,

which are always the same.

Positive ions represent atoms or molecules that have lost one or more
electrons and so have become charged bodies having the weight of the

atom or molecule concerned and a charge equal to that of the lost elec-

trons. Unlike electrons, positive ions are not all alike and may differ

in charge or weight, or both. They are much heavier than electrons

and resemble the molecule or atom from which derived. Ions are desig-

nated according to their origin, such as mercury ions, hydrogen ions, etc.

Electrons and ions are produced by separating the constituent parts

of the atom or molecule in such a way as to produce molecules that are

deficient in electrons, and free electrons. There are a number of ways in

which this separation may be accomplished. Thus in a gas, when a
swiftly moving ion or electron collides with a molecule, the^ impact may
be sufficiently intense to knock one or more electrons out of the molecule,

producing one or more free electrons and leaving a positive ion. This
method of producing ions and electrons is known as ionization by collision

and occurs in all vacuum tubes in which gas is present. Again, if a solid

body is sufficiently hot, some of the electrons that make up the solid

material will escape from its surface into the surrounding space, thus

giving free electrons which are said to be obtained by thermionic emission.

When ultra-violet light or x-rays strike a solid body or a gas, electrons

will be emitted even at normal temperatures; with certain substances,

notably potassium, caesium, and other alkaline earths, visible light will

cause electrons to be emitted into the space surrounding the material.

Electrons obtained in this way by the use of light radiation are said to

result fronfthe photoelectric effect. Electrons can also be obtained from
solid materials as a result of impact of rapidly moving electrons or

ions, which can knock electrons out of a solid body when striking with
sufficient velocity. Electrons obtained in this way are said to result from
secondary electron emission because it is necessary to have some primary
source of electrons (or ions) before the secondary electron emission can be
obtained. Finally, it is possible to pull electrons directly out of solid

substances by an intense electrostatic field at the surface of the material.

24. Motions of Electrons and Ions.—Electrons and ions are charged
particles and so have forces exerted upon them by an electrostatic field

in the same way that other charged bodies do. The electrons, being
negatively charged, tend to travel toward the positive or anode electrode

while the positively charged ions travel in the other direction toward

the negative or cathode electrode. The force exerted upon a charged
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particle by an electrostatic field is proportional to the product of the

charge e of the particle and the voltage gradient G of the electrostatic

field. Expressed in the form of an equation this relation is

Force in dynes = ( lx
g

x . ) (charge e in coulombs) 107 (53a)
\volts per centimeter/

= GeX x

107

This force upon the ion or electron is in the direction of the electrostatic-

flux lines at the point where the charge is located and acts toward or away

from the positive terminal, depending on whether a negative or positive

charge, respectively, is involved. The force that the field exerts on

the charged particle causes an acceleration in the direction of the field

at a rate that can be calculated by the ordinary laws of mechanics where

the velocity does not approach that of light. That is

. force in dynes
Acceleration m centimeters per second per second = —. , . .^ ^ weight m grams

(536)

It is to be noted that, as long as there is an electrostatic field acting in

the direction in which the electron or ion is moving, the velocity will

increase because an acceleration will be produced even when the field is

weak.

The velocity that an electron or ion acquires in being acted upon

by an electrostatic field can be calculated in the usual way by the laws

of mechanics provided the velocities involved are well below the velocity

of light. The amount of energy that a body with a charge of e coulombs

gains in traveling between two points between which a difference of poten-

tial of V volts exists is equal to Ve joules, as can readily be proved by
integrating Eq. (53a). This energy is all converted into kinetic energy of

motion, so that the velocity can be obtained from the formula

Kinetic energy in ergs = FelO 7 = }^mv2

or

v = velocity in centimeters per second corre-) (53c)

sponding to voltage V = */

The velocity with which electrons and ions move in even moderate-

strength fields is very great. Thus an electron in falling through a

potential difference of 10 volts will gain a velocity of 1160 miles per

second. These velocities are so great that from a practical point of view

it is much simpler to express the velocity in terms of the difference of

potential through which the electron (or ion) has fallen in gaining its

speed. Thus, when it is stated that an electron has a velocity of 10 volts,
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one means the velocity that an electron would obtain in falling through

a voltage drop of 10 volts. Since the velocity that a charged particle

gains in falling through a difference of voltage is inversely proportional

to the square root of the weight of the particle, the velocity represented

by a given voltage will depend upon the weight of the charged body
and will be much greater with electrons than ions, particularly the heavy

ions. Thus a mercury ion having a charge equal to that of an electron

will move less than one six-hundredth as fast as an electron in the same
electrostatic field.

Effect of a Magnetic Field on a Moving Electron.—Since a moving
charge represents an electrical eurrent, an ion or electron in motion has

all the properties of an electrical current. Most important of these,

so far as vacuum tubes are concerned, is the force which a magnetic field

at right angles to the direction of current flow (i.e., line of travel of elec-

tron or ion) exerts on a moving charge and which is exerted at right angles

to both the magnetic field and the line of flow of current (i.e., charge).

Since the current represented by a moving charge is equal to the product

of the charge and its velocity, a charge of Q coulombs moving with a

velocity v represents a current Qv, and the

^Y i.'^.U^S :•:'{'}•: force that is exerted upon this moving charge

\-'.-
-:v-

•'•:'•
.'/•v;:.'i

by a magnetic field having an intensity of H
fa-fa/ *.?^^^:''X-v''.'; gausses is HQv/10 dynes in a direction at right

direction /
, ':'^:- :

.:''\.:':\ :/.\- angles to the motion of the charge. In the
"

T-T^Y^v'-!v;' :
.-
:
.

case °f an electron which has a charge of e,

.*i//;;/:iv:>V.
:

:-V;'
the force is accordingly

." • * *•'•.*••'•. vV.*r.*: Hev'

' V Force in dynes = -^r- (54)
MggneHV 10

v '

Weld

Fig. 48.—Path of electron in An eiectron shot with high velocity into a
magnetic field. ° ~

.

magnetic field will follow a path similar to

that shown in Fig. 48. The acceleration that the forces of the

magnetic field produce on such an electron are always at right angles to

the direction in which the electron is traveling and will result in a circular

path when the field is uniform. The radius of this circle is smaller the

greater the strength of the magnetic field and the more slowly the electron

is moving through the field. When electrons or ions are under the simul-

taneous influence of both electrostatic and electromagnetic fields, the

resultant force that acts upon the moving charge at any instant is the

vector sum of the two component forces.

It can be shown that an electron or ion that is being accelerated will

radiate a certain amount of energy in the form of electromagnetic waves.

Thus, when an electron moving at high velocity is suddenly stopped by
impact against a metallic surface, x-rays of a wave length depending
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upon the velocity of the electron will be produced. An alternating

acceleration, such as can be produced by an alternating voltage, will

cause an electron to radiate electromagnetic waves of the type employed

in radio communication. It is this property of electrons to radiate

energy when accelerated that accounts for many of the effects produced on

radio waves by ionization in the upper atmosphere.

25. Thermionic Emission of Electrons.—The electrical conductivity

of metals is the result of electrons within the material which for the

moment are not definitely attached to any particular molecule. These

free electrons move about inside the conductor with a velocity that

increases with temperature and they exert a pressure just as does an

ordinary gas. This pressure does not cause electrons to escape from the

metal into the neighboring space, however, because there are attractive

forces at the surface that tend to keep the electrons in the substance and

these forces are much greater in magnitude than the pressure of the

"electron gas."

In order to escape from the surface of a conductor, an electron must

therefore do a certain amount of work to overcome the surface forces,

and this energy can be obtained only from the kinetic energy possessed

by the electron as a result of its motion. Unless the kinetic energy of an

electron exceeds the work that the electron must perform to overcome the surface

forces of the conductor, the electrqn cannot escape. For all known substances

this energy which a free electron must have in order to be emitted from

the material is so related to the kinetic energy possessed by the electrons

that practically none escape at ordinary room temperatures. It is

only at high temperatures, where the average kinetic energy possessed

by the free electrons is large, that an appreciable number will have suffi-

cient kinetic energy to escape through the surface of the material.

The process of electron emission from a solid substance is very similar

to the evaporation of vapor from the surface of a liquid. In the case of

the vapor the evaporated molecules represent molecules that obtained

sufficient kinetic energy to overcome the restraining forces at the surface

of the liquid, and the number of such molecules increases rapidly as the

'

temperature is raised. The thermionic emission of electrons from hot

bodies is seen to represent the same process and can be considered as an

evaporation of electrons in which the energy the electron must give up in

escaping corresponds to the latent heat of vaporization of a liquid.

The number of electrons evaporated per unit area of emitting surface

is related to the absolute temperature T of the emitting material and a

quantity b that is a measure of the work an electron must perform in

escaping through the surface, according to the equation

_b

I = AT*e T
(55)
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where J is the electron current in amperes per square centimeter and

A is a constant, the value of which may vary with the type of emitter.

The temperature at which the electron current becomes appreciable is

determined almost solely by the .quantity 6, which is accordingly the

most important characteristic of an electron-emitting material. The
emission is very sensitive to changes in b and the temperature, for these

quantities appear in the exponent of Eq. (55); slight variations in the

value of either change the magnitude of the exponential term enormously.

The value of A is therefore of secondary importance, for the effects of

wide variations in A can be compensated for by small temperature
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Fig. 49.—Variation of electron emission with absolute temperature for the three

(f'ncipal types of electron emitters, showing the extreme sensitiveness of the emission to

temperature and to the value of the constant b.

changes. The relationship between electron emission per unit area of

emitter and the emitter temperature is given in Fig. 49 for several typical

electron-emitting materials commonly used in vacuum tubes and shows

how extremely sensitive electron emission is to temperature and to the

value of the work function 6, while being much less dependent on A.

26. Electron-emitting Materials. 1—The properties of matter are

such that thermionic emission of electrons does not become appreciable

until temperatures of the order of 700 to 2500°K. are reached, the exact

value depending upon the material involved. The high temperatures

1 This section is a very brief summary of the principal characteristics of the types

of electron emitters employed in commercial vacuum tubes. For further information
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required limit the number of substances suitable for use as thermionic

electron .emitters to a very few, of which tungsten, thoriated-tungsten,

and oxide-coated emitters are the only ones commonly used in vacuum
tubes.

Tungsten.—While a relatively poor emitter, tungsten can be operated

at temperatures so high as to give good emission in spite of the large value

of work function b which it possesses. Tungsten is extensively used

as the electron-emitting cathode of high-power vacuum tubes because

of its durability under the exacting conditions encountered in such tubes.

The essential characteristics of tungsten emitters are shown in Table IV.

Thoriated Tungsten.—Thoriated-tungsten emitters have an electron

emission that is many thousand times that of pure tungsten operated at

the same temperature, and begin to emit an appreciable amount at

temperatures 500° to 600°K. lower than for pure tungsten. This increased

electron emission is the result of a layer of thorium one molecule deep

that forms on the surface of the thoriated tungsten and reduces the work

that an electron must do to escape. 1 Thoriated-tungsten emitters

consist of tungsten containing a reducing agent (ordinarily carbon)

and a small quantity (1 to 2 per cent) of thorium oxide. Such cathodes

must be activated by heating the emitter to approximately 2600° to

2800°K. for one or two minutes, which is called flashing, and then glowing

for some minutes at an activating temperature of 2100° to 2200°K.

The flashing raises the temperature to the point where the impregnated

carbon reduces some of the thorium oxide to metallic thorium, and the

subsequent treatment at the activating temperature allows this thorium

to diffuse to the surface, where it forms a layer one molecule deep which is

the seat of the high electron emission. During operation of a thoriated-

tungsten emitter, thorium is being continuously evaporated from the

surface layer but is replenished by diffusion from the interior of the tung-

sten. The important characteristics of thoriated-tungsten emitters are

given in Table IV.

The performance of thoriated-tungsten emitters can be improved by
carbonizing the tungsten. This is done by glowing the filament at a

temperature exceeding 1600°K. in a hydrocarbon atmosphere. Hydro-

carbon molecules striking the hot filament are then dissociated and the

free carbon thus produced combines with the tungsten to form tungsten

consult Saul Dushman, Thermionic Emission, Rev. Modem Phys., vol. 2, p. 381,

October, 1930; Saul Dushman, Electron Emission, Elec. Eng., vol. 53, p. 1054, July,

1934; E. L. Chaffee, "Theory of Thermionic Vacuum Tubes," Chap. IV, McGraw-
Hill Book Company, Inc.

1 For further information relative to thoriated-tungsten emitters, the reader is

referred to Irving Langmuir, The Electron Emission from Thoriated-tungsten Fila-

ments, Phys. Rev., vol. 22, p. 357, 1923.
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carbide. The mono-molecular thorium layer clings much more firmly

to this carbide surface than to pure tungsten, permitting qperation

at higher temperatures than is otherwise possible without evaporating

off the thorium surface. This increases the thermionic emission and also

the rate at which thorium diffuses to the surface to become available for

maintaining the mono-molecular surface layer.

Oxide-coated Emitter.—The oxide-coated emitter consists of a mixture

of barium and strontium oxides coated on the surface of a suitable metal,

such as a nickel or a platinum alloy, and when suitably activated will

emit large numbers of electrons at temperatures of the order of 1150°K.

The electron emission of emitters of the oxide-coated type appears to

arise from a layer of alkaline-earth metal, i.e., metallic barium and
strontium, which forms on the surface of the oxide coating; emission is at a

maximum when this layer covers the entire surface of the oxide to a depth

of approximately one molecule. During operation of the emitter at its

normal working temperature the surface metal that is evaporated is

replenished by diffusion of additional molecules from the interior of the

oxide coating.

Oxide-coated emitters when first formed must be activated (or

"formed") before the full thermionic activity is realized. One method
consists in glowing the emitter for several minutes at a temperature

of approximately 1500°K. and then applying a strong positive electro-

static potential gradient for a period of from 2 to 30 min. During this

period the electron emission increases, and, when it has reached a rather

large value, the electrostatic field and emitter temperature are readjusted

to lower values, which are maintained for an additional period. The
exact procedure for activating oxide-coated emitters is in the nature of an

art which varies greatly under different circumstances but which com-
monly follows the broad outline that has been given. The object of the

activation process is to break down a fraction of the oxide coating into the

alkaline-earth metal and to use this metal to build up a layer of metallic

molecules on the surface of the oxide. The high temperature that is

used at the start of the activation process causes some of the oxide

coating to dissociate into ions, and the positive or metal ions so produced

migrate inward when electrons are drawn from the emitter and are trans-

formed into metal molecules at the interface between core and oxide.

These molecules then diffuse to the surface through the porous oxide

coating. The increase in electron emission which takes place during the

forming process is caused by the gradual building up of the surface layer

of alkaline-earth metal. The high thermionic activity of oxide-coated

cathodes appears to be caused by this surface layer becoming positively

charged as a result of losing electrons and then acting as a positively

charged screen or grid which. covers the surface of the oxide coating and
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helps pull electrons from its surface. 1 The essential characteristics of

properly formed oxide-coated emitters are to be found in Table IV.

Table IV.

—

Characteristics of Electron Emitters

Type of emitter

Constants in equa-
b

tion i = AT2e
T

Normal oper-

ating tempera-

ture,. °K.

Efficiency at oper-

ating temperature

in milliamperes

emission per watt

of heating power*A* b*

Tungsten 60 2

3.0

01 to 0.001

52,400

31,500

12,000

2450 to 2600

1900

1100 to 1170

3 to 15

Thoriated tungsten

Oxide coated

62.5

50 to 125

* The values of A, b, and efficiency vary greatly with different oxide-coated cathodes and to a lesser

extent with thoriated tungsten. The values given in this table are typical for good emitters but do not
necessarily apply to every oxide-coated and thoriated-tungsten cathode.

Power Required to Heat Emitter.—The electron-emitting cathodes of

vacuum tubes are heated electrically, either by forming the emitter into a
filament that is raised to the necessary temperature by the passage

through it of a suitable current, or by using a cylindrical cathode that is

heated either by conduction or radiation from an internal heater con-

sisting of an incandescent tungsten filament. Filament cathodes may
be of the tungsten, thoriated-tungsten, or oxide-coated type, while

heater-type cathodes always employ an oxide-coated emitter because of

the impossibility of obtaining by indirect heating the high temperatures

required by other emitters.

Most of the power required to maintain the cathode at a given

temperature represents energy sent out from the cathode in the form of

radiant heat. A small amount of power is lost by heat energy conducted
away from the cathode along the support and lead wires, but other than
this the loss of heat by conduction is negligible because the cathode is in a

very high vacuum. When an object is at a temperature considerably

higher than surrounding objects, the heat energy radiated is proportional

1 The exact mechanism of electron emission from an oxide-coated electrode is not

yet completely understood, although considerable progress in this direction has been
made in recent years. An easily readable qualitative discussion is given by J. A.

Becker, The Role of Barium in Vacuum Tubes, Bell Lab. Record, vol. 9, p. 54, October,

1930. For more comprehensive and scientific discussions, see Saul Dushman, Ther-

mionic Emission, Rev. Modem Phys., vol. 2, p. 381, October, 1930; J. A. Becker,

Phenomena in Oxide-coated Filaments, Phys. Rev., vol. 34, p. 1323, November, 1929;

J. A. Becker and R. W. Sears, Phenomena in Oxide-coated Filaments II. Origin

of Enhanced Emission, Phys. Rev., vol. 38, p. 2193, December, 1931; J. A. Becker,

Thermionic Electron Emission, Rev. Modern Phys., vol. 7, p. 95, April, 1935 (also

reprinted in Bell System Tech. Jour., vol. 14, p. 413, July, 1935).
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to the fourth power of the absolute temperature, and so is given by the
relation

Radiated energy per square centimeter of surface = KT* (56)

where T is the temperature in degrees Kelvin and K is a constant, the
exact value of which depends on the surface conditions. As a conse-
quence of this relation the electrical power required to heat the cathode

5,000.0

0.5 0.6

~^^Z2g™*sii&
POWER-EMISSION CHART

Fig. 50a.—Relation between cathode heating power and electron emission for three
representative cathodes, plotted on power-emission paper. These curves are straight lines
and so can be drawn when only three points are known, and can be extrapolated as far as
desired.

increases very rapidly with temperature, and emitters such as those of
tungsten, which must operate at high temperature, require considerably
more heating power in proportion to electron emission than do the low-
temperature emitters of the oxide-coated type. These differences are
demonstrated by the column of milliamperes electron emission per watt of
cathode heating power given in Table IV for different emitters.

Equation (56) can be substituted in Eq. (55) to give an equation
relating electron emission to the cathode heating power. From this



Sec. 26] FUNDAMENTAL PROPERTIES OF VACUUM TUBES 109

equation the curvilinear system of coordinates shown in Fig. 50a can be
derived on which the electron emission plots as a straight-line function

of the heating power. Coordinate paper of this type, 1 which is known
as power-emission paper, is very useful in the comparison of different

cathodes because the cathode heating power required to give three values

of electron emission, such as 0.1, 1.0, and 10 ma, suffices to determine the
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Fig. 506.—Relation between cathode heating power and electron emission for three
representative cathodes, plotted in rectangular coordinates. The very sudden rise in these
curves as contrasted with the same data plotted on Fig. 50a emphasizes the usefulness of
the power-emission paper.

straight line on the power-emission paper and to permit accurate extra-

polation to emissions that could not be maintained for even a few seconds
without damage to the tube. Power-emission curves for the cathodes of

Fig. 49 are shown on power-emission paper in Fig. 50a; when contrasted

with similar curves on rectangular coordinates, as shown in Fig. 506, they
illustrate the usefulness of the curvilinear coordinate system in straighten-

ing out the plotted emission characteristic.

Operating Temperature and Life.—The temperature at which tungsten
emitters are operated is a compromise between high electron emission

1 This paper is obtainable from Keuffel and Esser, under the name "Power
Emission Chart."
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per watt of heating power, which means a high operating temperature and
a short life, and a low emission per watt of heating power, which goes

with a low operating temperature and a long life. The actual tempera-

ture selected is the highest value that will give a life expectation of 1000

to 2000 hr. The life is determined by the rate at which tungsten evapo-
rates from the surface of the filament, and, since a given depth of evapora-

tion is less important when the filament is thick, large-diameter filaments

can be operated at slightly higher temperatures than thin filaments and
so give greater electron emission per watt of heating power.

The life of thoriated-tungsten filaments is determined by the supply

of thorium in the tungsten and by the rate at which the thorium is

evaporated from the surface layer. Filaments of this type never burn
out, as do those of tungsten, except as a result of an accident. The
proper operating temperature for thoriated tungsten is very close to

1900°K., at which the total life expectancy is at least several thousand

hours of service. If the operation is at a temperature much above
2000°K., the thorium evaporates from the surface layer faster than this

layer is replenished by diffusion of thorium from the interior of the tung-

sten, with the result that the surface is soon denuded of its thorium

layer and the electron emission becomes that of pure tungsten. A
thoriated-tungsten filament that has been in service for many hours

will begin to show low electron emission as a result of exhaustion of the

metallic thorium produced in the tungsten at the time of activation.

The original electron emission can be restored by flashing the filament for

20 to 30 sec. at three to four times normal voltage and then burning for

30 to 60 min. at an overvoltage of 25 to 40 per cent. This process,

which is often termed rejuvenation, reactivates the filament by reducing

additional thorium oxide to metallic thorium and reforming the surface

layer of thorium; and it can be repeated until the supply of thorium

oxide is exhausted.

The life of oxide-coated cathodes is limited by the supply of active

•electron-emitting material in the cathode. The life of these cath-

odes is very great, often in excess of 5000 hr., and many tubes with

oxide-coated cathodes have been operated continuously for more than

three years before the electron emission became seriously reduced. Oxide-

coated filaments do not require occasional rejuvenation because the

activation process of electrolysis and diffusion goes on in them continu-

ously during use. The operating temperature is a compromise between
life and efficiency of emission (i.e., electron emission per watt of heating-

power) and is not so critical as in the case of tungsten and thoriated-

tungsten cathodes.

The life of thoriated-tungsten and oxide-coated cathodes is very

adversely affected by the presence of small traces of gas within the tube,
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particularly when there is a high anode voltage. This is due to the fact

that emitted electrons in flowing to an anode will ionize residual gas by
collision, producing positive ions which are attracted toward the cathode
and bombard its surface. In the case of thoriated-tungsten emitters,

these positive ions strip off the mono-molecular layer of thorium on the

tungsten surface that causes the high emissivity. Carbonizing the

thoriated-tungsten filament reduces greatly the * detrimental action

of positive-ion bombardment by causing the thorium molecules to stick

more tenaciously to the carbonized surface than to pure tungsten. Car-
bonizing also permits operation at a higher temperature than is otherwise
possible without evaporating off the thorium layer, and this higher tem-
perature increases the rate at which thorium molecules diffuse to the sur-

face to replace the losses caused by gas-ion bombardment. In the case of

oxide-coated emitters, bombardment by positive ions having a velocity

greater than about 15 to 25 volts will cause the cathode to disintegrate

mechanically.

Uses of Different Emitters.—Tungsten, thoriated-tungsten, and oxide-

coated cathodes have special fields of usefulness. Oxide-coated emitters

have longer life and greater emission per watt of heating power than other
types and so are used wherever possible. All heater-type tubes as well as

practically all other tubes used in radio receivers have oxide-coated emit-
ters. Oxide-coated emitters are not satisfactory where the anode poten-
tial exceeds 500 to 2000 volts because of the detrimental effects of

positive-ion bombardment, together with the fact that tubes with oxide-

coated cathodes cannot be degassed so thoroughly as other types of tubes.

The high temperatures required to accomplish complete degassing will

destroy the cathode activity.

Thoriated-tungsten emitters are used in tubes operated at moderate
voltages, particularly in the range of anode potentials between 500 and
5000 volts. Such emitters, while less efficient than those of the oxide-

coated type, are still much more efficient than tungsten and, when carbon-
ized, will stand up satisfactorily under these potentials provided the
tubes are thoroughly degassed at the time of evacuation.

Tungsten emitters will withstand a positive-ion bombardment that
would quickly make other types of emitters inactive, but they are rela-

tively inefficient from the point of view of the milliamperes of emission
per watt of heating power. Consequently tungsten filaments are used
only in tubes where the anode voltage is so high or the gas conditions are

such that thoriated-tungsten and oxide-coated cathodes are out of the
question.

Velocity of Emission.—The electrons emitted from a hot cathode come
out with a velocity that represents the difference between the kinetic
energy possessed by the electron just before emission and the energy
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that must be given up to escape. Since the energy of the different elec-

trons within the emitter is not the same, the velocity of emission will

be different for different electrons, and will commonly range from
zero up to over 1 volt. Experiment shows that the velocities of emission

are distributed according to Maxwell's law for the distribution of velocities

in a gas composed of electrons and having the temperature of the emitting

cathode. 1 The average velocity of emission accordingly increases with the

cathode temperature, just as does the average velocity of gas molecules.

27. Current Flow in a Two-electrode Tube ; Space-charge Effects.—
When an electron-emitting cathode is surrounded by a positive anode
(i.e., plate electrode) to form a two-electrode vacuum tube (or diode),

the relation between the plate current (i.e., the number of emitted elec-

trons that are attracted to the anode) and the plate potential has the

character shown in Fig. 51, which gives the results obtained in a typical

tube for several cathode temperatures. It is seen that at high anode
voltages the electron current is largely independent of anode voltage,

being determined primarily by the cathode temperature, while at low

anode voltages the current is controlled by the anode voltage and is

independent of cathode temperature. When the plate is negative, it

repels electrons and the plate current is then zero.

The behavior observed at high anode voltages is a result of the fact

that a high anode potential draws the electrons away from the filament

as fast as they are emitted, which makes the anode current equal the

total electron emission from the cathode. Under these conditions the

anode current is given by Eq. (55) and the tube is said to be operating

at voltage saturation. 2

Space-charge Effects.—At low plate (i.e., anode) voltages the anode
current is limited by the repelling effect that the negative electrons

already in the space between anode and cathode have on the electrons

just being emitted from the cathode. The electrons in the interelectrode

space constitute a negative space charge (i.e., a negative charge dis-

tributed in space), and at any instant the number of electrons that are

in transit between electrodes cannot exceed the number that will produce

a negative space charge which completely neutralizes the attraction that

1 See L. H. Germer, The Distribution of Initial Velocities among Thermionic
Electrons, Phys. Rev., vol. 25, p. 795, 1925.

2 The sharpness with which voltage-saturation effects appear differs greatly with
the type of emitter. Thus the anode current with cathodes of tungsten or thoriated

tungsten has a characteristic such as shown by the dotted lines in Fig. 51, in which
the saturation effect is almost complete, while in emitters of the oxide-coated type
the saturation effect takes place more gradually, as shown by the solid lines of Fig. 51.

The sharpness with which voltage saturation appears is also reduced by the cooling

of the ends of the cathode by the support wires, and by the voltage drop along the

cathode of filament-type tubes.
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the positive plate exerts upon the electrons just leaving the cathode.
All electrons in excess of the number necessary to neutralize the effect

of the plate voltage are repelled back into the cathode by the negative
space charge of the electrons in transit, so that the anode current will be
independent of the electron-emitting power of the cathode, provided the
cathode is capable of emitting enough electrons to produce a full space
charge. When a full space charge is present, the plate current depends

10 20 30 40
Anode Voltage, Volts

Fig. 51.—Anode current as a function of anode voltage in a two-electrode tube for three
cathode temperatures. The solid lines are the characteristics actually obtained using an
oxide-coated cathode, while the dotted lines show the type of curve that is given by tung-
sten and thoriated-tungsten cathodes.

upon the plate voltage, since with higher voltages the electrons travel
from cathode to anodes more rapidly, making the rate of arrival greater in
proportion to the total number in the space between anode and cathode
at any instant; furthermore, it takes more space charge to neutralize the
effect of the higher voltage. Increasing the plate voltage thus causes the
electron flow to increase until a point is reached where the total electron
emission of the cathode is being drawn to the plate, after which further
increases in anode voltage will produce practically no additional current
because of voltage saturation.
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The energy that is delivered to the tube by the source of anode voltage

is first expended in accelerating the electrons traveling from cathode to

anode and so is converted into kinetic energy. When these swiftly

moving electrons strike the anode, this kinetic energy is then transformed

into heat as a result of the impact and appears at the anode in the form

of heat that must be radiated to the walls of the tube.

When the anode current is limited by space charge, the negative

charge of the electrons in transit between ' cathode and plate will be

sufficient to give the space in the immediate vicinity of the cathode a

slight negative potential with respect to the cathode. The electrons

emitted from the cathode are projected out into this negative field with

an emission velocity that will vary with different electrons. The

negative field next to the cathode causes the emitted electrons to slow

down as they move away from the cathode, and those having a low

velocity of emission are driven back into the cathode. Only those elec-

trons having the highest velocities of emission will be sent out with

sufficient force to penetrate through the negative field near the cathode

and reach the region where they are drawn toward the positive plate.

The remainder, i.e., those electrons having low emission velocities,

will be brought to a stop by the negative field adjacent to the cathode

and will fall back into the cathode.

Anode Current When Limited by Space Charge.—When limited by

space charge, the anode current received from any portion of the cathode

is proportional to the % power of the voltage between the plate and

that part of the cathode contributing the current. In heater-type

cathodes where the cathode is an equipotential surface, the total plate

current for positive plate voltage is given by the equation

Plate current = KEP
H (57)

where K is a constant determined by the geometry of the tube and

Ep is the anode (plate) voltage with respect to the cathode. 1

1 When the anode voltage is low and when very precise results are to be obtained,

the voltage Ev appearing in Eq. (57) must be interpreted to mean the actual anode

voltage plus a correction to take into account the contact potential existing between

plate and cathode and also the effective velocity of emission of the electrons. Each

of these corrections ordinarily amounts to less than 1 volt and can be neglected

where the anode voltage is moderately high unless precision results are desired.

The equations giving the anode current when limited by space charge have

been worked out for various structures by Langmuir, Child, Schottky, and others, and

have been found to differ only in the value of the constant K appearing in Eq. (57).

Derivations of these equations are to be found in numerous books on thermionic

tubes, as E. L. Chaffee, "Theory of Thermionic Vacuum Tubes," Chap. IV, McGraw-

Hill Book Company, Inc.; L. R. Koller, "Physics of Electron Tubes," Chap. VIII and

Appendix C, McGraw-Hill Book Company, Inc.
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For negative plate voltages the plate current is of course zero. In
filament-type tubes the voltage drop produced in the cathode by the
heating current causes different parts of the filament to have different

potentials with respect to the anode, so that, while the current from each
part of the filament is proportional to the % power of the voltage with
respect to that part, the total current is not proportional to the % power
of the potential of the anode. In filament-type tubes it is customary to
refer the plate voltage to the negative side of the filament so that the
plate is considered to be at a potential which, with respect to most of

the cathode, is less than the anode voltage as measured with respect to the
negative end of the filament. The result is that, when limited by space
charge, the total anode current varies at a power of the anode voltage,
as measured with respect to the negative side of the filament,
greater than the % power but which approaches the % power as the
voltage drop in the cathode becomes small compared with the anode
voltage. 1

28. Action of the Grid.-—The flow of electrons to the plate can be
controlled by placing a screenlike electrode, or grid, between the cathode
and plate. This gives a three-electrode or triode tube. The grid is

normally operated at a negative potential with respect to the cathode
and so attracts no electrons, but the extent to which it is negative affects

the electrostatic field in the vicinity of the cathode and so controls the
number of electrons that pass between the grid wires and on to the plate.

1 The way in which the total anode current varies with anode voltage when the
potential drop in the filament cathode is taken into account can be readily worked
out,by setting up a simple differential equation based on Eq. (57). The results of
such a solution give the following:

Case 1. Anode voltage less than voltage drop Ef in filament:

i = K
hEf y <58°)

Case 2. Anode voltage greater than voltage drop Ef in filament:

i = K^E* - {B, - E,)»]
|

This series converges so rapidly that, when the plate voltage exceeds twice the filament
drop, one can with close approximation write

«*[!-!&] (M.)

The presence of voltage drop in the cathode has the effect of causing the plate current to
increase faster than the % power of the voltage but at a rate that never exceeds the
% power. The departure from the %, power becomes less as the ratio Ef/Ej, is

reduced.
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The grid may consist of any type of open-mesh structure which pro-

vides holes of ample size for the passage of electrons and which at the

same time has an influence on the electrostatic field near the cathode.

The most common form of grid is a coil of fine wire with widely spaced

turns, as shown in Figs. 52a and 52b. The cross section of this coil is

circular when a straight filament cathode or a heater cathode is used, but

is usually oval when a filament in the form of a V or W is used. Several

other types of grid construction in common use are also shown in Fig. 52.

All these forms of grid construction function in the same way, and the

choice between them is determined by such design considerations as

mechanical rigidity, cost of construction, etc.

Fig. 52.—Grid, plate, and cathode structures of a number of typical tubes. It will be

observed that in every case the grid is a screen-like electrode that affects the electrostatic

field near the cathode while permitting electrons to flow to the plate.

The grid electrode controls the flow of electrons to the plate because

the electrostatic field between the plate and cathode, and particularly

near the cathode, is affected by the grid potential. This is shown in

Fig. 53, which gives the electrostatic field that exists between plate and

cathode for several values of grid voltage (no space charge present).

When the grid is at zero potential with respect to the cathode, the positive

potential of the plate produces a stray electrostatic field near the cathode,

which, while somewhat weaker than would be the case with the grid

removed, is still not zero because the grid is not a perfect shield. As the

grid is made negative, it produces an electrostatic field between cathode

and grid which opposes the stray field produced by the plate potential,

and thereby weakens the electrostatic field in the vicinity of the cathode,

as shown at b in Fig. 53. When the grid is made sufficiently negative,

the stray electrostatic field produced between the cathode and grid by

the positive anode is entirely neutralized by the negative grid, as shown

at c in Fig. 53. In this last case there is no electrostatic field to draw the

emitted electrons away from the cathode, and the space current will be

zero.

The number of electrons that reach the anode is determined almost

solely by the electrostatic field near the cathode and is affected hardly

at all by the field in the rest of the interelectrode space. This is because
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the electrons near the cathode are moving very slowly compared with
the electrons that have traveled some distance toward the plate, with the
result that the volume density of electrons in proportion to the rate
of flow is large near the cathode and low in the remainder of the inter-
electrode space. The total space
charge of the electrons in transit to-
ward the plate is therefore made up
almost solely of the electrons in the
immediate vicinity of the cathode;
once an electron has traveled beyond
this region, it reaches the plate so
quickly as to contribute to the space
charge for only a brief additional time
interval. The result is that the space
current in a three-electrode vacuum
tube is for all practical purposes deter-
mined by the electrostatic field that
the combined action of the grid and
plate potentials produces near the
cathode.

When the grid structure is sym-
metrical, it can be shown from the
theory of electrostatics that the field

at the surface of the cathode is pro-

portional to the quantity
( Eg + ^\

where Eg and Ep are the grid and
anode (plate) voltages, respectively,
with respect to the cathode and where t^KtiTjj These cWs
M is a constant that is determined by take mto account only those fields

the geometry of the tube and is inde-
pr°d"ced b? **"> electrode potentials,

A i s A -j ,

and d° not mcIude tfae field developed
pendent oi tne grid and plate voltages. 1 b^ the sPa°e charge of electrons which is

The constant M is known as the ampli-
superimP°sed up°* the fields shown.

fication factor of the tube and is a measure of the relative effectiveness

1 The quantity (e„ + -*
j represents the grid voltage that will produce the same

electrostatic field at the surface of the cathode when the plate is at zero potential as is
actually produced by the combined action of the plate and grid potentials Ep and Ea

-

thus it can be considered as the effective anode voltage. The combined effect ofanode and grid voltages is also the same as though the grid were the only anode
(t.e., plate removed instead of being at the same potential as the cathode) and were

{Ep + flEg)

<<"> Eg =

Fig. 53.—Electrostatic field pro-
duced between plate and cathode with
different grid potentials, showing how
the electrostatic field in the vicinity
of the cathode can be controlled by

at a potential of
1+*
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of grid and plate voltages in producing electrostatic fields at the sur-

face of the cathode.

Quantitative Effect of Grid Potential on Space Current.—The space

current in a three-electrode tube varies with f Eg + — ) in exactly the

same way that the space current in a two-electrode tube varies with the

plate voltage, since in both cases the current flow is determined by the

electrostatic field near the cathode, and this electrostatic field is in turn

proportional to I Eg -\ ) when a grid is present and to Ep when there

is only a plate present. With no voltage drop in the cathode the space

( E\A
current is therefore proportional to ( Eg + —

J
> and when the grid is

' negative all this current goes to the plate, so that for positive values of

(
e

'
+ t)

<*- + t)Plate current = K[E g + ^ ) (59)

where K is a constant determined by the tube dimensions. x For negative

values of ( Eg + —- ) the plate current is zero. It will be noted that

this equation is analogous in all respects to Eq. (57) and that by inter-

preting
(
Eg + —2

) to be the effective anode voltage they are identical.

In filament-type tubes there is a voltage drop in the cathode so that

different parts of the cathode are at different potentials with respect to

the grid and plate. The result is that with filament-type cathodes

( Eg -| ^
J
must be corrected, exactly as Eq. (57) was modified to

take into account the effect of the voltage drop in the filament of two-

electrode tubes. It is customary to measure the grid and plate potentials

with respect to the potential of the negative side of the filament, and

in terms of this notation the space current of three-electrode tubes

with filament-type cathodes is given by Eq. (58) provided Ef and Ep

in Eq. (58) are replaced by Ef {\ + 1/m) and (Eg + Ep/n), respectively.

A grid maintained negative with respect to all parts of the cathode

draws no electrons and so controls the plate current without consuming

any power. It is this property which gives the three-electrode vacuum

1 For highest accuracy, the parenthesis on the right-hand side of Eq. (59) must be

corrected for contact potentials and velocity of emission, exactly as Eq. (57). This

correction ordinarily amounts to less than 1 volt, and so is small unless the value of

the parenthesis is small.
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tube the ability to amplify and to generate oscillations. If the grid of
the vacuum tube is allowed to go positive, it attracts large numbers of
electrons and consumes a considerable amount of power, with the result
that when the grid is positive the ratio of energy controlled in the plate
circuit to energy consumed at the grid is small, and the amplification
is reduced. 1

29. Characteristic Curves of Triodes.—The most important charac-
teristics of vacuum tubes with grid, plate, and cathode electrodes are
the relationships between: (1) plate current .and plate voltage with con-

-30r

-55 -50-45 -40 -35 -30-25 -20 -15 -10 -5 -0 +5 +10
Grid Voltage -Volts

Fig. 54.—Relationship between grid voltage and plate current for several values of
plate voltage in a typical three-electrode tube. Note that the only effect of changing the
plate voltage is to displace the curves without changing the shape.

stant grid voltage, and (2) plate current and grid voltage with constant
plate voltage. Examples of such curves are shown in Figs. 54, 55, and
56. It is to be noted that the curves showing plate current as a function
of grid voltage have the same shape as those showing plate current with
varying plate voltage, the only difference being in the scales involved
and in the location of the curves with reference to the axes. Further-
more, the individual curves in the family showing plate current as a
function of grid voltage for different values of plate voltage are of the
same shape, differing only in that the curves for different plate voltages
are displaced along the grid-voltage axis. The same is true of the plate

1 The plate current appearing in Eq. (59) represents the total space current, which
is the sum of the grid and plate currents. When the grid is negative, the space current
is then the plate current; but when the grid is positive, the current given by Eq. (59)
represents the sum of the grid and plate currents,
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current-plate voltage family, where the only effect of changing the grid

yoltage is to displace the curve along the plate-voltage axis. It will

also be noted that all these curves have the same general shape as the

plate voltage-plate current curves of the two-electrode tube.

These various properties of the characteristic curves of three-electrode

vacuum tubes result from the fact that the plate current is the same

function of {Eg + Ep/n) that the plate current of a two-electrode tube

is of plate voltage. This means that the plate current is determined

only by the value (Eg + Ep/fx) and not by the particular combination of

grid and plate voltages involved. A voltage of AEg added to the grid

potential therefore produces the same plate-current increment as would
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Fig. 55.—Relationship between plate voltage and plate current for several values of

grid voltage for the tube used in Fig. 54. Note that the only effect of changing grid

voltage (provided the grid is at least slightly negative) is to displace the curves without
changing the shape; note also that these curves have the same shape as those of Fig. 54.

be produced by an increment in the plate potential of n&Eg , and the

effect of a grid-voltage increment AEg can be 'neutralized by a plate-

potential increment of —^AEg . In a similar manner it can be shown
that changing the plate voltage AEP has the same effect on the plate

current as an increment AEp/n in the grid voltage.

The range covered by Figs. 54 and 55 lies in the region where the

anode current is limited by space charge. Under these circumstances

the space current varies as a power of ( Eg -\
-J

which ranges from %,

when the effective anode voltage is large compared with ( 1 -\—
J
times

the voltage drop in the filament, or when a heater-type cathode is used,
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to % when the effective anode voltage is less than f 1 + -J times the

voltage drop in the filament. Figure 56 shows the situation that exists

when the electron emission is sufficiently low to bring in voltage satura-

tion. It is seen that the anode current is still a function of
(
Eg

-\ -
)

exactly as in Fig. 54, but the shape of the curves is now different as a
result of voltage saturation. The curves of Figs. 54 and 55 would show
similar saturation effects if extended to higher values of Ip .
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Fig. 56.—Grid-voltage plate-current curves differing from those of Fig. 54 only in
that the cathode temperature has been lowered to the point where voltage saturation begins
to appear at the larger plate currents, causing the tops of the curves to bend over.

The plate current of a three-element vacuum tube becomes zero

when the grid is at a sufficiently negative potential barely to neutralize

the stray electrostatic field produced at the surface of the cathode by
-the positive plate actmg through the meshes of the grid. The grid

potential at which this condition is realized is known as the cutoff grid

potential and is equal to —Ep/n volts, i.e., it is the potential that makes

( Eg H -J
equal to zero.

30. Constants of Triode Tubes.—The most important characteristics

of a triode tube can be expressed in terms of three coefficients or con-
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stants termed the amplification factor /x, the dynamic plate resistance Rp

(generally called plate resistance), and the mutual conductance Gm .

With the aid of these constants it is possible to make quantitative cal-

culations of the tube performance under many conditions without resort

to the complete characteristic curves.

Amplification Factor.—The amplification factor /x has already been

defined in Sec. 28 as the ratio of the effectiveness of the grid and plate

voltages in producing electrostatic fields at the cathode surface. It is

determined by the geometry of the system comprising the grid, plate,

and cathode electrodes, and its calculation in terms of the dimensions

involved is a problem of pure electrostatics. Where the geometrical

proportions can be readily introduced into an equation, as, for example,

is the case when the plate and cathode are concentric cylinders and the

grid is composed of a series of bars parallel to the central axis as in Fig.

52d, it is possible to derive formulas that will give the amplification

factor with accuracy. Such ideal conditions are never completely real-

ized in practice, however, because of supporting elements that distort

the electrostatic field. The amplification factor in practical tubes is

accordingly obtained by empirical formulas based upon modifications of

the ideal cases. 1 The amplification factor depends primarily upon the

grid structure and will be increased by anything that causes the grid to

shield the cathode more completely from the plate. Thus larger grid

wires or a closer spacing of the grid wires will increase the amplification

factor, as does also increasing the distance' between the grid and plate.

The amplification factor of ordinary three-electrode tubes ranges from

about 3 as the minimum to about 100 as the practical maximum, the

exact value depending upon the purpose for which the tube was designed.

If the relative effects of the grid and plate voltages in producing

electrostatic field at the cathode were the same for all parts of the cathode,

the amplification factor /x would be absolutely independent of plate,

grid, and filament voltages. In commercial tubes various mechanical

requirements, such as the necessity of supporting wires and the inevitable

imperfections in construction, result in dissymmetry that causes different

parts of the tube to have somewhat different amplification factors. The
over-all amplification factor of such a combination will vary with plate,

grid, and filament voltages and will tend to become lower as cut-off

1 A comprehensive treatment of amplification-factor computations is given by
Yuziro Kusunose, Calculation of Characteristics and the Design of Triodes, Proc,

I.R.E., vol. 17, p. 1706, October, 1929. For additional information the reader is

referred to the following : R. W. King, Calculation of the Constants of Three-electrode

Thermionic Vacuum Tube, Phys. Rev., vol. 15, p. 256, April, 1920; John M. Miller,

The Dependence of the Amplification Constant and Internal Plate Circuit Resistance

of Three-electrode Vacuum Tubes upon the Structural Dimensions, Proc, I.R.E., vol.

8, p. 64, February, 1920.
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is approached because, as the grid becomes more negative, those parts

having the highest value of n will reach cut-off first, leaving only the

low n parts of the tube contributing to the space current. The way in

which the amplification factor varies over the characteristic curves of a

typical tube is shown in Fig. 57. It is seen that over the main part of

the characteristic, which also represents the usual operating range, the

amplification factor does not vary by more than 10 to 15 per cent, but

that at very low plate currents the variation in the amplification factor

is greater. The results shown in this figure are typical of a large number

of tubes that have been investigated. 1
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Fig. 57.—Curves showing variations in amplification factor in a tube having no voltage

drop in the cathode (heater-type cathode). The amplification factor is relatively con-

stant over most of the region of negative grid potential but tends to become less as the plate

current becomes less, particularly when the grid is highly negative at the same time.

In the practical case where the amplification factor is not a pure

geometrical constant, it is defined as the relative effectiveness of grid and

plate voltages in controlling the plate current, and so is expressed by the

following mathematical relation

:

a r« x- e +
dIp/dE g dE

t

Amplification factor = u = T ..y, - = — -rw
dlp/oiLp acj

{ IP constant
(60).

1 A more complete discussion of the causes of the dependence of the amplification

factor upon electrode voltages is to be found in F. E. Termanand A. L. Cook, Note

on Variations in the Amplification Factor of Triodes, Proc. I.R.E., vol. 18, p. 1044,

June, 1930.
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Dynamic Plate Resistance.—The dynamic plate resistance of a vacuum
tube represents the resistance that the plate circuit offers to a small

increment of plate voltage. Thus, when an increment of plate voltage

AEP produces an increment in the plate current of Aip , the dynamic plate

resistance is given by the relation

Dynamic plate resistance = Rp — ~-j^ = -^ (61)

The plate resistance is therefore the reciprocal of the slope of the plate

current-plate voltage characteristic shown in Fig. 55 and depends upon
the grid and plate voltages at the operating point under consideration.

It is important to remember that the plate resistance is determined by
the slope of the plate voltage-current curve, being lowest at points where
the slope is greatest, and is not equal to the ratio of total plate voltage to

total plate current.

In any particular tube the dynamic plate resistance depends primarily

upon the plate, current and only to a small extent upon the combination

of grid and plate voltages used to produce this current. Furthermore,

the dynamic plate resistance becomes progressively lower as the plate

current is increased. This behavior is a result of the fact that the differ-

ent plate voltage-plate current curves in Fig. 55 differ primarily in being

displaced along the plate-voltage axis and in that the slope of each curve

increases as the plate current becomes greater. 1 The result is that the

plate resistance Rp tends to be the same for all curves with a given current

and becomes less as.the current is increased. This ideal is not entirely real-

ized in practical tubes as a result of the same irregularities that prevent the

amplification factor from being constant, so that in commercial tubes the

plate resistance is to a certain extent affected by the combination of grid

and plate voltages involved, as well as by the value of plate current. The
characteristics of an actual commercial tube are shown in Fig. 58 for a

representative case.

1 This can also be demonstrated by use of Eq. (59). Thus

dEP 1 1Rv =
dlp dIp/dEp ZK(E ,

Ep\X
2m V M /

Expressing (

E

g -\

?J
in terms of (^ J

from Eq. (59) gives

Kv ~ 3KH\IpXj

Hence the plate resistance is approximately inversely proportional to the cube root

of the plate current.
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The plate resistance of a triode tube depends upon the dimensions
and relative positions of the cathode, plate, and grid. It becomes less

as the effective cathode area is increased, i.e., as the cathode is made
longer or of larger diameter and as the distance between the cathode and
the other electrodes is reduced. The dynamic plate resistance can be
computed with accuracy by theoretical formulas only for the same simple
and symmetrical geometrical conditions for which the amplification factor
can be determined by exact methods. In commercial tubes it is necessary
to use empirical modifications of these formulas to take into account the
effect of dissymmetries in the geometry. This is usually done by devel-

oping empirical rules for defining an effective cathode area which, when
substituted in the theoretical formula,

will give results in agreement with

those actually observed. 1 Since the

power required to heat the cathode

depends upon the surface area of the

cathode, it may be said in a general

way that the plate resistance is

dependent upon the cathode heating

power and is lowered by employing a

larger cathode.

The plate resistance of tubes dif-

fering only in grid structure decreases

as the amplification factor is lowered.

This is because the electrostatic field

produced near the cathode by a given

plate voltage is inversely proportional

to the amplification factor. As a
consequence a given increment of a given plate current irrespective of the
plate voltage produces an increment combination of plate and grid voltages

in the electrostatic field at the sur-
™e<i to produce this current,

face of the cathode (and consequently an increment in the plate current)

which varies inversely with the amplification factor. Tubes having no
voltage drop in the cathode and differing only in the grid structure will

have a plate resistance that is approximately directly proportional to the

amplification factor of the tube when compared at operating points

having the same plate current.

Mutual Conductance {or Transconductance) .—The mutual conductance
Gm (or, as it is often called, the transconductance Sm) is denned as the

rate of change of plate current with respect to a change in grid voltage.

Thus, if the grid voltage is changed by AEg , the resulting plate-current

1 For further information regarding such calculations see Yuziro Kusunose, loc

cit.; R. W. King, loc. cit.
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change AIP is related to the mutual conductance by the equation

Aip = AE gGm

(62a)
dip _ dlj

Gm
dEa dE t Ep constant

By combination of Eqs. (60) and (61) it is also found that the mutual
conductance is the ratio of amplification factor to plate resistance.

That is

G--wrh (626)

The mutual conductance is a rough indication of the design merit of a

tube. This is because a low plate resistance and a high amplification

factor are desired, and the mutual conductance measures the extent to

which this feature is attained. Tubes of equal design merit but with

slightly different values of amplification factor will have substantially

the same value of mutual conductance under normal operating conditions.

When tubes with widely different values of n are compared, the tendency

is for the mutual conductance to be less for the high-amplification-factor

tubes, and this effect is especially pronounced when there is a voltage

drop in the cathode.

In a particular tube the mutual conductance depends primarily

upon the plate current, and to only a small extent upon the combination

of grid and plate voltages used to produce this current. The mutual
conductance also increases as the plate current is increased. This

follows from the fact that Gm = n/RP , so that, as the amplification factor

is substantially constant, the mutual conductance varies inversely as Rp .

31. Pentodes.—A pentode is a five-electrode tube consisting of

cathode, plate, and three grids which are concentrically arranged between
cathode and plate as in Fig. 59. The inner grid is called the control

grid and corresponds to the grid of a triode tube. The next grid is

termed the screen, or screen grid, while the outer grid is called the sup-

pressor. In normal operation the control-grid is maintained negative

at all times with respect to the cathode. The screen grid is operated

at a fixed positive potential while the suppressor is normally connected

directly to the cathode. The plate is operated at a positive potential.

The main differences between the pentode and triode tubes are the

two extra grids of the pentode and the fact that there are two positive

electrodes. These differences modify the relationship that exists between
plate current, control-grid voltage, and plate voltage in a way that is

very desirable for many purposes. The two extra grids also provide

electrostatic shielding, which eliminates substantially all capacity

coupling between the plate and the control grid. In radio-frequency
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amplifiers this shielding is extremely desirable, and, in order that it

may be as nearly perfect as possible, pentode tubes for radio-frequency

work are constructed as shown in Fig. 59. Here the control-grid lead

is brought out through the top of the tube and there is in addition a

Shieldconnected
to screen gr/'d^ Control grid

> , connection

Shield connected
to screen grid

^

Confrorjo/
'fioi

Plate—-->%% %
MetaU

envelope

—Shield
connected
to screen
grid

Suppressor *%\
grid--' ' °\

Innerpart of / ^
*

screen grid-'' kathode
(healer type)

(a) (b) (c)

Fig. 59.—Schematic diagrams of typical pentode tubes, showing the electrode arrange-
ment and how the control grid is completely shielded from the plate in tubes intended for
use at high frequencies. Audio-frequency power pentodes are similar, except that the
shield is omitted.

metallic shield connected to the top of the screen for the purpose of

providing additional electrostatic shielding between the control-grid

lead and the plate. In metal tubes this shield cooperates with the

metal envelope to give substantially complete shielding between control

grid and plate, as shown in Fig. 596, while in

glass tubes an external metal shield is arranged

to accomplish substantially the same result, as

illustrated in Fig. 59c. In audio-frequency

power pentodes this shield is omitted.

Factors Controlling Voltage and Current

Relations.—The nature of the voltage and
current relations existing in a pentode tube

can be worked out by studying the electro-

static fields that exist between the electrodes.

These fields are shown in Fig. 60 for a typical gram illustrating the nature of

,,,,,.'«,,,,, - the electrostatic fields existing
case. 1 he strength ol the held at the surface in a pentode tube. The arrows

of the cathode determines the number of indicfte the direction in which
. the electrons are accelerated.

electrons that are drawn away irom the

space charge about the cathode, exactly as in the case of the triode

tube. This field is determined by the screen-grid and control-grid

potentials and by the geometry of the tube. It is not affected by the

plate potential because the screen and suppressor grids effectively

+ + +
Cathode Control Screen Suppressor Plate

grid grid grid

Fig. 60.—Schematic dia-
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shield the plate, with the result that the number of electrons drawn
away from the space charge is substantially independent of the plate

voltage. The electrons drawn from the space charge pass between
the control-grid wires and are accelerated to a high velocity as the screen

grid is approached. At this high velocity the electrons travel in sub-
stantially straight lines, so very few except those which happen to be
going directly toward the screen-grid wires are intercepted by the screen.

The remaining electrons then pass through the screen grid and travel

on toward the suppressor. As the suppressor is approached, the electrons

slow down because of the retarding field between suppressor and screen

;

but if the plate is reasonably positive, they will pass on through the

spaces between the suppressor grid wires and
reach the plate without stopping. This is

because the positive plate is able to produce

appreciable electrostatic field on the screen

side of the suppressor grid so that, when the

electrons reach the influence of this field,

they are drawn through the spaces between

xr-u. ., n x_, c re n,^ the suppressor grid wires and are accelerated
Cathode ConM Screen/ Suppress:r Plate

* x °
grid grid\ grid toward the plate. The only electrons

t, *, c ,.

mua,cM°de actually reaching the suppressor are there-
Fig. 61.—Schematic diagram . . . , . . ,

of electrostatic fields existing in tore an occasional few which were emitted
a pentode tube when a virtual from the cathode with' unusually high velo-
cathode is formed in front of the . . . .

•/.«=>

suppressor. The arrows indicate Clty oi emission and which happened by
the direction in which the elec- chance to be directed exactly toward the
trons are accelerated. . . -.

.

middle of the suppressor wires.

When the plate voltage is very low, and particularly when the total

space current is large at the same time, the above behavior is modified
because the plate is then not capable of producing sufficient electrostatic

field on the screen side of the suppressor to draw off the electrons as,

rapidly as they arrive. The result is that a space charge forms in front of

the suppressor, as shown in Fig. 61. This space charge is called a virtual

cathode, and, when the accumulation of electrons is sufficient, it acts in all

respects as does the space charge surrounding the actual cathode. In
particular, the virtual cathode in conjunction with the plate and suppressor
grid forms the equivalent of a triode tube in which the suppressor is the
grid. The number of electrons that reach the plate under such condi-

tions is a function of the suppressor and plate voltages, and tends to be
independent of the control-grid and screen-grid potentials provided the
virtual cathode has a complete space charge. The excess electrons which
the plate is not capable of attracting from the virtual cathode return

toward the emitting cathode and are collected by the cathode and screen

electrodes.
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It follows from the above discussion that, when no virtual cathode is

formed, the total space current in the case of an equipotential (heater)

cathode is given by the equation 1

Total space current = Ip + Isg = K[Eg +^ ) (63)

where

Ip and Isg = plate and screen currents, respectively

K and /xsg = constants determined by the tube construction

Eg and Esg = control-grid and screen-grid potentials, respectively..

The plate voltage has practically no effect and so does not appear in the
relation.

Equation (63) results from the fact that the space current is pro-

portional to the % power of the electrostatic field at the cathode surface.

This field is determined only by the control- and screen-grid potentials, 2

with the screen grid serving the same function as the plate of the triode in

Eq. (59). The quantity ns„ is analogous to the amplification factor of the
triode, and with perfect symmetry is a constant determined solely by the

geometry of the tube. The numerical value of fisg is a measure of

the extent to which the control grid is able to shield the cathode from
the screen-grid potential, and is greater the finer the mesh of the control-

grid structure. It is apparent from Eq. (63) that the total space current

can be controlled by means of the control grid and that this current

becomes zero, or is cut off, when the control-grid bias is

Cutoff bias = —

^

(64)

Because of this relation one can think of/t, as the "cutoff" amplification

factor.

The total space current given by Eq. (63) is divided between the posi-

tive electrodes, i.e., between the screen and the plate. With plate volt-

ages that are sufficient to prevent the formation of a virtual cathode in

front of the suppressor, the ratio of plate to screen currents is very
nearly equal to the ratio of the area of the spaces between the wires of the
screen-grid structures to the projected area of the wires themselves, and is

to a first approximation independent of the plate and screen potentials. 3

1 For highest accuracy the quantity inside the brackets on the right-hand side of
the equation must be corrected to take into account contact potential and velocity
of emission, exactly as discussed in connection with Eq. (59) for the case of triodes.

2 This assumes that the suppressor is connected to the cathode. If the suppressor
grid is not connected to the cathode, its potential has an effect which, though very
small, is still detectable.

3 The only effects that can alter the division of space current between plate and
screen, when the plate voltage is adequate to prevent the formation of a virtual cathode



130 RADIO ENGINEERING [Chap. IV

Characteristic Curves of Pentodes.—The actual voltage and current

relations of pentode tubes can be shown in characteristic curves, of which
those shown in Figs. 62 to 64 are typical. These are consistent in every

detail with the theoretical explanation given above. The total space

current tends to be independent of plate voltage and to vary with screen-

and control-grid potentials in exactly the same way as the plate current of

a triode tube. The division of this total space current between plate and
screen is also seen to be to a first approximation independent of plate,

control-grid, and screen potentials provided the plate potential is not too

low. As a consequence the plate current and also the screen-grid current

vary with control-grid and screen-grid voltages in the same way as does the

total space current (except when the plate potential is low). At plate

-ilO

9

5£
4
tJ

4
'*

-14 -13 -12 -II -10 -9 -8 -7 -6~-5 -4 -3 -2 -1 0°

Control Grid Voltage , Volts

Fig. 62.—Curves showing total space current of a pentode as a function of control-
grid potential for various screen potentials. Note the similarity of these curves to those
of Fig. 54 for triodes.

voltages so low that an effective virtual cathode is formed in front of the

'

suppressor, the plate current tends to be independent of control-grid and
screen-grid potentials and to be determined by the plate voltage, as

theory indicates should be the case. . The screen and cathode then divide

between them the part of the total space current that does not go to the

plate, so that the screen current increases and the total net space current

decreases as the plate voltage is reduced.

1

1

Plate Voltage 1

J/
Asa*2bi) / .sg^00 As;)-l5C>Asg-/<!TO j

r-so

in the front of the suppressor grid, are: (1) the fact that an increased plate potential

may divert a few of the small number of electrons that would otherwise go to the

suppressor; (2) the fact that an increased plate potential will modify the electrostatic

fields existing at the screen grid, and hence may divert to the plate a few electrons

that would otherwise be intercepted by the screen; and (3) the fact that the attraction

of the screen-grid wires does deflect slightly the paths of the approaching electrons,

causing the screen potential to have a small influence on the number of electrons that

are intercepted. All these effects are relatively small, however, so that to a first

approximation the division of current between plate and screen is roughly inde-

pendent of the contyol-grid, screen, and plate potentials provided the plate potential

is not too low.
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In some circumstances the suppressor grid is biased negatively and is

used to control the plate current. When this negative bias is sufficient to
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as a function of plate voltage for various control-grid potentials. Note that when the
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and those of plate current of a triode (Fig. 54).

permit the formation of an effective virtual cathode in front of the sup-

pressor, the plate current behaves in much the same way as it would in a

triode tube in which the suppressor grid was the control grid and the
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virtual cathode the actual cathode. This is clearly apparent in Fig. 65.
In order to have an effective virtual cathode, it is necessary that the total
space current be appreciably greater than the number of electrons that
the plate is able to draw from the virtual cathode. When the virtual
cathode is not able to provide a complete space charge, saturation effects
appear which correspond to those observed in a triode with insufficient
cathode emission, as is evident by a comparison of Figs. 65 and 56.
For any given total space current this saturation effect first appears at a
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Fig, 65. Curves showing plate and screen currents and total space current of a pentode
as a function of plate voltage for various values of suppressor-grid potential. It will be
noted that for low plate voltages where a virtual cathode forms, the curves of plate current
are somewhat like those of a triode as shown in Fig. 56.

value of plate current which is proportional to the total space current, but
which is roughly independent of the combination of plate and suppressor
voltages used to draw the plate current. Hence the tendency toward the
formation of a virtual cathode increases as the total space current is

increased and as the plate current becomes smaller. Examination of
Fig. 65 shows that, as the suppressor potential is varied, the total space
current also varies. At plate voltages high enough to prevent the forma-
tion of a virtual cathode, this effect is small and arises from the fact that
the suppressor potential has some effect on the field near the cathode
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in spite of the shielding action of the screen grid.- At plate voltages low

enough to allow a virtual cathode to form, the total space current decreases

rapidly as the suppressor is made more negative. This is because many

of the excess electrons which the virtual cathode turns back toward the

screen pass on between the control-grid wires and are collected by the

emitting cathode, and so are not counted in the total space current.

One may wonder why the suppressor grid is necessary in the pentode

tube. Actually the suppressor has a very important function because,

with the electrostatic fields as shown in Fig. 60, secondary electrons pro-

duced at the plate and screen grid by the impact of the electrons arriving

from the cathode will be immediately drawn back to the electrode produc-
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Control grid connection
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Plate
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s-Screengrid(Outerpari)

Fig.

— Controlgrid

'Cathode

-Section taken through a screen-grid tube to show the electrode arrangement.

ing them. If the suppressor grid is omitted, however, there will be strong

electrostatic fields existing between the plate and screen electrodes, and

whichever of these electrodes is the most positive will attract the second-

ary electrons produced at the less positive electrode. This introduces

undesirable characteristics and is the reason that the screen-grid tube,

which can be thought of as a pentode with the suppressor grid omitted,

has been displaced in nearly all applications by the pentode tube.

32. Screen-grid Tubes.—A screen-grid tube is essentially a three-

electrode tube to which there has been added a second grid located between

the plate and the first grid. This extra electrode is called the screen grid,

and it serves as an electrostatic shield that eliminates substantially all

capacitive coupling between the inner grid and plate. In order that this

shielding may be as complete as possible, small screen-grid tubes are

commonly constructed as shown in Fig. 66, with the control-grid lead

coming out through the top. The extension of the screen grid that prac-

tically surrounds the plate assists in reducing the direct capacity between
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control grid and plate to the lowest possible value. The screen is nor-
mally operated at a fixed positive potential somewhat less than the plate
voltage, but most of the electrons that the screen attracts pass through its

meshes and go to the plate, so that, while the screen grid serves as an
almost perfect electrostatic shield, it intercepts only a relatively small
proportion of the total electron flow.

The voltage and current relations existing in a screen-grid tube can be
derived by considering the electrostatic fields that exist in the tube and
the effect that these have upon the behavior of the primary and secondary
electrons. The electrostatic fields for two typical cases are shown sche-
matically in Fig. 67. The number of electrons drawn from the space
charge surrounding the cathode is determined by the electrostatic £eld
in the immediate vicinity of the cathode, and this in turn is determined by

(a) Ep>Esg (b)Ep<Esg

+ + i
Co1hock Control Screen Plate Cathode Control Screen Plate

grid grid grid gtid

Fig. 67.—Schematic diagram illustrating the nature of the electrostatic fields exist-
ing in a screen-grid tube. The arrows indicate the direction in which the electrons are
accelerated.

the control-grid and screen-grid potentials exactly as in the case of the
pentode tube. The potential of the plate has negligible effect upon this

field because of the effective electrostatic shielding exerted by the com-
bined action of screen and control grids. The electrons drawn from the
space charge pass between the meshes of the control grid and are acceler-

ated to a high velocity on approaching the screen. Most of these electrons

also pass between the meshes of the screen grid and go on to the plate.

The total number of electrons drawn from the space charge surrounding
the cathode, and the division of these electrons between the plate and
screen-grid electrodes, are determined by exactly the same factors that
control the total space current and its division in pentode tubes.

The actual plate and screen-grid currents of the screen-grid tube are
not, however, determined solely by the number of electrons that these
electrodes receive directly from the cathode. This is because the electrons

upon arriving at the screen grid and plate produce secondary electrons
by impact (secondary emission). These secondary electrons are then
attracted to the electrode having the highest positive potential, with the



bite. 82] FUNDAMENTAL PROPERTIES OF VACUUM TUBES 135

result that there is an electron flow between screen grid and plate which is

superimposed upon the flow of primary electrons to these electrodes from

the cathode. The more positive electrode consequently receives a larger

current and the less positive electrode a smaller current than would be the

case if there were no secondary emission. Thus, when the plate potential

is appreciably less than the screen potential, as in Fig. 67&, the screen

attracts all the secondary electrons produced at the plate. The net

plate current is then the number of primary electrons received minus the

number of secondaries lost, and it will be negative when each arriving

primary electron produces on the average more than one secondary

electron. Similarly, when the plate is more positive than the screen grid,

-9 -8 -7 -6 -5 -A- -3

Con+rol Grid Vo1+aofe,Vo1+s

Fig. 68.—Typical curves showing the effect of electrode voltages on the total space

current (ip + isg) of a screen-grid tube. This total current is relatively independent of the

plate potential and varies with control- and screen-grid potentials in exactly the same way

as the plate current of a triode Varies with grid and plate voltages, respectively.

as in Fig. 67a, the plate attracts secondary electrons from the screen, but

this effect is not so pronounced since most of the secondaries at the screen

are produced on the side away from the plate. The screen, therefore,

largely shields these secondaries from the attraction of the plate which

enables the screen to recapture most of them.

The number of secondary electrons produced at an electrode is propor-

tional to the number of arriving primary electrons, increases as the voltage

of the electrode becomes greater, and is particularly sensitive to the sur-

face conditions. Secondary emission commonly becomes appreciable

at potentials of 25 to 75 volts, and at these voltages it is not unusual

for each primary electron to produce one or two secondary electrons.

With surfaces treated in such a way as to enhance secondary emission, as

many as ten secondary electrons may be produced for each primary elee-
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tron, while surfaces prepared to resist secondary emission will on the

average have only one secondary electron for perhaps five or ten primary
electrons.

Characteristic Curves of Screen-grid Tubes.—The above factors cause

the screen-grid tube to have char-

acteristic curves such as shown in

Figs. 68 to 71. The curves of total

space current in Fig. 68 are similar to

the corresponding curves for the

pentode tube shown in Fig. 62 and
are similar to the characteristic

curves of a triode with the screen

grid serving the same function as the

triode plate. For an equi-potential

cathode one hence has 1

(65)

Total space current =

h + ho = k(e s +^Y
The notation is identical with that

used in Eq. (63) for pentodes. The
plate potential has negligible effect

on the total space current because
•20 40 60 so io'o 120 140 160 180 200 ?20 240 of th« effective shielding provided

Plate Voltage, Volts i ,-, • , „

t, „ fin 1r , . , , , , , by the screen grid. 2

i ig. 69.—Variation of plate and screen- J ...
grid currents and of total space current, The division of the total space

ULStI™ Ssr3S?*£K current between the plate and screen

the control-grid voltage alters the magni- electrodes depends upon the relative
tudeof the curves without changing their and absolute Voltages of those
shape (i.e., the control-grid potential affects °
the total space current but does not alter its electrodes as shown in Figs. 69, 70,
division between the plate and screen grid). and 71. When the plate is appreci-

ably more positive than the screen electrode, the plate retains all the

1 For greatest accuracy, corrections for contact potential and velocity of emission

must be included in the parenthesis on the right-hand side of Eq. (65), as was the

case in Eqs. (59) and (63).
2 To take into account the effect of the plate potential, Eq. (65) can be written

in more exact form as follows:

ip + isg = k(e„ +^+^Y
where \xp is a constant that is a measure of the relative effectiveness of the control

grid and the plate in producing electrostatic fields at the surface of the cathode.

This constant nv is consequently a measure of the shielding, and will be so large as to

make the term Ev/nP negligible if the shielding is of the order of magnitude obtained

with ordinary screen-grid tubes.
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primary electrons that it receives and in addition receives a small number
of secondary electrons from the screen, with the result that the plate

current is then very nearly equal to the total space current and will be

substantially independent of plate voltage. 1 When the plate voltage is

less than the screen potential and is still not extremely low, the plate

current decreases as the plate voltage increases, as in Fig. 69. This

represents a negative resistance characteristic, and the tube, when used

in this way as a negative resistance device, is termed a dynatron. The
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Fig. 70.—Variation of plate and screen-grid currents and total space current with
plate voltage for several values of screen-grid voltage (control-grid voltage constant).
The total space current is nearly independent of plate voltage, but the way in which this

current divides between screen grid and plate depends upon the potentials of these elec-

trodes, the one which is the most positive receiving the major fraction of the current.

negative resistance is a result of the fact that, while the number ofprimary

electrons that the plate receives is independent of the plate voltage, the

number of secondary electrons produced at the plate increases with in-

creased plate voltage; and with the screen more positive than the plate

all these secondary electrons flow to the screen. Hence the plate current

decreases with increasing plate voltage, and will reverse in polarity if on

1 When the plate voltage is appreciably greater than the screen voltage, the plate

current will vary slightly with plate voltage because increasing the plate voltage

(1) increases the total electron flow very slightly as a result of imperfect shielding by
the screen grid, (2) increases slightly the fraction of the total space current that the

plate receives as a result of the electrostatic fields which the plate produces at the

screen, and (3) increases that fraction of the secondary electrons produced at

the screen grid which the plate is able to attract.
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the average each primary electron produces more than one secondary
electron. The transition between this region of decreasing plate current
with increasing plate voltage and the region where the plate current
equals substantially the total space current and is independent of the

-14 -12 -10 -8 -6 -4
Con+rol Grid Vol+oioje

-2

-16 -14 -12 -10 -8-6-4
Con+rol Grid Vol+age

Fig. 71.—Variation of plate and screen-grid currents and total space current with
jontrol-grid voltage for several values of screen-grid voltage. These curves bring out how,
.or a given plate and screen-grid voltage, the absolute magnitude of the current received
oy each of these electrodes varies with control-grid voltage in much the same way as the
plate current of a triode varies with grid voltage.

plate voltage occurs when the screen and plate are at approximately the
same potential.

At very low plate voltages the number of secondary electrons produced
at the plate becomes very small and at the same time there is a tendency
for a space charge (virtual cathode) to form in front of the plate that turns

back some of the arriving electrons to the screen. The plate current then
depends on the plate voltage and is much less than the total space current.
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The screen grid gets whatever current does not go to the plate, since

the arithmetic sum of plate and screen currents must equal the total

space current. As a result the screen current varies with plate voltage in

a manner that is the exact inverse of the way in which the plate current

varies with plate voltage.

Increasing the screen voltage increases the total space current and

raises to a higher value the plate voltage at which the plate current first

becomes substantially independent of plate voltage. At the same time

the region where the plate current decreases with increasing plate voltage

is lengthened. This is clearly evident in Fig. 70.

The control-grid potential alters the magnitude of plate and screen

current curves but does not affect their general shape. This is because
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Fig. 72.—Characteristics of screen-grid and pentode tubes showing the effects of second-

ary emission. The power tetrode is a screen-grid tube in which the plate has a ribbed

structure and is treated to reduce the production of secondary electrons.

the control-grid potential affects the number of primary electrons drawr>

from the space charge around the cathode but does not appreciably affect

the factors that control the division of current between the screen and

plate. The result is that the plate and screen currents, as well as the

total space current (Ip + I,„), vary with control-grid voltage in much

the same' way as does the plate current of a triode. This is illustrated

in Fig. 71 and is true even when the absolute magnitude of the current

to one electrode is negative.

Miscellaneous Considerations.—A comparison of screen-grid and

pentode tubes shows that the differences between them arise primarily

from the fact that the suppressor grid of the pentode prevents secondary

electrons from being interchanged between plate and screen. This

eliminates the fold that appears in the plate-current curves of Fig. 69,

makes the plate current somewhat more independent of plate voltage, and
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also makes possible slightly better shielding between plate and control
grid. The result is that for most purposes the pentode tube is superior
to the screen-grid tube.

The characteristics of screen-grid tubes in the region where the plate
voltage is less than the screen voltage are very sensitive to the surface
conditions at the plate electrode. These conditions vary greatly from
tube to tube, and also often change during the life of a single tube. It is

possible to prevent almost all loss of secondary electrons at the plate by
treating the plate surface in such a way as to reduce the tendency toward
secondary emission, and by providing the plate with a ribbed structure
that serves to shield the plate surface from the screen-grid potential and
so enables the plate to retain a considerable fraction of the secondary
electrons produced at its surface. The characteristic curve of a tube of
this type is shown in Fig. 72 (power tetrode curve), together with the
corresponding characteristics of two other screen-grid tubes having
different amounts of secondary emission, and the characteristics of a
pentode tube.

33. Coefficients of Screen-grid and Pentode Tubes.—The important
coefficients of screen-grid and pentode tubes are the mutual conductance
(or transconductance), plate resistance, and two amplification factors.

The first amplification factor of importance is the constant n,„ which
appears in Eqs. (63) and (65) and which represents the relative effective-

ness of the control and screen grids in producing electrostatic fields at the
surface of the cathode. A definition of this constant in terms of the
notation of Eqs. (63) and (65) is

_ dES g\

Vsg ~ "jit (66)
U£!j g \IP + I,„ constant

The amplification factor nsg is analogous to the amplification factor n
of triode tubes, and can be termed the cut-off amplification factor since it

determines the screen- and control-grid potentials giving cut-off. It can
be calculated in the same manner as the amplification factor of a triode
by assuming that the screen corresponds to the plate electrode of the
triode. If the tube has perfect mechanical symmetry, the amplification
factor /*„ is determined only by the geometry of the tube and is completely
independent of electrode voltages. However, the dissymmetry introduced
by supporting wires causes different parts of the control grid to have
different values of /*,„, so that the resulting value of this constant for the
entire tube is a sort of average that decreases in numerical value as cut-off
is approached, exactly as is the case with the amplification factor of triodes.
The numerical value of fxsg in receiving screen-grid and pentode tubes is

commonly in the range 6 to 15, with slightly lower values sometimes being
employed in screen-grid transmitting tubes.
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The second amplification factor of importance in screen-grid and
pentode tubes represents the relative effectiveness of control-grid and
plate potentials in varying the plate current. This constant is commonly
termed the amplification factor, is designated by the symbol n, and is

defined quantitatively by the equation

M = --fnr (67)
t*-C/ 9 Ip constant

where Ep and Eg are plate and control-grid potentials, respectively, and
Ip is the plate current. Over that part of the characteristic curves of

pentodes and screen-grid tubes where the plate current is substantially

independent of plate voltage, the amplification factor n will be extremely

high because the plate potential then has very little effect upon the plate

current, whereas the control grid will have a very large effect. In radio-

frequency pentodes the value of n commonly encountered exceeds 1000

except at very low plate voltages, while, even in audio-frequency pentodes

where the shielding of the plate electrode is far from perfect, the value of m
is commonly several hundred. Values for screen-grid tubes are normally

slightly less than with radio-frequency pentodes when the plate potential

is appreciably higher than the screen voltage. When the plate voltage is

very low in pentodes, or is equal to or less than the screen voltage in

screen-grid tubes, the amplification factor n becomes low and will vary

greatly with electrode voltages. The amplification factor p. is not a

geometrical constant as is iisg ,but rather depends upon the electrode

voltages.

Plate Resistance.—The plate resistance of screen-grid and pentode

tubes represents the resistance that the plate circuit offers to an incre-

ment in plate potential, exactly as in the case df triodes. Thus it is

defined by the equation

BE
Plate resistance — Rp = -— (68)

dip

The plate resistance is the reciprocal of the slope of the plate-voltage-

plate-current curve, and hence is very high when the plate current is

nearly independent of plate voltage. In radio-frequency pentodes the

plate resistance exceeds 1 megohm except at very low plate voltages, and,

even in audio-frequency pentodes where the effect of the plate potential is

not so completely shielded, the plate resistance will normally exceed

50,000 ohms. In the case of screen-grid tubes operated with the plate

considerably more positive than the screen, the plate resistance is high,

but less than in the corresponding radio-frequency pentode.

With low plate voltages the plate resistance of a pentode tube drops

considerably and corresponds to the plate resistance of an ordinary triod^

tube. In a screen-grid tube with plate voltage less than the screen
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voltage, the plate resistance will vary widely in value, as is apparent
from the fact that the slope of the plate-current curve in Fig. 69 varies
greatly. In particular it is to be noted that, when the secondary emission
at the plate is considerable, the plate resistance may be negative.

Mutual Conductance (or Transconductance).—The mutual conductance
(or, as it is sometimes called, the transconductance) of screen-grid and
pentode tubes is denned in the same way as in triodes and is given by the
equation

Mutual conductance = Gm = .-=?- = -£- (69)

where

IP = plate current

Eg = control-grid voltage

/* = amplification factor given by Eq. (67)
Rp = plate resistance as given by Eq. (68).

The mutual conductance represents the rate of change of plate current
with control-grid voltage, or, what is the same thing, the ratio »/Rp .

The mutual conductance is the most important single constant of screen-
grid and pentode tubes when operated in the usual manner with sufficient
plate voltage to make the plate current substantially independent of
plate voltage. Under such conditions the plate current is very nearly
equal to the total sp^ce current, and is also proportional to the total
space current. The mutual conductance will then depend primarily
upon the magnitude of plate current, but not upon the combination of
control-grid, screen, and plate potentials required to produce the current.
The mutual conductance of screen-grid and pentode tubes under such
conditions is analogous to the mutual conductance of triodes and, in fact,
has about the same numerical value as the mutual conductance of. a
corresponding triode at the same plate current.

At plate voltages so low that the plate current is not independent of
plate voltage, the mutual conductance depends very greatly upon the
plate potential as well as upon the total space current, and will vary over
wide limits with changes in plate voltage. In particular, with screen-
grid tubes operated at potentials that give a negative plate resistance, the
mutual conductance will be negative.

Miscellaneous Constants.—Screen-grid and pentode tubes possess
numerous other constants which may under special circumstances be
useful in expressing properties of the tube. Thus each positive electrode
has its own dynamic resistance denned in the same way as the plate resist-
ance except that the expression is in terms of the voltage and current of
the electrode involved. Likewise, each positive electrode possesses a
mutual conductance or transconductance with respect to every other
electrode; in the general case this is denned by the relation
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Mutual conductance = Ml (70)

where Ii is the current to the electrode for which one desires a mutual

conductance and E2 is the potential of the electrode with respect to which

one desires the mutual conductance. Finally, there are numerous

amplification factors, each of which is denned in terms of the relative

effectiveness of some particular pair of electrodes upon some current in

the tube. Thus in the pentode tube one could define amplification factors

giving the relative effectiveness of control-grid and suppressor-grid poten-

tials upon the plate current, upon the screen-grid current, and upon the

total space current Ip + Isg .

33a. The Beam Tube.—The beam tube is a special type of screen-grid

tube in which the effect of a suppressor grid is obtained by means of the

(a) Potential distribution
in screen-plate space for
various plate voltages
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Fig. 73.—Characteristics and constructional' features of beam power tube.

space charge in the space between plate and screen. This is accomplished

by using a large plate-screen distance and by concentrating the electrons

traveling toward the plate into a well-defined beam. These modifications

increase the space-charge effects existing in the plate-screen space to the

point where there is a pronounced potential minimum in the interelectrode

space even when the plate potential is low. This potential minimum
produced by the space charge is illustrated in Fig. 73a and performs the

same function as a suppressor grid in that it causes secondary electrons

emitted from the plate to encounter an opposing field which returns them
to the plate. In spite of this potential minimum, the plate still collects

all the electrons that pass the screen provided the minimum potential in

the interelectrode space exceeds zero. The characteristic that results is

shown in Fig. 736 and is the same as a pentode characteristic except that

the transition between the region where the plate current is substantially
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independent of plate voltage and where the plate current is determined
primarily by plate voltage is more abrupt and takes place at a lower plate
potential. The gradual transition of the pentode is caused by the fact
that the spaces between the wires of the suppressor grid tend to produce
a variable-mu action not present in the beam tube.

The construction of a practical beam tube is shown in Fig. 73c. The
beam-forming plates are internally connected to the cathode and serve to
concentrate the electrons in a beam as indicated. This increases the
space-charge effect sufficiently so that, when coupled with the large screen-
plate distance, the space charge will produce the required potential mini-
mum. The beam-forming plates also serve to keep the electrons away
from the ends of the control-grid structure where pronounced dissym-
metry exists. The control-grid and screen-grid wires are carefully
aligned so that the screen-grid wires are in the shadow cast by the control
grid. This reduces to an unusually low value the fraction of the total
space current which is intercepted by the screen.

The beam tube is equivalent to a pentode as far as fundamental char-
acteristics are concerned, but its abrupt transition characteristic at low
plate voltages makes it superior to the pentode as a power amplifier.

34. Variable-mu Tubes. 1—Variable-mu tubes (also called remote
cut-off tubes and supercontrol tubes) are screen-grid and pentode tubes in
which the design has been modified in such a way as to cause the total
space current of the tube to tail off at very negative control-grid poten-
tials rather than to have a well-defined cut-off point. A typical character-
istic of such a tube is shown in Fig. 74a, together with the characteristic of
an ordinary screen-grid tube. A variable-mu characteristic is obtained
by using a non-uniform control-grid structure, so that the amplification
factor fxsg is different for different parts of the tube. Such an arrange-
ment makes the grid potential required for cut-off different for different
parts of the tube, and those parts having the lowest value of n,a will hence
require an extremely negative grid bias to cut off all plate current. The
usual method of obtaining the variable fxsg is illustrated in Fig. 746, and
consists in varying the pitch of the control-grid structure. The coeffi-
cients of variable-mu tubes are denned in the same way as for other pen-
tode and screen-grid tubes, and, except for the variable character of nsg

and the fact that at very low plate currents the mutual conductance
changes less rapidly with grid bias, are similar in all respects to the con-
stants of sharp cut-off screen-grid and pentode tubes.

Variable-mu tubes are used where it is desired to control the amplifica-
tion by varying the control-grid potential of the tube. The characteristic

1 See Stuart Ballantine and H. A. Snow, Reduction of Distortion and Cross-talk
in Radio Receivers by Means of Variable-mu Tetrodes, Proc. I.R.E., vol. 18, p. 2102
December, 1930.

'
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curves of ordinary screen-grid and pentode tubes possess considerable

curvature where the plate current (and hence mutual conductance) is

low, whereas the characteristic curves of a variable-mu tube are only
slightly curved under these same conditions, as is apparent from Fig. 74a.

The low curvature of the variable-mu characteristic at low plate currents

(and hence at low mutual conductance) minimizes cross-talk interference"

and distortion that would otherwise be produced.
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Fig. 746.—Cut-away illustration
of a variable-mu screen-grid tube,
showing the variable pitch of the
control-grid structure that gives the
variable-mu characteristic.

35. Effect of Positive Control Grid.—Throughout the discussion given

above for different types of tubes it has been assumed that the control

grid is operated at a negative potential. If the control grid becomes
positive, the total space current is still determined by the strength of the
electrostatic field at the surface of the cathode, just as with the grid

negative, but part of this current is diverted away from the other positive

electrodes to the control grid. Hence Eqs. (59), .(63), and (65) become
For triodes:

/,+/„= k(e + ^y (7i)

For screen-grid and pentode tubes:

*-P ~r i-sg ~T i g
—= k(e +^s

\

\ »S0 /
(72)

where Ig is the control-grid current and the remaining notation is the same
as before.

The division of this total space current between the control grid and
the remaining electrodes depends upon the type of tube and the electrode

potentials. In the case of triodes the control-grid current increases as the
control grid becomes more positive. The grid current is relatively small,

however, and the rate of increase is slow until the grid voltage equals or
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exceeds the plate potential, at which point the grid current suddenly
begins to increase very rapidly. This is because the grid then attracts
secondary electrons from the plate. The grid current also increases with
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76.—Characteristics of a small-power screen-grid tube (type 865) in the positive
control-grid region.

reduction in plate voltage, particularly when the pldte voltage is low
enough to permit the formation in front of the plate of a virtual cathode
that turns some electrons back toward the grid. The characteristics of a
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triode tube in the positive grid region are of especial importance in con-

nection with Class C amplifiers and power oscillators. A typical set of

tube characteristics in this region is shown in Fig. 75. The control-grid

current of screen-grid and pentode tubes increases with control-grid

voltage, but tends to increase less rapidly at low plate voltages than in the

case of triodes because the presence of the screen reduces the oppor-

tunity for the control grid to attract the secondary electrons produced at

the plate. Characteristics of a screen-grid tube in the positive grid region

are shown in Fig. 76.

36. Miscellaneous Tubes and Tube Applications.—The following

paragraphs describe miscellaneous tube types and also a number of special

circuit arrangements for standard triode, screen-grid, and pentode

tubes.

Duplex Tubes.—A duplex tube is essentially two separate tubes in the

same glass envelope. These tubes may be entirely independent, with

separate leads for all electrodes, or they may be interrelated by having a

common cathode. Duplex tubes are commonly used in radio receivers,

and have the advantage of economy of space and a somewhat Tower cost

than two separate tubes to accomplish the same purpose. It is always

possible, however, to use two tubes to accomplish the result of a single

duplex tube.

Dual-grid or Class B Tubes.—Dual-grid or Class B tubes are char-

acterized by the fact that they can be arranged to function as a triode

tube which has either a very high or a moderately low amplification factor,

and also by the fact that with the arrangement giving a high amplifica-

tion factor the current that is drawn by the control grid when this grid is

less positive than the plate is much smaller than is the case with an ordi*

nary high-amplification-factor tube.

Dual-grid tubes consist of a cathode, two concentric grids, and a plate.

For operation with low amplification factor, the outer grid is connected to

the plate, while the inner grid serves as the control electrode. To obtain

a high amplification factor the two grids are connected together and used

as the control grid. This arrangement shields the cathode very effec-

tively from the effect of a plate voltage, so that the amplification factor is

extremely high. At the same time this high amplification factor is

obtained with a relatively coarse structure for each grid, so that the total

projected area of the grid wires is much smaller than the projected area of

the wires of a single grid tube with sufficiently close mesh to give the same
high amplification factor. As a consequence, the grid current of the dual-

'

grid high-amplification-factor tube is unusually small when the grid is

positive.

Dual-grid tubes are used in Class B audio amplifiers, and are discussed

further in Sec. 61.



148 RADIO ENGINEERING [Chap. IV
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Space-charge-grid Tubes.—In space-charge-grid tubes there is an
auxiliary grid called the space-charge grid located between the cathode and
the control grid and operated at a low positive potential. The effect of

the space-charge grid is to increase the number
of electrons drawn out of the space charge

near the cathode. Some of these electrons are

immediately attracted to the space-charge

grid, but many of them pass through its meshes
into the space in front of the control grid,

where they are slowed down by the retarding

field and form a second space charge as shown
in Fig. 77. This represents a virtual cathode

Fig. 77.—Details of space- which serves as the actual cathode for the
charge grid tube. The inner , /-j.i_xi i • i i , • i

grid is the space-charge grid and remainder ot the tube, which may be a triode,

is operated at a moderate posi- screen-grid tube, etc. The characteristic
tive potential. ,i , ,, •'>', ,i ?curves that result are similar to those for con-

ventional tubes, as is apparent from Fig. 78.

The advantages of the space-charge-grid arrangement arise from the

fact that the virtual cathode has a large area and is located very close to

the control grid. This gives a very high

mutual conductance in proportion to the

plate potential. The disadvantages of the

arrangement * are that the characteristic

curves tend to have excessive curvature

when considered over an appreciable range

of voltages and that the space-charge grid

draws a very heavy current, usually more
than half of the total space current.

Any tube with more than one grid can

ordinarily be arranged to function as a

space-charge-grid tube. Thus the curves

of Fig. 78 were obtained by using a con-

ventional screen-grid tube with the

ordinary control grid functioning as the

space-charge grid and with the ordinary

screen grid serving as the control grid.

The result is then a

-2
QrH Voltage-Ms

Fig. 78.—Characteristic curves of

space-charge grid tube. The plate
current varies with control-grid and

Space-charge-grid plate voltages in much the same way

triode tnbp A npntnrle fnhp r»«n hp HIcp-
as in a triode

-
while the space-charge

trioae tune, a pentoae tuoe can oe liKe-
grid current is much larger than the

wise rearranged to serve as a space-charge- plate current and decreases as the

grid screen-grid tube, as in Fig. 79.
plate current increases -

Special Connections for Conventional Tubes.—It is possible to operate

conventional tubes to give special characteristics either by employing

special connections or by using the proper combination of electrode



Sec. 36] FUNDAMENTAL PttOPERTiES OP VACUUM TUBES 140

voltages. Several such examples have already been considered. Thus
the dual-grid tube can be arranged as a triode having either a moderate
or a high amplification factor, depending upon the way in which the grids
are connected. Likewise, it was seen that any tube with two or more
concentric grids could be made to operate as a space-charge-grid tube.
The number of such arrangements is very great, particularly when the

As triode with
medium ju

As triode with
high /i

As screen-
gHdtube

As space -charge -grid
screen-grid tube

Fig. 79.—Pentode tube arranged in various ways.

number of electrodes at one's disposal becomes large. Thus an ordinary
pentode tube can be connected as a triode having either a very high or a
moderate amplification factor, as a screen-grid tube, or as a space-charge-
grid screen-grid tube, as shown in Fig. 79.

Another way in which an ordinary tube can be rearranged is to inter-
change the functions of the grid and plate by making the grid the anode
electrode and by using the plate as the negative
control electrode, as shown in Fig. 80. x The operation
of such an inverted tube rests on the fundamental fact
that the space current flowing to the anode, which in
this case is the positive grid, depends almost solely
upon the electrostatic field in the vicinity of the int^S^
cathode and is substantially independent of how this tube. The tube is an

field is produced. Sinee both plate and grid potentials ^YheXttw
attect the intensity of this electrostatic field, it is control electrode and
possible to use a negative plate as a control electrode to

is °Perated at a
*f.f

,, ative potential, while
serve the same purpose as the negative grid in the usual the grid acts as the

triode. The principal differences in the result are that
positive anode '

the amplification factor is low, being approximately l//x, where /x is the
amplification factor of the tube operated in the normal manner, and that
the dynamic anode resistance is much lower than in the corresponding
tube operated in the normal manner because changes in grid, i.e., anode,
voltage produce large changes in the electrostatic field near the cathode
and hence large changes in anode, i.e., grid, current. The inverted
vacuum tube is a useful laboratory tool when it is necessary to control a
current by a very high voltage without at the same time consuming any
energy from the high potential source.

x See F. E. Terman, The Inverted Vacuum Tube, a Voltage-reducing Power
Amplifier, Proc. I.R.E., vol. 16, p. 447, April, 1928.
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Coplanar Grid Tubes; Wunderlich Tube.—The coplanar grid tube can

be thought of as an ordinary tube to which there has been added a second

grid wound between the meshes of the usual grid. Such a double grid

tube obviously introduces a number of possibilities not present in simpler

tubes and has been found useful in a variety of circumstances.

If one of the coplanar grids is made positive, it is possible to produce a

strong electrostatic field at the surface of the cathode even if the other

grid is operated as a negative control grid, so that the result is a much
larger space current than could be obtained in a corresponding triode tube.

At the same time, if the plate is more positive than the positive coplanar

grid, the latter will intercept only a small fraction of the total space cur-

rent. A tube operated in this way has characteristics that are very

suitable for power amplification. 1

Another use of the coplanar grid tube is as a power grid-leak detector

tube. This application is discussed in Sec. 85, and it is the purpose for

which the Wunderlich coplanar grid tube was first developed, although

this tube has since found a wide variety of other uses, mostly of a

laboratory character.

Mixer Tubes for Superheterodyne Receivers.—Several types of multigrid

tubes have been developed for use as the first detector of a superhetero-

dyne radio receiver. The most important examples of these are the

pentagrid converter tubes and the hexode mixer, both of which have

five concentric grids. Inasmuch as the operation of these tubes is

intimately related to the operation of the detector, they are considered

in Sec. 88 in connection with detectors.

Tubes for High Frequencies.—-At very high frequencies, such as 100 mc
and more, ordinary tubes either become inoperative or function in a

very unsatisfactory manner. This is partly due to the increasingly

important role played by the interelectrode tube capacities and the

inductance of the lead-in wires and partly due to the fact that at these

high frequencies the length of time required for an electron to travel

from the cathode to the plate is not negligible in comparison with the

time represented by a cycle. The finite transit time causes changes in

plate current to lag behind changes in grid potential. This gives

rise to a number of very detrimental effects, such as cathode bombard-
ment by electrons trapped in the interelectrode space at the instant the

grid potential becomes greater than cut-off, and high grid loss. This

grid loss occurs even when the grid is maintained negative, because

of the fact that the variation in grid potential during the time an electron

is in transit causes the grid and the electron stream to interchange

energy. This effect is discussed further in Sec. 53.

1 See H. A. Pidgeon and J. O. McNally, A Study of the Output Power Obtained

from Vacuum Tubes of Different Types, Proc. I.R.E., vol. 18, p. 266, February, 1930,
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The natural solution for these limitations at high frequencies is to

reduce the size of the tube as far as possible. It can be readily demon-
strated that, if all dimensions are varied in the same proportion, the

mutual conductance, amplification factor, and plate resistance will be
unaffected but the interelectrode capacity, the lead inductance, and the
transit time for the same electrode voltages will vary directly with the
linear dimension. Miniature triode and pentode tubes (comnlonly
called acorn tubes) based upon this principle are 'commercially available.

These have substantially the same static characteristics as standard
receiving tubes, but the detrimental effects

of interelectrode capacity, lead inductance,

and transit time are reduced by a factor

of two to five over standard tubes. 1

The disadvantage of small tubes is that

the heat-dissipating ability of the anodes
and the available thermionic emission both
decrease with size, so that small tubes are

inherently unsuited for handling appreciable

power. Various expedients have been sug-

gested for increasing the allowable dissipa-

tion at small anodes, and a number have
been tried and found to show considerable

improvement over standard tubes. 2 There
is still room for improvement, however,
and, although considerable, progress has
already been made, the ultimate solution

of the ultra-high-frequency high-power tube Fig. 81—Split-anode mag-

does not appear to have been reached. «,?™h Vt* ?
nsistS °f a?T^^ x

_
surrounded by two semi-cylindrical

Magnetrons.—A magnetron is a vacuum anodes, and placed in a magnetic

tube in which the flow of electrons from the
™d s° ®f

r
f

?

ge
+t

th
«f

the
?
ux lines

are parallel to the filament.
cathode to the plate is affected by a magnetic
field. A number of types of magnetrons have been suggested but the only
one used to any extent in radio work is the split-anode magnetron illus-

trated in Fig. 81. 3 This consists of a filamentary cathode and two semi-

1 See B. J. Thompson and G. M. Rose, Jr., Vacuum Tubes of Small Dimensions
for Use at Extremely High Frequencies, Proc. I.R.E., vol. 21, p. 1707, December, 1933;
Bernard Salzberg and D. G. Burnside, Recent Developments in Miniature Tubes,
Proc. I.R.E., vol. 23, p. 1142, October, 1935.

2 See C. E. Fay and A. L. Samuel, Vacuum Tubes for Generating Frequencies above
One Hundred Megacycles, Proc. I.R.E., vol. 23, p. 199, March, 1935.

3 For information regarding other types of magnetrons, see Albert W. Hull, The
Magnetron, Jour. A.I.E.E., vol. 40, p. 715, September, 1921; The Axially Controlled
Magnetron, Trans. A.I.E.E., vol. 42, p. 915, 1923; Frank R. Elder, The Magnetron
Amplifier and Power Oscillator, Proc. I.R.E., vol. 13, p. 159, April, 1925.
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cylindrical plates, with an axial magnetic field as illustrated. When
the plates are positive, the electrons that are attracted to them follow

curved paths as in Fig. 82. If the plates are very positive, the curvature

of these paths is small, but at lower voltages the curvature becomes

greater, until at a critical potential, determined by the strength of the

magnetic field, the electrons follow a curved path (cardiod) back to the

cathode, as shown in Fig. 82c, and never get to the plate in spite of

the positive plate potential.

One of the chief reasons for the usefulness of the magnetron arises

from the fact that, if the magnetic-field strength is slightly less than the

cut-off value, and if a voltage is applied between the anodes in such a

way as to make one anode less positive as the other is made more positive,

the anodes will be found to offer a negative resistance to this superimposed

(a) High anode (b) Medium anode voltaqes (c) Low anode

voltages (just more than cutoff) voltages

Fig. 82.—Electron paths in split-anode magnetron under various conditions.

potential. This negative resistance arises from the fact that the electrons

which are attracted from the cathode by the most positive plate follow

such a curved path as actually to reach the least positive plate, and vice

versa, so that the added current which the electrode receives as a result

of its added potential has the opposite sign from the potential increment.

Vacuum Tubes as Negative-resistance Devices. 1—-There are a number

of ways in which a vacuum tube can be connected to give a negative

resistance. The best known arrangement of this type is the dynatron,

in which the negative resistance is obtained as a result of secondary

emission at the plate as explained in Sec. 32. The dynatron is essentially

a screen-grid tube operated with th« plate less positive than the screen

and having appreciable secondary emission at the plate. The plate

circuit of the tube then offers a negative resistance having a magnitude

that can be varied by the control-grid potential, as is apparent from

Fig. 69. The lowest negative resistance obtainable from commercial

screen-grid tubes used as dynatrons is 10,000 to 20,000 ohms.

Another convenient method of obtaining a negative resistance is to

connect a pentode tube as shown in Fig'. 83. 2 Here the screen-grid

1 For further information about the dynatron and its uses see Albert W. Hull,

The Dynatron, a Vacuum Tube Possessing a Negative Resistance^ Proc. I.R.E.,

vol. 6, p. 5, February, 1918.

2 See E. W. Herold, Negative Resistance and Devices for Obtaining It, Proc.

I.R.E., vol. 23, p. 1201, October, 1935.
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and plate electrodes are both positive, and the suppressor is sufficiently

negative to produce a virtual cathode between the suppressor and screen.

A high resistance is placed between the suppressor and its bias potential,

and the suppressor and screen electrodes are tied together with a by-pass
condenser. With this arrangement the screen-grid circuit offers a
negative resistance to alternating currents. This is because the screen
and suppressor electrodes are at the same potential with respect to alter-

nating currents, and, if the potentials of both electrodes vary together, the
current to the screen will decrease with increasing potential, and vice
versa. The reduction in screen current comes about because the screen
current consists largely of electrons

that have returned from the virtual ^K^ ~^\fypass condenser

cathode produced by the negative

suppressor. As the suppressor-grid

potential increases, more electrons are

drawn from the virtual cathqde to the ,_,__ v
plate, leaving fewer to return to the t 1 X jMgh-nsisttmc*

screen and hence reducing the screen FlG - 83.—Retarding field method of pro-
, mi -j i /..i ducing a negative resistance.

current. The magnitude of the nega-

tive resistance obtained in this manner can be controlled by varying the
control-grid potential. With ordinary tubes values as low as 3000 or

4000 ohms are obtainable.

A number of other negative resistance arrangements using vacuum
tubes have been proposed but none of these except the magnetron, which
is discussed above, has had much practical use. 1

Negative resistances obtained from tubes can be used as ordinary
circuit elements, and make it possible to achieve circuit behaviors not
realizable with positive circuit elements. Thus it is possible to devise
amplifiers, oscillators, etc., based upon circuits containing negative
resistance elements, 2 although none of these arrangements except the
dynatron oscillator (see Sec. 69) have been used to any extent.

37. The Mathematical Representation of Characteristic Curves of
Tubes.—In carrying out the analysis of circuits involving vacuum tubes,
it is often desirable to be able to express the characteristic curves of the
tubes by means of a mathematical expression. The principal methods
that have been employed to do this are the power-law method and the
power-series method.

Power-law Method of Expressing Tube Characteristics.—This method of

representing tube characteristics has already been made use of in Eqs.

1 A very thorough discussion of various means of using tubes to obtain a negative
resistance is given by E. W. Herold, loc. cit.

2 See A. W. Hull, loc. cit.; E. W. Herold, toe. cit.; L. C. Verman, Negative Circuit
Constants, Proc. I.R.E., vol. 19, p. 676, April, 1931.
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(57), (59), (63), (65), (71), and (72), which for the sake of convenience

will be rewritten below:

For diodes:

Iv = KEP
* (73)

For triodes:

/, + /.= k(e b + ^j
A

(74)

For screen-grid and pentode tubes:

/ F \H
IP + Isg + I g = K(E g + ^) (75)

Also in pentodes and screen-grid tubes, when the plate potential is

sufficiently high to make the plate current substantially independent of

plate voltage, the plate current is almost exactly proportional to the

total space current, so that for these conditions one has

\ Vsg/
Ip = K(Eg + ^) (76)

The notation in these equations is the same as that used when they were

first developed.

It is assumed in Eqs. (73) to (76) that the velocity with which the

electrons are emitted from the cathode and also the contact potentials

in the grid and plate circuits are negligibly small, and that there is no
voltage drop in the filament. Equations (74), (75), and (76) also assume
that the amplification factors n and /j,sg are geometrical constants entirely

independent of electrode voltages, which is equivalent to assuming that

the control-grid structure has perfect symmetry. It is also assumed that

there is a full space charge about the cathode and that an electron which
has once been drawn out of this space charge will not return to it. Hence
the equations do not necessarily hold when a virtual cathode is formed
somewhere within the tube.

The effect of the voltage drop in the filament of filament-type tubes

and also the effects of velocity of emission and contact potentials can be
taken into account in Eqs. (73) to (76) by methods discussed when these

relations were first developed in Sees. 27, 28, 31, and 32. These cor-

rections are quite small except when the field near the cathode is very

weak, i.e., when the space current is small. When the corrections are

made, Eq. (73) gives a very accurate representation of the complete

characteristic of a diode tube throughout the region where a full space

charge exists. The remaining equations are still only approximate
representations, however, because the lack of perfect symmetry in

actual tubes causes the amplification factors n and fisg to depend some-

what upon the electrode voltages.
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Because of this the characteristics of triodes, screen-grid tubes, and
pentodes^ can usually be more accurately represented by equations of

the following types:

For triodes:

/, + /,= k(e b + ^J
For screen-grid and pentode tubes:

iP + /., + i, = k(e, + ^Y

(77)

(78)

When the plate voltage is great enough so that the plate receives

most of the space current, then Eq. (78) becomes:

Iv = K (79)
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In these equations the amplification factor /x or nsg , as the case may be,

is evaluated for a point near the center of the region in which the most
accurate representation is desired, and the ex-

ponent a is determined experimentally by plot-

ting a curve of current against the parenthesis ^
on the right-hand side of the equations, using •£

logarithmic paper as shown in Fig. 84. The |
value of a at any current is the slope of the *

resulting curve at that point, and, although ,§

the slope is not perfectly constant, a particular 5
value of a will give a good approximation over

*~

an appreciable range.

The power-law method of representing tube

characteristics will be applied in Sees. 61 and 63

to the analysis of Class C amplifiers and
harmonic generators.

Power-series Method of Representing Charac-

teristic Curves of Tubes.—In the power-series method, the tube character-

istics are expressed in terms of a Taylor's series, or power series. 1 The
details of this method can be understood by applying it to the case of a
triode with equipotential cathode and assuming that over the limited range

that is to be represented the amplification factor n can be considered

constant. The method can then be extended to the general case in which
variations in the amplification factor are taken into account.

1 This method of analysis was first proposed by Carson; see John R. Carson, A
Theoretical Study of the Three-element Vacuum Tube, Proc, I.R.E., vol. 7, p. 187,

1919.

/"J

Fro. 84.—Plot of total
space current as a function of

(Eg + Ep/n) for a triode, show-
ing how to evaluate a. in the
equation Ip = K{EB + Ep /n)<*.
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For the simplified triode case the plate current is some function of

the quantity \Eg + ^Y That is:

/P =/(^ + ^)
(80)

This equation can be corrected for contact potential and velocity of

emission in the usual manner, if desired. In obtaining results based

upon Eq. (80), one is normally interested, not in the total plate and grid

voltages and total plate current, but rather in variations of the plate

current which result from variations of the electrode voltages about some

operating point corresponding to a plate voltage Ep0 ,
grid voltage Eg0 ,

and a plate current I . Hence one can write

:

Actual plate current = Ip = lo + iv )

Actual plate voltage = Ep = Ep0 + ep > (81)

Actual grid voltage = Eg = Eg0 + eg )

The lower-case letters represent the variations from the operating point,

such as might result when a small signal voltage is applied to the grid

of the vacuum tube and produces changes in the plate current and plate

voltage. A substitution of Eqs. (81) into Eq. (80), and then expanding

the latter into a Taylor series gives

The subscript denotes that the derivatives are to be evaluated at the

point Eg = Eg0 , Ep = Ep0 , and Ip = IP o of the characteristic.

The physical significance of Eq. (82) can be made clearer by noting

that

dlp _ r _ m

dE g
~ ^m RP

d 2Ip _ dGm __ — M dRp /gg\

dE g
2 ~~ dE g RP

2 dEg

d*Iv _ d^Grn 2M (dRP\
2

_ JX_ d^Rp

dE g
s ~ bE 2 RP\dE g) RP

2 dEg
2

where Rp is the plate resistance, Gm is the mutual conductance, and all

derivatives are evaluated at the point Ep0 , Eg0 , Ip0 . Substituting the

relations of Eq. (83) into Eq. (82) gives
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+ • • •

(84)

-&+$ -duax- +?)+•••
<*»

Equations (82) and (84) express the characteristics of the vacuum
tube about the operating point Ep0> Eg0 , and Ip0 at which the tube char-
acteristics are evaluated, and they are exact provided a sufficient number
of terms are included in the series and provided the plate current Ip
is greater than zero and is less than the saturation value. In actual
practice the series converges very rapidly so that two or at most three
terms are sufficient to explain all important aspects of tube behavior.

A more general form of Eqs. (82) and (84) can be obtained by express-
ing the plate current in the form Ip = f(Eg , Ep). Substituting Eqs. (83)
into this expression gives a result that can be expanded as a Taylor
series of two variables. 1 The method can also be extended to include
screen-grid and pentode tubes. 2

The power-series method of representing tube characteristics finds
use in the analysis of the factors causing amplitude distortion in ampli-
fiers, in the analysis of detection, and in certain other phenomena such
as automatic synchronization. Applications of the method to these
specific problems are taken up in later chapters.

38. Effect of Gas upon Tube Characteristics.—Very small traces of
gas in vacuum tubes affect the characteristics adversely in a number of
ways as a result of the positive ions produced in the tube by collisions

between the gas molecules and the electrons flowing to the plate. The
positive ions travel in the opposite direction from electrons and normally
end their existence by falling into the cathode or the negative control
grid. Those which bombard the cathode tend to destroy the emission
of thoriated-tungsten and oxide-coated cathodes, as has already been
discussed, and this effect is sufficiently serious to limit the usefulness of
these types of emitters. The positive ions collected by the negative
control grid also result Mn grid current that causes grid-circuit power
loss and limits the resistance that may be inserted in series with the grid,
as discussed below. Another serious effect of the positive ions is the
irregularities that they produee in the space charge at the cathode. This

1 This analysis, taking into account the variation of the amplification factor and
also extended to include the effect of control-grid current, is due to P. B. Llewellyn,
Operation of Thermionic Vacuum-tube Circuits, Bell System Tech. Jour , vol

5'

p. 433, July, 1926.
'

2 See J. G. Brainerd, Mathematical Theory of Four-electrode Tubes, Proc IRE
vol. 17, p. 1006, June, 1929.
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causes a shot effect that makes the tube "noisy"; this will be discussed in

Sec. 49.

When traces of gas are present in a tube, the resistance that may
safely be placed in series with the negative control grid of the tube is

limited. This is because the voltage drop that the grid current produces

across such a resistance has a polarity that makes the grid less negative.

This increases the total space current, thereby increasing the number of

positive ions and causing additional grid current ' and a still greater

reduction in the negative grid potential. If the resistance in the grid

circuit is high enough, this process can become cumulative, resulting

in the control-grid potential suddenly becoming positive and causing the

destruction of the tube as a result of excessive plate current. As a

consequence there is a maximum resistance that it is permissible to place

in series with the grid electrode, with the allowable value depending

upon the tube characteristics and the conditions under which the tube is

operated.

When the gas pressure is increased somewhat, the voltage and current

relations become seriously affected. The positive ions in drifting toward

the cathode neutralize a portion of the negative space charge around the

cathode and make it possible for more electrons to be drawn to the plate

than would otherwise be possible. The velocity of the positive ions is

so low because of their large mass that the life of the average ion is much
greater than that of an electron. Hence the rate of production of positive

ions need not be very great to increase the plate current appreciably.

The characteristic curves of tubes containing small amounts of gas also

tend to be irregular and to have sudden bends or kinks.

When the amount of gas in a tube is quite large, the ionization is

sufficiently intense to produce a luminous glow, and the tube is then said

to be "soft." The amount of gas required to produce a soft tube is quite

small, since a pressure of one-millionth of an atmosphere will commonly
give a visible glow and make the tube inoperative as a high-vacuum

device.

The amount of gas in a tube can be estimated from the amount of

grid current present when the grid is negative. This current is pro-

portional to the number of positive ions, which, with appreciable anode

voltages, are proportional to the total space current and the gas pressure.

This is the basis of the ionization gauge used to measure very low gas

pressures.

Hot-cathode Gas Diodes.—When the gas pressure in a tube is of the

order of 1 to 30 /x, as is the case when the tube contains mercury vapor in

equilibrium with liquid mercury at room temperatures, the presence of

the- gas profoundly affects the characteristics. In the ease of a diode,

the plate current starts to increase with plate voltage in exactly the same
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way as in the high-vacuum tube of Fig. 51, but at some critical potential,

which is just above the ionizing potential of the gas, there is a sudden
break and the current increases to the full cathode emission with little

or no increase in the plate voltage, as shown in Fig. 85. This is caused
by the appearance of positive ions, which at these gas pressures will

be produced in sufficient quantities at plate voltages just above the
ionizing potential to neutralize completely the space charge of the
negative electrons around the cathode. The result is that, as soon as

positive ionization sets in, the full emission current can be drawn to

the plate with just enough plate potential

to keep the ionization process function-

ing. This sort of characteristic finds

practical application in the hot-cathode

mercury-vapor rectifier tubes and is dis-

cussed in Sec. 94.

Gas Triodes (Thyratrons).—When gas

having a pressure of the order of 1 to 30

n is introduced into a triode (or any tube
having a control grid), the control action

exerted by the grid is changed in a very
remarkable way
grid potential Considerably more negative to the space current is removed as soon

than the cutoff value, and then gradually
as ionization **&**.

reduces this negative bias, it is found that, at the point where the plate
current would just start to flow if the tube contained no gas, the plate cur-
rent suddenly jumps from zero to a very high value, which readily reaches
the full emission of the cathode with anode voltages as low as 15 to 20
volts. After the flow of plate current has once been started, the control
grid has no further effect, and the grid can be made much more negative
than cutoff without altering the plate current appreciably. To stop the
plate current one must reduce the plate voltage below the ionizing poten-
tial of the gas in the tube.

The above characteristic is caused by the fact that, as soon as the plate
current starts to flow, positive ions are produced as a result of ionization
by collision. Some of these are attracted toward the negative grid,

surrounding it with a sheath of positive ions that neutralize the electro-

static effect of the grid and so destroy the normal control action of the
grid. At the same. time other positive ions are attracted toward the
cathode and neutralize the space charge. Hence, once ionization has
started, there is no space charge to limit the current flow, and the control
action of the grid has been lost.

The result is a relay or trigger device that has numerous important
practical uses, particularly in control work. It takes practically no
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energy at the negative grid to initiate the discharge, and at the same time
the resulting energy turned on may be many kilowatts. Tubes of this

character are known as gas triodes, or thyratrons, or grid-glow tubes.

When such tubes are to be used in low-frequency circuits, as in association

with 60-cycle power sources, the gas employed is usually mercury vapor
in equilibrium with liquid mercury. In other cases where the ionization

and deionization must be extremely rapid, helium, argon, or neon is

employed because the positive ions of these gases are much lighter and
hence; more mobile than mercury ions. 1

39. Constructional Features of Small Tubes.—The following para-

graphs describe very briefly the

principal constructional features of

the types of tubes commonly used

in radio receivers. The details of

larger tubes are discussed in Chap.
VII in connection with power
amplifiers.

Glass-envelope Tubes.—The out-

standing features of glass-envelope

tubes are shown by Figs. 86a and
HQh. The electrodes are supported

from wires embedded in the press,

with certain of the wires passing

through the glass and acting as

leads. There is also usually some method, commonly a mica sheet, for

holding the tops of the electrodes in proper position with respect to each
other. The technique of assembling a tube is similar to that employed
in the manufacture of incandescent lights. The electrodes are formed to
the proper shape and are spot-welded to the supporting wires, which are
then held in position while the press is made at the end of the stem. Next
the bulb is sealed to the stem, after which the tube is evacuated and based.

The plates of small tubes are usually formed of nickel or iron. 2 The
most common construction uses sheet material in which the rigidity is

often increased by such expedients as crimping the flat surface and turn-
ing over the edges to form a flange. The surface of the plate is sometimes
blackened by carbonization to facilitate the radiation of the heat produced
by the impact of electrons.

The grid structure is preferably of molybdenum, but less expensive
materials such as nichrome, iron, iron-nickel alloys, and manganese-nickel

1 For further information on gas triodes and their uses, see Keith Ilenney, "Elec-
tron Tubes in Industry," pp. 144-272, McGraw-Hill Book Company, Inc.

2 An extensive discussion of materials entering into the manufacture of receiving
tubes Is given by E. R. Wagner, Raw Materials in Vacuum-tube Manufacture,
Electronics, vol. 7, p. 104, April, 1934.
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Fig. 8Ga.—Photograph showing const ruf-
tional details of typical three-electrode vac-
uum (111 II!.
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alloys are commonly used. In the usual method of construction the grid

is attached to its supporting wires by being wound in grooves cut in the

support wires at suitable intervals, after which a swaging process is used to

hold the grid wires in place mechanically.

The filament in filament-type tubes is strung in the form of an inverted

V or an inverted W upon hooks which keep it under tension. In the case

of heater-type tubes the heaters are usually wound in a double spiral which

is slipped into the hollow cathode sleeve after being first sprayed with an

Fig. 866,—Photograph showing constructional features of a heater-typo variable-mu

pentode.

insulating compound that prevents short circuits between the heater turns

or between the heater and cathode sleeve.

Metal-envelope Tubes.—The metal-envelope tube differs from the glass

tube primarily in that the outer envelope consists of a metal shell rather

than a glass bulb. This ehange alters the manufacturing technique in

many important respects, although the internal assembly of cathode,

grids, and plate is essentially the same irrespective of the type of envelope

employed.

The principal features of a metal-envelope tube are shown in Fig. 87.

Instead of being mounted upon the press, the various electrodes are sup-

ported from a metal "header," as shown. The lead-in wires are brought

out through glass beads that are scaled to fernico or kovar eyelets, which in

turn are welded to the header. Fernico is a nickel-iron alloy which has the

same coefficient of expansion as the glass bead and so makes possible a
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vacuum-tight joint. After the electrode structure is completely assembled
upon the header, the metal shell is welded to the header as indicated in

Fig. 87, and the tube is finally evacuated, sealed off, and based. The
evacuation is accomplished through a metal exhaust tube welded to the
header, and the sealing-off process consists in pinching this tube and weld-
ing it closed.

As compared with glass tubes, the metal tube has certain advantages.
It is probable that better and at the same time less expensive tubes are
possible by using the metal construction. In particular the elimination of

Glass bead

Fernico r„*~

eyelet'''

Griefs

Gridcap

—- Insulafor

^Shield for
grid lead

Fernico
eyelet-

Pinched seat-

Plate
insulating
support

"Header

Exhaust tube

Fig. 87. Cut-away drawing showing nnstructional features of a meta'-envelopo pentode
tube.

the glass-blowing technique will probably make it possible to maintain
improved tolerances in clearances.

Evacuation of Tubes. 1—The air is removed from the tube by the use of

a motor-driven oil-immersed pump supplemented by a molecular pump.
If the required degree of vacuum is to be maintained for any length of time,
it is necessary to remove the gas adsorbed and absorbed by the metal and
glass parts as well as that contained in the space inclosed by the envelope.
In the case of glass-envelope tubes, the removal of these occluded gases is

carried out by baking the entire tube at a temperature just below the'
softening point of glass and by heating the electrodes to a high tempera-

1 A discussion of sonic of the practical considerations involved in the evacuation of
small tubes m given by E. R. Wagner. Processes in Vacuum-tube Manufacture,
Electronics, vol 7, p. 213, July, 1934.
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ture, usually by means of a radio-frequency furnace. As a final step, a
small quantity of some substance called a "getter" is volatilized (or

flashed) inside the tube to remove the residual gas either by chemical or

by mechanical action. Magnesium is widely used for this purpose, but
other materials such as barium, phosphorus, etc., can also be employed,
as well as various mixtures. Some getters also act as " keepers" in that

they not only remove what gas is present in the tube at the time of flash-

ing but also combine with any gas that may subsequently be liberated

within the tube.

With metal-envelope tubes, the occluded gases are removed by heating
the metal shell with a gas flame. Gas can be removed from the plate,

Table V.

—

Characteristics of Typical Vacuum Tubes Used for Voltage
Amplification

Equivalent

tubes*

Heater or filament Normal electrode rating Properties

Type

Type
Volt-

age

Cur-
rent

Plate

volts

Grid

volts

Screen

volts

Screen

ma
Plate

ma Om .. M

Triode Tubes

56

30

2A6§
6C5f
6F5t
55 §

76

75 §, 6Q7§t

§,27

Heater

Fila-

ment
Heater
Heater

Heater
Heater

2.5

2.0

2.5
6.3

6.3

2.5

1.00

0.06

0.8
0.3

0.3

1.0

250

180

250

250
250

250

-13.5
-13.5

- 2.0
- 8.0
- 2.0
-20.0

5.0

3.1

0.8

8.0

0.9

8.0

1,450

900

1,100

2,000
1,500

1,100

9,500

10,300

91,000

10,000

66 , 000
7,500

13.8

9.3

100

20
100

8.3

Screen-grid Tubes

24A
32

35t

Heater
Fila-

ment
Heater

2.5
2.0

1.75

0.06

1.75

250

180

250

90

67.5

1.7

0.4

2.5

4.0

1.7

6.5

1,050

650

1,050

. 6 meg.
1 . 2 meg.

0.4 meg.

630

780

420

Radio-frequency Pentode Tubes

6C6
6D6J

,
34|| t

39/44
6B7§

57, 6J7t, 77

78t, 6K7Jt, 58t

2B7§

Heater 6.3 0.3 250 -3 100 0.5 2.0 1,225 1 .5 meg.
Heater 6.3 0.3 250 -3 100 2.0 8.2 1,600 . 8 meg.
Fila- 2.0 0.06 180 -3 67.5 1.0 2.8 620 1 . meg.
ment

Heater 6.3 0.3 250 -3 90 1.4 5.8 1,050 1 . meg.
Heater 6.3 0.3 250 -3 125 2.3 9.0 1,125 0.65 meg.

1,500

1,280

620

1,050

730

* These tubes have similar (but not necessarily identical) Normal Electrode Ratings and Properties,
and are suitable for performing the same functions. - :

'

-„ t Metal envelope.
, ,

i

t Variable mu.
§ Tube with diode sections. '", >-,..

II
Suppressor grid internally connected to cathode.
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grids, etc., by heating these electrodes, using electron bombardment to
supplement the general heating of the outer envelope.

40. Table of Tube Characteristics.—The essential characteristics of
different types of vacuum tubes in common use are given in Tables V,
VIII, IX, XI, and XII. The first table covers tubes used for voltage
amplification and other similar purposes. These tubes may be classified

as triodes, radio-frequency pentodes, and screen-grid tubes, and they may
be either of the sharp-cut-off or variable-mu types. Small-power tubes
such as are used in radio receivers are listed in Table VIII (Chap. VII),
while large-power tubes, such as are used in radio transmitters, are covered
in Table IX (Chap. VII) . Rectifier tubes are given in Tables XI and XII
(Chap. XI).

Problems

1. In a two-electrode tube in which the cathode and plate electrodes can be con-
sidered as plane surfaces 1 cm apart, the anode voltage is +200 volts.

a. With what velocity do the emitted electrons strike the anode?
b. How long does it take an electron to travel from cathode to anode if there is a

uniform voltage gradient {i.e., if the space charge is negligible)?

2. In Prob. 1 there is an anode current of 100 ma. How many electrons arrive
at the anode each second and what is the energy dissipation at the anode?

3. In the tube of Prob. 1 it will be found that, when there is a strong magnetic
field between the electrodes oriented so that the flux lines are parallel with the plane
electrodes, the anode current becomes zero, but, if the flux lines are perpendicular to
the plane electrodes, there is little or no effect on the plate current. Explain.

4. In an oxide-coated cathode operating at 1150°K. and having A = 0.005,
calculate the thermionic emission per square centimeter when the constant 6 has
values 12,000 and 11,000.

5. A certain water-cooled tube has a tungsten filament 19.5 in. long and 0.025 in.
in diameter.

a. What electron emission can be expected at 2450°K. and at 2600°K.?
b. What is the ratio of filament-heating powers required at the two temperatures?
6. Calculate and plot a curve giving relative electron emission as a function of

temperature for a typical oxide-coated emitter.
7. Discuss the economic factors involved in the selection of the cathode operating

temperature in a vacuum tube.

8. In tubes employing thoriated-tungsten emitters it is found that the immediate
effect of an accidental overheating is to cause the electron emission to drop to a low
value, but that after further operation at normal or slightly above normal tempera-
ture the emission is gradually restored to normal. Explain, and also explain why
oxide-coated and pure tungsten emitters do not act in this manner.

9. Explain why heater-type cathodes always use oxide-coated emitters.
10. In a two-electrode tube it is found that at a plate voltage of +100 the plate

current is 90 ma, while saturation begins to be pronounced at a plate voltage of +200
volts.

a. From this information calculate the plate current as a function of plate voltage
where space-charge limitation exists, plotting the resulting curve and also sketching
in the saturation region.
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6. Calculate the plate voltage at which saturation would begin to occur if the

electron emission were reduced to one-third of its initial value by lowering the cathode

temperature, and sketch a dotted curve alongside of (a) to show the effect of the

change.

11. Derive Eqs. (58a) and (586).

12. Using the plate-current-plate-voltage characteristic curve of a two-electrode

tube obtained from a tube manual (or assigned), check the extent to which Eq. (57)

holds by plotting Ip versus Ep on log paper.

13. Derive equations analogous to Eqs. (58a) and (586), but taking into account

the effect of voltage drop in the filament of a filament-type triode tube.

14. Using the characteristic curves of a triode tube (either the tube of Fig. 54 or a

tube from a tube manual), check the extent to which Eq. (59) holds by plotting

Ip versus ( Eg + —- j on log paper.

16. Explain how one could pldt an entire family of grid-voltage-plate-current

curves such as shown in Fig. 54, knowing the amplification factor of the tube and

having available one curve of the family.

16. Evaluate ju, Gm, and Rp for the tube of Figs. 54 and 55 in the region of Ep = 135,

Ip = 17 ma.

17. Two identical triode tubes are connected in parallel. How do /«, Gm , and Rp of

the combination compare with the values for the individual tubes.

18. Assuming Eq. (59) holds, derive an expression giving the way in which the

mutual conductance of a triode can be expected to vary with total space current.

19. In a particular triode tube it is found by experiment that m = 10 and

K = 0.0005. From this information:

a. Calculate and plot a family of Eg
— Ip curves similar to those of Fig. 54.

6. Calculate and plot Rp and Gm as a function of total space current.

20. If the tube of Prob. 19 is placed in parallel with a second tube for which n = 20

and K = 0.0005.

a. Calculate and plot a curve giving the resultant IP of the combination as a

function of Eg for a plate voltage of 250 volts, and compare the shape with the shape

of a corresponding curve of Prob. 19.

6. Calculate and plot Rp , Gm , and m of the combination as a function of total space

current, when the total space current is varied by means of the grid bias and when
the anode voltage is 250 volts.

c. Repeat (6) for a plate potential of 150 volts.

d. Discuss the results of (6) and (c) as compared with the results of Prob. 196,

and from this draw conclusions as to the effect of dissymmetries in a tube which

cause different parts to have different amplification factors.

21. Explain why the suppressor grid in an ordinary pentode tube has a relatively

coarse mesh compared with the screen and control grids (see Fig. 866).

• 22. What would be the effect on the curves of Figs. 63 and 65 if the filament

temperature were reduced to the point where saturation occurred at about 5 ma total

space current?

23. If you were given a tube that might be either a pentode with the suppressor

internally connected to the cathode or a screen-grid tube, but you did not know which

and could not see through the glass bulb well enough to make sure, what electrical

tests could be used to determine which kind of tube it was?
21. Under what conditions might the voltage and current relations of a screen

electrode of a screen-grid tube show a negative resistance characteristic?

26. Discuss the effect that secondary emission at the screen grid has on the coeffi-

cients of screen-grid and pentode tubes.
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26. Evaluate the coefficients Gn , Rp , M , and mS9 of the pentode tube of Figs. 63 and
64 in the vicinity of Eg = -1.5, Esg = 100, Ep = 150. ,-

; ,

27: Under some conditions it is found that the current drawn, by a positive con-
trol grid is negative. Explain how this can happen in a high-vacuum tube and state
the conditions favorable to the production of a negative controt-grid current.

28. There are no variable-mu triodes manufactured. Explain how to obtain a
tube having the characteristics of a variable-mu triode by a proper connection of the
electrodes of some standard tube that is manufactured.

29. Describe how a screen-grid tube could be connected to function as: (a) high-mu
triode; (6) low-mu triode; (c) space-charge-grid tube; (dj inverted tube.

30. Can a coplanar grid tube be connected to function: (a) as a triode; (b) as a
space-charge-grid tube; (c) as a screen-grid tube? :

31. Evaluate the negative resistance in the tube of Fig. 69 when Ea = 0, E„„ = 83
and Ep = 40.

32. a. To what extent can Eqs. (77), (78), and (79) be used to express the charac-
teristics of variable-mu tubes?

b. To what extent can the power series of Eq. (82) be used to express the charac-
teristics of variable-mu tubes?

33. a. Evaluate the first three coefficients of Eq. (82) in terms of Ip , K, and »,
assuming that the plate current accurately follows Eq. (59).

b. If K = 0.001 and m = 13, evaluate the first three coefficients for Ip = 0.005 amp.
;

I

34. When a tube contains traces of gas, the grid
9 current varies with grid potential as shown in Fig. A

when the voltage of the plate and other electrodes is

constant. Explain the reason for this type of curve.

i
35. In* evacuating tubes, the gas pressure is

9, ordinarily determined by sealing a triode tube to the
exhaust manifold so that the gas pressure inside the
tube is the same as that in the manifold. The tube
elements are connected to form an inverted vacuum

tube, and the gas pressure is evaluated in terms of the current to the negative
plate, (a) State how this determines the gas pressure. (6) Explain how the plate
current could be expected to vary with total space current and with gas pressure.
(c) Would the nature of the gas within the tube have any effect on the calibration?



CHAPTER V

VACUUM-TUBE AMPLIFIERS

41. Vacuum-tube Amplifiers.—The amplifying property of a vacuum
tube results from the fact that the control grid draws no electrons when
maintained at' a negative potential, while at the same time variations in

the negative grid potential cause corresponding variations in the space

current. In this way it is possible for a voltage representing practically

no energy to control a relatively large space current and to develop a

(a) Triode (b) Pentode
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f\ ~j _ voltage
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Fig. 88.—Basic circuit of vacuum-tube amplifiers employing triode and pentode tubes.

corresponding quantity of electrical energy in an anode circuit. The
vacuum tube is capable of amplifying voltages of all frequencies up to the

highest used in radio communication, and by employing a number of

tubes in cascade almost any desired amount of amplification can be
obtained. The vacuum-tube amplifier is therefore one of the most
important instruments in electrical engineering, having made possible the

long-distance telephone, talking pictures, radio sets with loud-speakers,

television, etc.

The basic circuits of two typical amplifiers are shown in Fig. 88. The
voltage Ec is for the purpose of maintaining the control grid negative

with respect to the cathode so that no electrons will be drawn to the grid;

it is knOwn as the grid bias or C-voltage. The signal to be amplified is

represented in the figure by es and is applied to the grid in series with the

grid-bias voltage. Under ordinary conditions the amplitude of signal is so

related to the grid-bias voltage that the instantaneous control-grid poten-

tial never becomes positive with respect to the cathode. Variations in

xd7
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the plate current that results from the action of the signal voltage on the

control grid must flow through the impedance ZL, which is in series with
the plate supply voltage and is known as the load impedance. The energy

that is supplied to the load impedance by the variations in the plate

current represents the useful part of the amplified energy. The signal

voltage applied to the control grid supplies substantially no energy to the

tube when the grid is negative because a negative grid draws no electrons,

but at the same time it causes plate-current variations that deliver con-

siderable quantities of energy to the load impedance. The result is that

(a)Triode
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Signal iobe *&}
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amplified^ Bypass
condenser.
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Fig. 89.—Vacuum-tube amplifiers similar to those of Fig. 88 except that the control
grid is made negative with respect to the cathode by a self-bias resistance instead of a
battery.

the output energy of the tube, i.e., the energy delivered to the load imped-

ance, can be made many times that required to produce the signal applied

to the grid.

In some circumstances the control-grid potential of an amplifier is

allowed to go moderately positive at the positive crests of the signal

voltage. This causes the grid to attract some electrons, and means that

the signal to be amplified must supply some energy to the tube. However,
if the grid is not allowed to go too far positive, the number of electrons

attracted by the control grid is relatively small, and the energy that the

signal is required to supply is still much less than the energy developed in

the load impedance. Hence there is still amplification of energy, although

to a lesser extent than when the control grid is always negative.

In practical amplifiers it is usually desirable to obtain the bias voltage

from the source of plate potential rather than from a separate battery.

This can be accomplished, as shown in Fig. 89, by connecting a resistance



Sec. 41] VACUUM-TUBE AMPLIFIERS 169

between the cathode and ground and by-passing this resistance with a
condenser large enough to be an effective short circuit to alternating cur-
rents of the lowest frequency to be amplified. Such an arrangement
places the cathode at a positive potential with respect to the control grid,
and so gives the equivalent of a negative bias for the grid. The amount
of bias obtained is the voltage drop of the total space current flowing
through the bias resistance, and is controlled by the amount of resistance.

Further discussion of bias arrangements is given in Sec. 93.

Methods of Classifying Amplifiers.—-Amplifiers are classified in ways
descriptive of their character and properties. The first classification is

according to the frequency to be amplified, and leads to the four broad
divisions known as audio-frequency, radio-frequency, video-frequency,
and direct-current amplifiers. Audio-frequency amplifiers are intended
for amplifying currents of audible frequencies, i.e., from about 15 cycles
per second to approximately 10,000 cycles. Frequencies higher than
10,000 to 15,000 cycles per second are considered as radio frequencies,
while video frequencies are those contained in television signals, and
range from 5 to 10 cycles up to over 1,000,000 cycles.

Amplifiers are also classified as to whether they handle a wide or
narrow band of frequencies. A band of frequencies is considered wide
or narrow in proportion to the ratio of the width of the band to the fre-

quency at its center. Thus the group of frequencies lying between 100
and 5000 cycles is said to represent a wide band, while the frequency
band from 1,000,100 to 1,005,000 cycles, which extends over the same
frequency range, is narrow. When substantially equal amplification is to
be obtained over a band that is wide according to this definition, the
amplifier is said to be untuned, while, when the amplifier is associated
with sharply resonant circuits so arranged that only a narrow band of
frequencies is amplified, it is spoken of as a tuned amplifier.

Amplifiers can also be divided into voltage and power amplifiers
according to whether the object is to produce as much voltage or as much
power as possible in the load impedance. The reason that it is necessary
to distinguish between these objectives can be understood by considering
the problem of obtaining a large quantity of undistorted power output
from a signal voltage that is so small as to require more amplification
than can be obtained from a single tube. Under such circumstances
it is customary to use a number of amplifiers in cascade, each one of which
amplifies the output of the preceding tube and delivers its output to
another tube for additional amplification. In arranging such an amplifier,

the best results are obtained by making all the amplifying tubes except the
last one operate as voltage amplifiers, while the last tube functions as a
power amplifier. The power tube then has the maximum possible signal

voltage applied to its grid and is therefore able to deliver the greatest
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amount of power. There is no object in making the intermediate tubes

function as power amplifiers, since the purpose of these tubes is to increase

the signal voltage delivered to the last tube, the power output of which

represents the output of the amplifier.

Amplifiers, particularly power amplifiers, are also designated as Class A,

Class AB, Class B, Class C, or linear amplifiers according to the operating

conditions. The term Class A is applied to an amplifier adjusted so

that the plate current flows continuously throughout the cycle of the

applied signal voltage. In the Class B and linear amplifiers the tube is

biased approximately to cut-off so that the plate current in an individual

tube flows in pulses lasting approximately a half cycle, while the Class C
amplifier is adjusted so the plate current flows in pulses that last less than

a half cycle. The Class AB is intermediate between the Class A and
Class B adjustments. The linear amplifier and Class B amplifier differ

only in that the former employes a tuned load circuit.

The type of. amplifier is fixed primarily by the constants of the

associated electrical circuits and by the grid and plate voltages employed.

It is possible to make any particular tube function as any kind of amplifier,

although the tube characteristics best suited for each type of amplifier

are somewhat different.

42. Distortion in Amplifiers.—An ideal amplifier produces an output

that exactly duplicates the input in all respects except magnitude. An
actual amplifier can fall short of this ideal by failing to amplify the

different frequency components of the input voltage equally well, by
giving an output that is not exactly proportional to the amplitude of the

input, or by making the relative phases of the different frequency com-
ponents in the output differ from the relative phase relations existing

in the input. These effects are commonly referred to as frequency,

amplitude (or non-linear), and phase distortion, respectively.

Frequency distortion (i.e., unequal amplification of different fre-

quencies contained in the signal) is particularly important in audio-

and video-frequency amplifiers and is more difficult to eliminate the

wider the band of frequencies that must be amplified with substantial

equality. Frequency distortion tends to be greater as the amplification

per stage is increased, so if low distortion is desired it is necessary to

make some sacrifice in the amplification. An example of frequency dis-

tortion is given in Fig. 90, in which the high-frequency component of the

voltage to be amplified is discriminated against.

Amplitude distortion results from a non-linear relation between

voltage and current in either the input (i.e., grid) or the output (i.e.,

plate) circuits of the amplifier. Non-linearity of the input circuit results

when the grid is allowed to go positive during a portion of the signal-

yoltage cycle. This is because the grid-cathode resistance of the tube is
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relatively low when the grid is positive, and extremely high when nega-
tive, with the result that the voltage actually applied to the grid tends to

be distorted if the grid is not maintained negative at all times. Amplitude
distortion in the output circuit occurs as a result of the non-linear rela-

tion between grid voltage and plate current and, while not completely
avoidable, can be kept small by proper attention to the conditions under
which the amplifier operates. In

particular, the amplitude distortion

introduced by the plate circuit will be
least at points where the plate current-

plate voltage characteristic as given in

Fig. 54 has the least curvature, and
when the signal voltage applied to the

grid is small.

Amplitude or non-linear distortion

results in the production of frequencies

in the amplifier output that are not

present in the input voltage applied

to the grid. The most important of

these distortion frequencies are har-

monics of the frequencies contained

in the input, and sum and difference

frequencies formed by combinations

of the signal components. An exam-
ple of amplitude distortion is shown
in Fig. 90.

Phase distortion results when the

relative phase relations of the different Vt„ nn a • c ^ •—

r

L*ig. 90.—beries of waves showing the
frequency Components Contained in effects produced by frequency, amplitude,

the signal voltage are disturbed in
^nd phase distortion,

such a way as to make the wave form of the amplifier output differ

from the wave shape of the signal without changing the magnitudes
of the frequency components that are involved. This effect is illus-

trated by the top and bottom waves in Fig. 90, which contain the same
percentage of third harmonic in different phase relations with respect to
the fundamental. The resulting wave forms are seen to be very differ-

ent, although the amount of energy in the harmonic is the same in both
cases. In order that the original wave shape may be maintained, it is

necessary that the phase shift in the amplifier be exactly proportional
to the frequency, and furthermore that the phase shift when extrap-
olated to zero frequency be zero or some integral multiple of tt. The
phase shift of an amplifier is related to the time required for the transmis-
sion of different frequencies through the amplifier, and when phase

(d) Original signal after
suffering phase
distortion
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distortion exists it means that different frequencies are transmitted with

different speeds and hence do not arrive at the output at the same time.

From a practical point of view, phase distortion is relatively unimportant

in ordinary audio-frequency amplifiers because the phases can be altered

over a wide range without producing an effect noticeable to the ear.

It is only where the time of transmission has an order of magnitude

comparable with the duration of the signal voltage applied that phase

distortion becomes of importance. This situation is encountered in

television circuits and in long telephone and telegraph lines.

43. Equivalent Circuit of the Vacuum-tube Amplifier.—The variations

produced in the plate current of a vacuum tube by the application of a

(b) Equivalent amplifier (c) Equivalent amplifier circuit

circuit(constant-voltage (constant-current
(a) Actual amplifier circuit generator form) generator form)

l=-Gm e<-

/*es

Fig. 91.—Equivalent circuits of the vacuum-tube amplifier. In the constant-voltage
form the effect that is produced in the plate circuit by the signal es acting on the grid is

taken into account by postulating that the plate circuit can be replaced by an equivalent
generator of voltage —/Jtes acting from cathode toward the plate and having an internal

resistance equal to the plate resistance Rp . In the constant-current form the tube is

considered as generating a current —Gmes acting from cathode toward the plate and flowing

through the impedance formed by the plate resistance of the tube in parallel with the load
impedance.

signal voltage to the control grid are exactly the same variations that

would be produced in the plate current by a generator developing a

voltage —jxes acting inside the tube from cathode toward the plate, in a

circuit consisting of the tube plate resistance in series with the load

impedance. The effect on the plate current of applying a signal voltage

es to the grid is therefore exactly as though the plate-cathode circuit of the

tube were a generator developing a voltage — fj,es and having an internal

resistance equal to the plate resistance of the tube. This leads to the

equivalent circuit of the vacuum-tube amplifier, which is shown in Fig.

91(6) and which is the basis of most amplifier designs and calculations. 1

1 A rigorous proof of the equivalent amplifier circuit of the vacuum tube is given

in Sec. 55. A somewhat less general demonstration is as follows: The plate current

flowing from cathode to plate which a grid-voltage increment es produces will be called

ip . This plate current ip causes a voltage drop —Ziip in the plate load impedance

Zl, so that the application of es to the grid reduces the voltage actually applied to the

plate of the tube by an amount AEP = —Zi"ip , and the plate-current increment ip

that flows is the result of the joint action of the voltage increment es applied to the

grid and the reduction —Ziip in the plate voltage. Since the voltage es produces

the same effect on the electrostatic field adjacent to the cathode as an added plate

voltage of nes , the current iv is the same current that would result from an increment

in the plate voltage of (pe, + ZlH), and when this increment is small the current
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According to this equivalent circuit, it is apparent that the load
current ip produced by the application of a signal potential ea to the con-

trol grid is

The signs are such that a positive value for ip means a current flowing
in opposition to the steady direct current present in the plate circuit when
no signal is applied. The voltage developed across the load Zh by the
current ip is

Voltage across load = ipZ L =
~**'Z

J: (866)
tip -f- L L

It is sometimes convenient to rearrange Eqs. (86a) and (866) by divid-
ing both numerator and denominator of the right hand side by Rp . Doing
this gives

H =
s;~J±

= _(?"e'57+zl (87o)

Rp

7? 7
Voltage across load = -GmeS lD

v
.

*
(876)

tip -f- L L

Here Gm = ix/Rp is the mutual conductance of the tube. This form of the
tube equation shows that the effect of applying a signal voltage e8 to the
control grid is the same as though the tube generated a current —esGm
flowing from plate toward cathode through an impedance formed by the
plate resistance in parallel with the load impedance. This leads to an
alternative form of equivalent circuit, which is shown in Fig. 91c and
which can be called the constant-current generator form of the equivalent
circuit, as contrasted with the constant-voltage generator form shown in
Fig. 916.

The constant-current and constant-voltage forms of the equivalent
circuit of the vacuum-tube amplifier lead to the same result as far as the
load is concerned, and are, in fact, merely different ways of expressing the
same relationship. The constant-voltage circuit of Fig. 916 is the most

increment flowing toward the plate is the negative of the plate-voltage increment
divided by the dynamic plate resistance Rp , so that

- _ (jue8 + ZlJp )
tp —

j5
tip

or

Rp + Zl

This last equation is simply a mathematical statement of the equivalent amplifier
circuit of Fig. 916.
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convenient when triodes are involved, but with pentode and screen-grid

tubes, where the plate resistance and amplification factors are very high,

the constant-current arrangement of Fig. 91c is simpler to use.

The equivalent circuits of the amplifier give only those currents and
voltage drops that are produced as a result of the application of a signal

voltage upon the amplifier grid. The actual currents and potentials

existing in the plate circuit are the sum of the currents and potentials

developed in the equivalent circuit and those existing in the amplifier

when no signal is applied. Since the steady values that are present when
no signal is applied are of no particular interest so far as the amplifier

performance is concerned, it is usually unnecessary to superimpose them
upon the results calculated on the basis of the equivalent circuit. In

particular, when the signal applied to the grid is an alternating voltage, as

is usually the case, the equivalent circuit gives directly the a-c currents

produced in the plate circuit by the signal voltage, which are the currents

superimposed upon the direct-current quantities present when no signal is

applied.

The equivalent circuit gives the exact performance of the vacuum-tube
amplifier to the extent that the plate resistance Rp and the amplification

factor fx, which are used in setting up the equivalent circuit, are constant

over the range of variations produced in control-grid and plate voltages

by the signal voltage. Hence, when the signal is small, the equivalent

circuit is almost exactly correct because the changes produced by the

signal are so small that the tube constants are substantially constant. As
the signal voltage increases, the error involved in the equivalent circuit

becomes larger. To obtain the exact behavior one must then modify
the equivalent circuit to take into account the effects introduced by the

variation in the circuit constants, as discussed in Sec. 55. However, for

practical conditions the effects resulting from variations in the tube con-

stants are second-order effects even with rather large signal voltages, so

that the equivalent circuit is found useful for all signal amplitudes.

44. Audio-frequency Voltage Amplifiers. Resistance Coupling.—In

voltage amplifiers the object is to obtain from the amplifier output as

much voltage as possible to be applied to the grid of the succeeding ampli-

fier tube. One way of doing this is to place in the amplifier plate circuit

a high-resistance load called the coupling resistance.

The circuits of practical resistance-coupled amplifiers using triode and
pentode tubes are shown in Fig. 92a, in which R c is the resistance load

across which the amplified voltage is developed. The grid-leak resistance

and the coupling or blocking condenser shown in Fig. 92 are for the

purpose of preventing the direct-current voltage applied to the plate of the

amplifier tube from also being applied to the grid of the tube to which

the amplified voltage is delivered. The coupling condenser should bf-
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large enough to offer a low reactance to the frequencies to be amplified,
while the grid leak should have a very high resistance in order that the
shunting effect of the grid leak and coupling condenser upon the coupling
resistance may be small.

(a) Actual circuit ofresistance-coupled amplifiers

Trioole Pentode

By-pass 'condenser
"

'Bias resistance ^By-pass condensers

(b) Exact equivalent circuits ofamplifier
Constant-voltage generator circuit Constant-current generator circuit

< ' T
•'

. ! i ^=^f T T I I t f A
l="Gmec

-p-T-
<*i.-- ?o

(c) Simplified circuits accurate for intermediate frequencies

A

:Rg!
Rg>:

(d) Simplified circuits accurate for high frequencies

'-/"es 1
(e) Sim pi ifi ed ci remits accu rate for Iow frequencies

Cc

-H-*s
Rn :

Rgl

es = Signal voltage

ej, = Amplified voltage

Rp = Tu be plate resista nee
Rc =* Coupling resistance

Rgl~ Grid-leak resistance

Cc= Coupling or blocking condenser

jx=" Amplification factor of tube
6 = Mutual conductance oftube

Cp = PIate-cathode tube capacity
plus stray wiring capacity
to left of coupling condenser

Cg = Stray wiring capacity to
right of coupling condenser
plus input capacity oftube
or other load to which
voltage is delivered.

Cg " Cp + C'g=Total shuntingcapacity

Fig. 92.—Circuits of resistance-coupled amplifiers, together with equivalent circuits
and simplifications of the equivalent circuits useful in making amplifier calculations. The
constant-voltage generator circuit is used with the triode tube, and the constant-current
generator form of the equivalent circuit is used for the pentode tube.

The most important property of the resistance-coupled amplifier is

the way in which the amplification varies with frequency. Such a
characteristic is shown in Fig. 93 for a representative case and has as its

distinguishing feature an amplification that is substantially constant over
a wide range of frequencies, but which drops off at both very low and very
high frequencies. The falling off at very low frequencies is a result of the
fact that the high reactance which the coupling condenser Cc offers to low
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frequencies consumes some of the low-frequency voltage that would other-

wise be developed across the grid leak. The reduction in amplification

at high frequencies is caused by the tube and stray capacities which shunt

the coupling and grid-leak resistances, and which have low enough react-

ance at high frequencies to lower the effective load impedance, with a

consequent reduction in the voltage developed at the output.

Analysis and Calculation of Amplification Characteristic.—In order to

calculate the amplification and the way in which the amplification varies

with frequency, the proper procedure is first to replace the tube by its

equivalent electric circuit. This takes care of the tube characteristics

and reduces the problem to the analysis of an ordinary electric circuit.
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Fig. 93.—Variation of amplification with frequency in a typical resistance-coupled pentode
amplifier.

Either form of equivalent circuit can be employed, with the constant-

voltage arrangement most convenient for triode tubes and the constant-

current arrangement more satisfactory for pentode and other tubes having

very high plate resistances.

Equivalent circuits of a resistance-coupled amplifier showing all

essential circuit elements are given in Fig. 92b for both methods of repre-

senting the tube characteristics. The resulting circuits are quite com-

plicated, but can be simplified by considering only a limited range of

frequencies at a time. Thus in the middle range of frequencies the react-

ance of the coupling condenser Cc in a properly designed amplifier will

be so small as to be the practical equivalent of a short circuit as compared

with the grid-leak resistance, whereas the reactance of the shunting

capacities will still be so high as to be the practical equivalent of an open

circuit. 1 Under such conditions the equivalent circuits take the form
1 These assumptions fail only when the ratio of shunting to coupling capacities

is unusually large, i.e., when the coupling capacity is especially small and the shunting

capacity is at the same time rather large. The error involved hence tends to become

less the larger the frequency range which is to be amplified, and in practical cases it

is negligible with amplifiers covering the audio-frequency range. Thus in the ampli-
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shown in Fig. 92c. A very simple calculation based upon these circuits

shows that the amplification in the middle range of frequencies is given
by the equations:

For constant-voltage generator circuit (most suitable for triodes) :

Amplification in middle) __ ^o _ Rl .„„ .

range of frequencies j es ^Rl + RP
^ '

For constant-current generator (most suitable for pentodes).

Amplification in middle) — ^ = q r (RRb)
range of frequencies j es

m eq
^ '

In these equations n is the amplification factor of the tube as defined in

Sees. 30 and 33, Rp is the plate resistance, RL is the equivalent load resist-

ance formed by the coupling resistance and the grid-leak resistance in(I? J? \
Rl = p \ p

J,
while Req is the equivalent resistance formed

by the plate resistance of the tube, the grid-leak resistance, and the

coupling resistance, all in parallel. 1 That is

p RlRji RcRpRgl

Rl ~r Rp RcRgi "f* R<>Rp "f* RgiRp

(89)

Re

1 _i_ c
_i_

c

Rgl Rp

At high frequencies it is necessary to take into account the effect of

the capacities shunting the coupling and grid-leak resistances, leading

to the equivalent circuit of Fig. 92c?, which is applicable at high frequen-

fier of Fig. 93 the neglect of Cc and C« in the middle-frequency range introduces an
error of about 0.5 per cent in the amplification. The ratio Cs/Cc in this case is

7%ooo = 0.014, which is larger, and hence more likely to give error, than the average

design of resistance-coupled amplifier.
1 It is to be noted that in the case of pentode tubes, where the plate resistance is

considerably larger than the coupling and grid-leak resistances, only small error is

introduced by assuming that

ttno == K>L =
Rc -\~ Rg

Further, if the grid-leak resistance is much larger than the coupling resistance, as is

often the case, then, to a good approximation, Reg = Rl — Re, and the middle-range

amplification becomes GmRc*
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cies. A manipulation of the voltage and current relations involved gives

the result 1

Actual amplification)

at high frequencies ( \

Amplification in

middle range
Vi + (R ejxsy

(90)

where

Xs = l/2irfCs = reactance of total shunting capacity Cs

Req = resistance formed by plate, coupling, and grid-leak resistances,

all in parallel as given by Eq. (89). •

The extent to which the amplification falls off at high frequencies is therefore

determined by the ratio which the reactance of the shunting capacity Cs bears

to the equivalent resistance obtained by combining the plate resistance,

coupling resistance, and grid-leak resistance in parallel. This loss of

amplification at high frequencies can be estimated by the fact that at the

frequency which makes the reactance of the shunting condenser Cs equal

the equivalent resistance formed by Rp, Rc , and Rg i in parallel, the amplifi-

cation drops to 70.7 per cent of its middle-frequency range value. The
amount of falling off at other frequencies, conveniently related to the

70.7 per cent case, is given in Table VI.

At low frequencies the shunting capacity Cs has such a high reactance

as to be equivalent to an open circuit, but the reactance of the coupling

condenser Ce becomes sufficient to cause a falling off in the amplification.

1 Equation (90) is derived by applying Thevenin's theorem to the network to the

left of the shunting capacity Cs in Fig. 92d. According to Thevenin's theorem this

network can be replaced by an equivalent generator in series with a resistance, as

shown in Fig. 94. The voltage of the generator is the voltage appearing across the

Actual circuit Equivalent circuit

Rgl J_CS

~ es ^m Req

Fig. 94.—Simplification of the circuit of Fig. 92d by the use of Thevenin's theorem.

condenser terminals when the condenser is open-circuited, and so is the output

voltage in the middle range of frequencies as given by Eqs. (88a) and (88b). The
internal resistance of the generator is the resistance formed by plate, coupling, and

grid-leak resistances, all in parallel, and so is given by Eq. (89). Referring to Fig. 94,

ll is apparent that the amplification at high frequencies is

X 1
High-frequency amplification = GmReq

—
__— = GmRe

WXs 2 + Re,? VI + WeJXsY
Dividing this by Eq. (886) gives Eq. (90).



Sec. 44] VACUUM-TUBE AMPLIFIERS 179

The equivalent circuit under these conditions hence takes the form shown
in Fig. 92e. A manipulation of the relations existing in this circuit shows
that

Amplification at
low frequencies

Amplification in

middle range

}_
Vi + (xc/Ry

(91)

where

Xc = l/2irfCc = reactance of coupling condenser Cc

T>

— Rgi H V = resistance formed by gridR = R gl + RcRp
RC + Rr

1 + —
Rr,

leak in series with the combination of plate and coupling resist-

ances in parallel.

Table VI.

—

Relative Amplification op Resistance-coupled Amplifiers

Low frequencies High frequencies

Frequency Relative

amplification
Frequency

Relative

amplification

5/„

2/„

u
O.Gfo

0.2fo

0.1/,,

0.980

0.895

0.707

0.447

0.196

0.100

0.2/o
'

0.5/o '

U
2/

'

5/
'

10/o

0.980

0.895

0.707

0.447

0.196

0.100

/o - frequency at which coupling-condenser reactance equals the resistance formed by grid leak in
series with parallel combination of plate and coupling resistances.

/»' = frequency at which
:
reactance of shunting capacity equals the resistance formed by plate,

coupling, and grid-leak resistances, all in parallel.

The extent to which the amplification falls off at low frequencies is therefore

determined by the ratio of the reactance of the coupling condenser to the

equivalent resistance obtained by combining the grid leak in series with the

parallel combination of coupling resistance and plate resistance. This loss

of amplification at low frequencies can be estimated by the fact that, at
the frequency that makes the reactance of the coupling condenser
equal the equivalent resistance R, the amplification falls to 70.7 per cent
of its value in the middle range of frequencies. The amount of falling
off at other frequencies conveniently related to the 70.7 per cent case is

given in Table VI.

Universal Amplification Curve of Resistance-coupled Amplifier.—The
simplicity of Eqs. (90) and (91) makes it possible to express the way in
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which the amplification of a resistance-coupled amplifier varies with

frequency by means of the universal amplification curve shown in Fig. 95.

This gives the actual amplification relative to the amplification in the

middle range of frequencies, as well as the relative phase shift, and is a

universal curve that applies to all ordinary resistance-coupled amplifiers.

The procedure for obtaining the amplification characteristic by using

the universal resonance curve (or Table VI) is : first, calculate the ampli-

fication in the middle-frequency range,,using Eq. (88a) or (886) ; second,

calculate Xc/R for various frequencies in the low-frequency range (or,

what is often more convenient, calculate the frequencies that give Xc/R
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0.9
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Vand coupling resistances all in parallel/

Fig. 95. Universal amplification curve, showing how the amplification of a resistance-

coupled amplifier falls off at high and low frequencies.

convenient values tabulated in Table VI), and then use the universal

amplification curve (or Table VI) to get the low-frequency falling off;

finally, estimate the total shunting capacity Cs and then calculate Xs/Req

at various high frequencies (or, what is often more convenient, calculate

the frequency at which Xs/R eq has convenient values tabulated in Table

VI), and then get the high-frequency response with the aid of the universal

amplification curve (or Table VI).

Example.—If the above procedure is applied to the circuit constants of Fig. 93,

the amplification in the middle range of frequencies is found by substitution in

Eqs. (886) and (89) to be

500,000
R e

500,000 500,000
= 238,000

Amplification in

middle range

500,000 ^ 5,000,000

I = GmR eq = 414 X 10- 6 X 238,000 = 98.4
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At low frequencies, referring to Eq. (91), the amplification falls to 70.7 per cent of the
middle-range value when the frequency is such as to make the reactance of the

coupling condenser equal to R = R gl + -^ = 955,000 ohms. This is when
1 +

R̂p

LVilfa^
SY 7l

l68

u
Fr°m Table VI °ne Mds that at frequencies of 66.8,16.7 and 6.7 cycles (which are, respectively, 2, 0.5, and 0.2 times 33.4 cycles) the

98Torl8T4SQ ^o ,

44
,

7
' ^ °:i96 tim6S ^ middl^quency ranged o

fans' to 70 7 ^ 1
19.3 times respectively. At high frequencies the amplification

falls to 70.7 per cent of its middle-range value when the reactance of the shuntingcapacity C, equals Req [see Eqs. (89) and (90)]. This is at a frequency/such th^t

/ = —i— 1

2*C,Re« ** 2x X 70" X 10-12 X 238,000
= 9'560 cycles

By use of Table VI it is found that at frequencies of 4,780, 19,120, and 47,800 cycles

omTotSTy. Tio°,
447

' ^ °- 196 timeS ^ -iddl^quency range valueot y».4, or 88.1, 43.9 and 19.3 times, respectively.

Factors Affecting the Design of Resistance-coupled Amplifiers —The
first consideration involved in the design of a resistance-coupled amplifier
is the selection of a suitable tube. Pentodes such as used in radio-fre-
quency amplifiers, and having a sharp cut-off (not of the variable-mu
type), are generally favored because they give more amplification than
triodes and also have a better frequency response at the high frequencies
Triodes are used to some extent, with high-mu tubes being preferred"
1 his is because examination of the equivalent circuits of Fig. 92 shows
that the amplification obtained with resistance coupling cannot exceed
the amplification factor.

The choice of the coupling resistance in audio-frequency amplifiers
is norma ly made on the basis of obtaining the maximum possible amplifi-
cation although it is also often necessary to keep in mind the amount of
output voltage obtainable without excessive distortion. If other
things were equal, the higher the coupling resistance, the greater would be
the amplification; but under normal circumstances other things are not
equal. Ordinarily there is available a fixed plate-supply voltage, and the
problem is to make the best possible use of this potential. The greater
the coupling resistance under such circumstances, the greater will be the
voltage drop in this resistance, and hence the less will be the voltage
actually left to apply to the plate of the tube. In the case of triodes thismeans that, as the coupling resistance is made greater, the plate current
decreases, causing the plate resistance of the tube to increase, and thereby
counteracting, at least partially, the benefits that would otherwise result
from the greater coupling resistance. With pentodes, increasing the
coupling resistance without changing the control-grid and screen poten-
tials may reduce the plate voltage to the point where a virtual cathode
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forms in front of the suppressor grid. The tube then fails to operate in

the desired manner. It is hence necessary with pentode tubes to reduce the

space current as the coupling resistance is increased. This reduces the

mutual conductance of the tube, and therefore tends to counteract

the increased amplification that would otherwise result from the greater

coupling resistance. As a result of this situation, the amplification is not

particularly critical with respect to coupling resistance.

In audio-frequency amplifiers employing pentode tubes it is customary

to operate the tube under conditions such that the voltage at the plate is

either about 100 volts or about 25 to

50 per cent of the supply voltage,

whichever gives the lower voltage at

the plate. This ordinarily leads to

coupling resistances of the order of

100,000 to 500,000 ohms for pentodes.

With triodes, the, coupling resistance

will depend upon the amplification

factor of the tube. With high-mu

tubes it will commonly be approxi-

mately equal to the plate resistance,

and will ordinarily consume from one-

fourth to one-half of the available

plate-supply voltage, whereas with

moderate-mu tubes the coupling resist-

ance will be commonly two to four

times the plate resistance. These

proportions for pentodes and triodes

to a good compromise
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Fig. 96.—Graphical construction for

determining the operating point of a tube
when the plate-supply voltage Eb and the correspond
load resistance^ are known.

between conditions that give maxi-

mum amplification and conditions that are favorable for maximum
undistorted output voltage.

The determination of the exact operating point (i.e., plate current and

plate voltage) of a triode resistance-coupled amplifier is complicated by

the fact that the plate current depends on the voltage at the plate, while

at the same time the voltage at the plate depends on the voltage drop

produced by the plate current in the coupling resistance. It is possible to

determine the plate potential for any given plate-supply voltage and

coupling resistance by the trial-and-error process of assuming various

plate currents and calculating the resulting plate voltage until the plate

voltage that will give the assumed plate current is obtained. An alter-

native procedure is the geometrical construction shown in Fig. 96. Here

one starts with a set of plate-current plate-voltage characteristic curves

of the tube and finds the operating point as the intersection of the appro-
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priate characteristic curve with a straight line that is determined by the

load resistance as shown in Fig. 96. This line is drawn so that it intersects

the horizontal axis at a plate potential equal to the plate-supply voltage

and intersects the vertical axis at a current equal to the plate-supply

voltage divided by the coupling resistance. Several such lines are shown
in Fig. 96.

The control grid must be biased sufficiently negative to prevent the

grid from drawing current at all times. About 1 volt negative bias is

required to overcome the velocity of emission and contact potentials, so

that the actual bias must be at least 1 volt more than the crest amplitude
of the signal. 1 With triodes the bias should be no greater than necessary,

and values of —1.3 to —1.5 volts are common for high-mu tubes. With
pentode tubes somewhat higher values of bias, commonly —2 to —3 volts,

are employed and the screen is then given the proper potential to draw
the desired plate current with the bias used. The bias is commonly
obtained as shown in Fig. 89 by the use of a resistance between cathode
and ground having a value that gives the desired drop when the total

space current flows through it. This bias resistor must be by-passed with
a condenser large enough to have a reactance somewhat less than the bias

resistance at the lowest frequency that is to be amplified reasonably well.

The grid-leak resistance and coupling-condenser capacity are selected

on the basis of the desired low-frequency response, since from Eq. (91)

it is seen that the smaller the ratio Xc/R (or, what is the same thing,

the larger the product RCC), the better will be the response at low fre-

quencies. As already pointed out, the amplification falls to 70.7 per cent

of its middle-range value when R = Xc . If this is to take place at a
frequency /o, then one must have RCC = 1/2tt/o, where R is in megohms
and C in microfarads. While there is an infinite number of resistance and
capacity combinations that will make RCC have a particular value, the
most satisfactory proportion is when the grid-leak resistance is as high as

possible, since then the shunting effect of the grid-leak resistance upon the
coupling resistance in the middle range of frequencies is smallest and the
amplification is consequently high [see Eq. (886)]. The maximum value
of grid-leak resistance that can be used is limited, however, by the fact

that under ordinary circumstances the output of a resistance-coupled

amplifier is applied to another tube. The grid-leak resistance is then in

series with the grid of this tube, and, as explained in Sec. 38, must not be
too high if possible damage to the output tube as a result of traces of gas is

1 The contact potential varies from tube to tube, and also changes during the life

of any one tube. In the case of high-mu triodes these changes, even if only a few
tenths of a volt, appreciably alter the plate current and the mutual conductance at
the operating point. This is one of the reasons pentodes are more satisfactory for

resistance-coupled amplification than high-mu triodes.
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to be avoided. Permissible values of grid-leak resistance for different

types of tubes are given in the tube manuals. 1

The coupling condenser must have a high leakage resistance. This is

because the plate voltage of the tube is applied to the coupling condenser,

and, if there is any leakage current, this will flow through the grid-leak

resistance and produce a voltage across the grid leak which tends to bias

the grid of the output tube positively. This effect can be counteracted by
an additional negative bias, but such a procedure is not desirable because

of the erratic behavior of the leakage currents through a condenser.

Since the leakage resistance is inversely proportional to condenser

capacity, changing the size of condenser while keeping the product

RCC constant has no effect upon the voltage that the leakage currents

develop across the grid leak. The practical ultimate limit of low-

frequency response is hence determined by the leakage of the coupling

condenser. Mica coupling condensers will permit extending the low-

frequency response to below 1 cycle, while good paper condensers are

satisfactory for frequencies below any of those important in audio-fre-

quency work. Poor paper condensers should never be used.

While it is a simple matter to maintain the full response to very low

frequencies before appreciable falling off occurs, it is generally undesirable

to provide a better low-frequency characteristic than is absolutely

necessary. This is because such improvement of the low-frequency

response is of no benefit, and at the same time invites trouble from

feed-back effects arising from common plate impedances (see Sec. 51).

The response at high frequencies is determined by the shunting

capacity and by the plate, coupling, and grid-leak resistances; it will be

better the smaller the capacity and the lower the resistances. The
shunting capacity is composed of the plate-cathode capacity (or output

capacity) of the amplifier tube, a stray wiring capacity that is commonly
from 4 to 10 /x/if if the wiring is carefully arranged but which may be

much greater if long leads are used, and the input capacity of the tube to

which the amplified voltage is delivered. When the voltage is delivered

to a pentode or screen-grid tube, the input capacity will be the sum of

the grid-cathode and grid-screen tube capacities, and will commonly be

2 to 10 fjL/xf. When the output voltage is delivered to a triode tube, the

input capacity of this tube will consist of the grid-cathode capacity plus

an additional capacity that takes into account the effect of the grid-plate

1 With all small tubes, other than power tubes, the permissible grid resistance is

usually of the order 1 megohm. With power tubes the maximum allowable resistance

varies with different types of tubes, and also depends on whether or not self-bias is

used. With self-bias it ranges from 100,000 for the 2A3 tube to 1,000,000 ohms
for the 45 tube. With fixed bias the maximum permissible grid-leak resistance is so

low that resistance coupling to power tubes with fixed bias is usually not recommended.
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capacity of the triode. 1 This additional capacity depends upon the grid-

plate capacity of the triode, upon the amplification factor, and upon the
load impedance in the plate circuit, as explained in Sec. 50, and is usually
much larger than all the other components of the shunting capacity put
together.

In amplifiers intended for handling the audio-frequency range, the
shunting capacity obtained with a properly arranged circuit is ordinarily
so small that the coupling and other resistances can be chosen on the
basis of values that will give the maximum possible amplification. 2 The
response will then generally be satisfactory up to the highest audible
frequencies without giving it any special consideration. If the high-
frequency range is to be extended above the upper audible limit, as is

necessary, for example, in television circuits, the equivalent resistance
formed by the plate, coupling, and grid-leak resistance must be reduced.
In the case of pentode tubes, which are normally used when high fre-

quencies are involved, this means that the coupling resistance must be
lowered.^ In the case of triodes, a tube with a lower plate resistance and
hence a lower amplification factor is required. In either case the exten-
sion of the frequency range is accomplished at a sacrifice in amplification,
which is the price that must be paid for the improved response.

Curves illustrating the characteristics of a resistance-coupled amplifier
employing a pentode tube under a variety of typical conditions are given
in Figs. 97, 98, 99, and 100. In Fig. 97 is shown the effect upon the low-
frequency response of varying the coupling capacity Cc . Figure 98
shows how the high-frequency response becomes better as the shunting
capacity becomes less. The effect of varying the coupling resistance,
while leaving the other circuit elements the same, is shown in Fig. 99.
In this figure the combination of control-grid and screen-grid potentials
is changed as the coupling resistance is changed, in order to give a higher
plate current as the coupling resistance becomes lower. It will be noted
that the coupling resistance has very little effect on the relative falling

1 To a first approximation the input capacity of an amplifier tube is given by the
equation

Input capacity = Cgf + (7„(1 + A) (92)

where Cgf is the grid-cathode capacity, CBp is the grid-plate capacity, and A is the
ratio of the alternating voltage across the load impedance in the plate circuit of the
tube to the signal voltage applied to the control grid. A cannot exceed the ampli-
fication factor /* of the tube and will normally be at least one-half the amplification
factor. Equation (92) is a simple form of Eq. (114) for the special case where the
load is a resistance.

2 The only exception to this is when the output of the resistance-coupled amplifier
is applied to a relatively large power tube, such as a Type 845 tube. In such a case
the input capacity of the power tube is often large enough to spoil the response at
the higher audio frequencies unless a low coupling resistance is used.
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off at low frequencies, but that the relative falling off at high frequencies

is less the lower the resistance, although the low resistance involves a

sacrifice in amplification. The increased plate current, and hence

increased mutual conductance, which go with a higher, plate-supply

voltage, are seen from Fig. 100 to produce an appreciable increase in the

amplification.

100

10 100 woo

Fig. 97.-

1,000

Frequency

-Effect of varying the coupling-condenser capacity Cc on the characteristics of a

typical resistance-coupled amplifier.

Design Procedure and Typical Designs.—The steps that should be

followed in designing a resistance-coupled amplifier based upon the above

considerations will now be enumerated. In the first place, one must

ascertain the plate-supply voltage that will be,ava|lable and the frequency

range required. The next step is to select a tube, which will normally

be one of the pentode tubes- having a sharp cut-off (not variable-mu) used

for radio-frequency amplification. Under special conditions one may
use a triode, generally a high-mu triode, but the pentode ordinarily gives

1,000

Frequency
100,000

Fig. 98.' -Effect of varying the shunting capacity Cs on the characteristics of a typical

resistance-coupled amplifier.

a superior performance. The next step is the determination of the proper

coupling resistance. This will depend upon the plate-supply voltage

available and the frequency range desired. When pentode tubes are used

to amplify the audio-frequency range, the coupling resistance will com-

monly lie between 100,000 and 500,000 ohms. With triode tubes the

value will depend upon the amplification factor of the tube. With the

coupling resistance tentatively selected, control-grid and screen-grid
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potentials that appear to be satisfactory are chosen, after which, the plate

current, the voltage at the plate, and the mutual conductance are deter-

mined for the resulting operating point. It is then possible to determine

the bias resistance required to give the assumed bias, and. also the con-

1.000 10.000

Frequency
iMooo

Fig. 99. -Effect that designing a typical resistance-coupled amplifier for different coupling

resistances has on the amplification characteristic.

1,000 10,000 100,000

Frequency

Fig. 100:—Effects produced by designing a typical resistance-coupled amplifier for different

plate-supply voltages.

denser that will be required to by-pass this resistance. The next step

is to choose as the grid leak the highest resistance that can be safely

inserted in the grid circuit of the tube to which the amplifier output is to

be applied. A coupling condenser is * then used which will make the

amplification hold-up reasonably well to the lowest frequency that is to

be amplified, but which will allow a falling off at lower frequencies.
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Finally the shunting capacities are estimated, and the high-frequency

response is calculated to make sure that it will be satisfactory.

In the case of resistance-coupled amplifiers which are required to

amplify frequencies above the audio range, the above procedure is modi-
fied by estimating the shunting capacities before the coupling resistance

is selected and then selecting the highest coupling resistance that will give

the required high-frequency characteristic with this capacity.

Several typical designs of resistance-coupled amplifiers suitable for

a udio-frequency work are given in Table VII; they indicate what are

reasonable proportions when employing pentodes or high-mu triodes.

Table VII.

—

Typical Designs of Resistance-coupled Amplifiers 1

Pentode 57.77, and 6C6 tubes Triode section of 2A6 and 75 tubes

Plate supply, volts

Screen supply, volts

Control-grid bias, volts

Cathode resistor, ohms

Plate resistor, megohms
Grid resistor, megohms
Plate current, milliamperes

Plate voltage as per cent of plate

supply

Voltage amplification

Output voltage (peak volts) with

only little distortion

20

-1.05

3,400

0.25

0.50

0.23

42.5

54

20

-1.25

7,250

0.50

0.50

0.13

35.0

53

30

-1.30

2,600

0.25

0.50

0.38

47.2

92

30

-1.55

4,850

0.50

0.50

0.24

33.3

93

250

50

-2.1

3,500

0.25

0.5*0

0.48

52.0

100

52

-2.3

6,200

0.50

0.50

0.30

40.0

110

-1.10

11,550

0.25

0.50

0.09

77.5

36

-1.05

15,000

0.50

0.50

0.07

65.0

37

-1.30

5,450

0.25

0.50

0.24

66.6

56

-1.30

9,000

0.50

0.50

0.14

61.1

55

34

250

-1.35 -1.35

3,380 5,600

0.25 0.50

0.50 0.50

0.40 0.24

60.0 52.0

59 58

41 40

1 These designs represent recommendations ofcRCA Radiotron Company.

45. Audio-frequency Voltage Amplifiers. Transformer Coupling.—
In the transformer-coupled amplifier the load impedance connected in the
plate circuit of the vacuum tube is the primary of a transformer, the
secondary voltage of which is applied to the grid of the succeeding tube,

as shown in Fig. 101a. Transformer-coupled amplifiers are used primarily

for supplying the exciting voltage of power tubes. Their principal advan-
tages compared with resistance coupling for this purpose are that the
direct-current resistance connected in series with the grid of the tube to

which the amplified voltage is applied is small, and that the maximum
amount of undistbrted voltage that can be developed is considerably
higher in proportion to the plate-supply voltage than with resistance

coupling. The transformer-coupled arrangement also adapts itself much
more readily to the excitation of push-pull power amplifiers than does
resistance coupling. The principal disadvantages of transformer coupling

are the much higher cost as compared with resistance coupling and the
fact that stray magnetic fields tend to induce voltages in the transformer.

Transformer coupling is generally used in connection- with triode tubes

as shown in Fig. 101. Pentode tubes can be used with transformer coup-
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ling by connecting a resistance across the transformer as shown in Fig. 109,

but they are not generally recommended because the triode tube is less

expensive and is also capable of giving more undistorted output.

The most important characteristics of a transformer-coupled amplifier
are the amount of amplification obtained and the way in which this

amplification varies with frequency. A typical amplification curve is

One stage trans,
coup/ea amp.

(a) Circuit of transformer ,

coupled amplifier D ]\s

(b) Exact equivalent circuit of
transformer coupled amplifier

As
,

Rs
C =

:r d

Cm(n±l)
2

-M%\

(c) Practical equivalent cfrcuit of
transformer coupled amplifier
reduced to unity turn ratio

(d) Simpflified equivalent circuit

accurate for middle rangeof
frequencies

•-•••-
OMIT'

-H*&

CS=H

(e) Simplified equivalent circuit (f) Simplified equivalent circuit
accurate at low frequencies accurate at high/requencies

Notation
Rp — Plate resistance of tube
Rc — D.C. resistance of primary
Lp > = Primary leakage inductance
Re = Resistance representing eddy current

loss

Rh = Resistance representing hysteresis loss
Lp = Incremental primary inductance
T'*' = Resistance of secondary winding •

hs ' = Secondary leakage inductance
CV = Secondary distributed capacity

Cp ' = Capacity in shunt with primary (tube
plus transformer capacity)

Cm = Capacity between primary and sec-
ondary windings of the transformer

Cg
' = Input capacity of tube to which volt-

age e„ is delivered
Rg = Input resistance of tube to which

voltage n is delivered
n = Ratio of secondary to primary turns
jit = Amplification factor of tube

Fig. 101.—Actual circuit of a transformer-coupled amplifier, together with exact and
approximate equivalent circuits.

shown in Fig. 102. The distinguishing features of this curve are relatively

constant amplification in the middle range of frequencies, but with a
gradual falling off at low frequencies and a much sharper falling off at
high frequencies. The loss in amplification at low frequencies results

from the low reactance that the transformer primary has at low fre-

quencies, while the falling off at high frequencies is a result of the leakage
inductance and distributed capacity of the transformer. The frequency
limits of the amplifier depend largely upon the design of the trans-
former, and can be readily made to cover the voice-frequency range.
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Difficulties are encountered in amplifying very low and very high fre-

quencies, however, and resistance coupling is usually preferred where
very wide bands of frequencies are involved.

Analysis of Transformer-coupled Amplifiers Used with Triode Tubes.—
In analyzing the behavior of a transformer-coupled amplifier, the proper
procedure is first to draw an equivalent circuit in which the tube is

replaced by its equivalent electrical circuit. The result for the case of a
triode tube, taking into account all essential features of the transformer,

is shown in Fig. 1016. The only approximation involved in this circuit

is in assuming that the coil capacities can be represented as lumped when

Fig. 102.-

100 1,000 1Q000
Frequency, Cycles per Second

-Variation of amplification with frequency in a typical transformer-coupled
amplifier.

they are distributed in fact. The transformer is seen to be a very compli-
cated electrical network, the solution of which involves a great deal of

labor, but fortunately it is possible to reduce this exact circuit into the
very much simpler network shown at Fig. 101c without introducing
appreciable errors. The transition from the exact circuit of Fig. 1016 to
the practical circuit shown at Fig. 101c consists in neglecting the effects

of the distributed capacity of the primary and the plate-cathode capacity
of the amplifier tube, in neglecting the resistances resulting from eddy
currents and magnetic hysteresis, in reducing the transformer to a unity-
turn ratio, in lumping all the leakage inductance on the secondary side
of the transformer, and in considering the primary to secondary (i.e.,

interwinding) capacity Cm as equivalent to a certain other capacity
shunted across the secondary of the transformer. 1

1 These approximations can be justified as follows: The primary capacity Cv
'

and the resistance Rh resulting from hysteresis have negligible effect on the behavior
of the transformer because of their small size in ordinary circumstances. The
reduction to a unity-turn ratio can always be carried out without introducing error
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The resistance Re representing'the losses from eddy currents is usually

so high as to have negligible shunting effect, and so need not be considered

unless extreme accuracy is required. The effect of R e can be readily

taken into account by using Thevenin's theorem to combine the resistance

Re with the plate resistance. Doing this shows that the effect of the eddy-

current resistance Re can be taken into account by using slightly reduced

values of Rp and n in Fig. 101c and Eqs. (94), (95), and (96), according to

the relations:

Effective /z when taking^ _ actual m of tube ,qo ,

into account Re ) -, ,
RP

R$

Effective Rp when taking) _ actual value of Rp (q^h)
into account Re ) ., . RP+

Re

where Rp is defined as in Fig. 101. When the proper values are assigned

to the circuit elements in Fig. 101c, this simplified equivalent circuit of the

transformer-coupled amplifier will give calculated results that are in error

by only a few per cent.

The complexity of the equivalent circuit of the transformer-coupled

amplifier can be greatly reduced if limited frequency ranges are considered

at a time. Thus in the middle range of frequencies the reactance of the

transformer primary inductance is so high as to be essentially an open

circuit, while at the same time the small distributed and shunting capacity.

Ca is substantially an open circuit. With these simplifications the equiva-

lent circuit reduces to that shown in Fig. lOld, and the amplification then

becomes the product of turn ratio and amplification factor. That is,

Amplification in middle) e /A . X

1 1 . > = — = nn (94)
range of frequencies ) es

Somewhere in this middle range of frequencies the shunting capacity Ca

is in parallel resonance with the primary inductance Lp , causing the

provided all impedances on the secondary side of the transformer are divided by the

square of the voltage step-up ratio when placed in the equivalent circuit. The leakage

inductance can be considered as located entirely on the secondary side because this is

where most of it actually is and because at the high frequencies where leakage induct-

ance becomes important its exact distribution between primary, and secondary is not

important. The interwinding capacity Cm can be replaced by a suitable capacity

located across the secondary as a result of the fact that the voltage difference across

this condenser is almost exactly in phase ^with the voltage developed across the

secondary of the transformer up to the frequency at which the secondary capacity is

resonant with the leakage inductance; furthermore this voltage is proportional to the

voltage across the secondary but has a magnitude either (n + l)or(w — 1) (depend-

ing on the relative polarity of the two windings) times the voltage across the primary

of the transformer.
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impedance across the primary terminals of the transformer tc be extremely
high.

At low frequencies the shunting capacity is still less important than in

the middle range of frequencies, but the reactance of the primary induc-
tance of the transformer tends to become low and so must be taken into
account. This gives the equivalent circuit of Fig. lOle, which is applicable
to low frequencies and from which a simple analysis shows:

Amplification at low) _ e _ 1

frequencies
, ]

~
7,
~ *n

[l + (Rp'/wLp)*]X
(95)

Here uLp/Rp
' is the ratio of the reactance of the primary inductance to

the resistance formed by the plate resistance of the tube plus the direct-

current resistance of the primary winding. It will be noted that the
extent to which the amplification at low frequencies falls below the
amplification /m obtained in the middle-frequency range depends only
upon the ratio <aLp/Rp', and in general drops off with frequency according
to the same general law as does the low-frequency amplification of a
resistance-coupled amplifier. The extent of the falling off can be esti-

mated from the fact that, when the frequency is such that a)Lp equals
RP} the amplification has dropped to 70.7 of its mid-range value.

The primary inductance that is effective in the equivalent circuits

of Fig. 101 and in Eq. (95) is the inductance to the alternating component
of the plate current that is superimposed upon the direct-current plate
current of the tube. This inductance is hence determined by the incre-

mental permeability that was discussed in Sec. 6, and will be greater as
the direct-current magnetization decreases and as the alternating flux

density increases.

At high frequencies the reactance of the primary inductance is so high
as to be an entirely negligible shunt, but the shunting capacity Ca and the
leakage inductance can no longer be ignored. This results in the equiva-
lent circuit of Fig. 101/, which is a series-resonant circuit having a very
low Q. A simple calculation based upon this circuit shows that

Amplification at) _ e _ l/ooCg

high frequencies/ ~ 78 ~
iin

j / ^vl (96a)

y](Rp ' + Rsy + (o,Ls - -L.J

=
^[(T/Qo) 2 + (7

2 " !)»]»
(%6)

where

actual frequency
series-resonant frequency of Cs and Ls

Qo =
ft

, ,
*g- = circuit Q at the frequency for which Cs and Ls are

in series resonance.
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These equations show that the amplification at high frequencies depends
both upon the plate resistance of the tube and upon the series resonance
action between the leakage inductance and secondary capacity. For the
best characteristic at high frequencies a careful balance must be realized,
as discussed below.

Universal-amplification Curve of Triode Transformer-coupled Ampli-
fier.—The simplicity of Eqs. (94), (95), and (966) makes it possible to
express the relative amplification of a transformer-coupled amplifier in the
universal amplification curve of Fig. 103. This gives the relative ampli-
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Fig. 103.—Universal amplification curve of transformer-coupled amplifiers.

fication and phase shift as a function of frequency, and applies to all

transformers. The actual amplification at any frequency is the relative
amplification obtained from the universal resonance curve of Fig. 103
multiplied by the quantity tin.

The low-frequency part of the universal amplification curve is a plot
of Eq. (95) showing the way in which the amplification falls off as a funcr
tion of caLp/Rp'. The frequency factor is introduced through its effect on
the primary reactance wLp . The high-frequency portion of the universal
amplification curve is a plot of Eq. (966) showing the variation of amplifi-
cation as a function of the quantity y for various values of Q . The
frequency is introduced in the high-frequency range through its effect
upon y.

To use the universal amplification curve of Fig. 103, one first cal-
culates the amplification in the middle range according to Eq. (94). The
next step is to determine the frequency at which coLp/Rp

' = 1, and from
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this the frequency at which a)Lp/Rp has other convenient values such as

2, 0.5, 0.2, etc. The falling off in amplification at these various frequen-

cies is then obtained directly from the low-frequency portion of the

universal amplification curve. Finally the frequency at which the

leakage inductance Ls and the shunting capacity Cs are in series resonance

is calculated; and also the value of the circuit Q at this frequency, i.e.,

Qo. This frequency corresponds to a value 7 = 1. The high-frequency

response can then be obtained readily from the high-frequency portion of

the universal amplification curve for other frequencies simply related to

the sejies-resonant frequency, such as 0.5, 2, 5 times the series-resonant

frequency.

Discussion of Amplification Characteristic.—A consideration of the

factors involved in transformer-coupled amplification shows that these are

relatively simple in spite of the complexity of the equivalent circuit of

the transformer. At low frequencies the falling off in amplificgfllion is

controlled by the ratio a)Lp/Rp', which means that, in order to obtain a

good low-frequency response, the incremental primary inductance of

the transformer must be high and the plate resistance of the tube low.

Hence for good low-frequency response the tube should not have too high

an amplification factor, since the higher the amplification factor, the

higher will normally be plate resistance. The primary winding of the

transformer should also have a large number of turns, which with a fixed

winding space leaves less space for the secondary, and hence results in a

low step-up ratio and low amplification.

Passing now to the characteristics at high frequencies, examination of

Fig. 103 shows that the best response is obtained when the value of Q is

equal to or slightly less than unity, and that when this condition exists

the amplification is substantially constant up to the series-resonant fre-

quency of Ls and Cs , but falls off rapidly at higher frequencies. This

means that for any particular transformer there is a proper value of plate

resistance that should be used. If the plate resistance is lower than this

optimum value, the response at low frequencies will be improved, but there

will be a peak at the high frequencies. Conversely, if the plate resistance

is much greater than the optimum value, both high and low frequencies

will be adversely affected.

It is apparent from the above discussion that the tube and transformer

must be designed to cooperate with each other to produce the desired

result. Most audio-frequency transformers are designed to operate in the

plate circuits of triodes having plate currents of 2 to 8 ma and plate

resistances of the order of -8000 to 15,000 ohms at the operating point.

These conditions correspond to a general-purpose tube having an amplifi-

cation factor of 8 to 20, and represent the situation that has been found

to be most satisfactory with transformer coupling. The plate current is
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low enough to prevent excessive direct-current saturation in the trans-

former primary, the plate resistance is low enough to insure the possibility

of a satisfactory low-frequency response, and large output voltages can be

developed without distortion.

The grid bias should be so chosen in relation to the available plate-

supply voltage as to give the plate resistance with which the transformer

should operate. Adjustments of the grid bias will enable the high-fre-

quency response to be changed appreciably. In addition, the plate-

supply voltage should be great enough so that, when the proper plate

resistance is realized, the bias will be sufficient to maintain the grid nega-

tive at the crest of the largest signal voltage to be amplified.

Transformer Characteristics.—From the above considerations it is

seen that the ideal transformer has a high turn ratio, a high primary
inductance, a very low leakage inductance, and the highest possible series

resonant frequency (i.e., low shunting capacity as well as low leakage

inductance). In attempting to approach this ideal, a number of practical

conflicts are encountered. With a given-size core, the total number of

.turns is fixed; so, if a high turn ratio is used, only a few of the turns can
be allotted to the primary, which results in a low primary inductance.

Increasing the size of the core and winding space to give a satisfactory

primary inductance with a high turn ratio will not remedy the situation

since the leakage inductance will be increased as a result of the larger size,

and this reduces the series resonant frequency and hence spoils the high-

frequency response. The leakage inductance can be reduced greatly by
interleaving the primary and secondary windings, but this increases the

distributed capacity and so tends to neutralize the benefits obtained

from the lower leakage inductance.

In order to have a good response, a transformer must have a large

core of high-quality magnetic material, with an air gap in the core

sufficient to prevent the normal direct-current plate current of the

amplifier tube from producing undue saturation, and yet not so large

as to reduce the incremental inductance of the primary, winding. The
step-up ratio n should be reasonably low, commonly 2 to 4, and improved
results can be obtained by a certain amount of interleaving of primary and
secondary windings. The use of a large core of high-grade magnetic
material with proper air gap provides a minimum of reluctance in the

magnetic circuit. The low turn ratio makes it possible to obtain a

relatively high primary inductance and also tends to improve the high-

frequency response by increasing the series-resonant frequency of the

transformer. The interleaving when properly done will also increase

the series resonant frequency.

If the secondary capacity Cs is to be kept small, it is important that

the secondary terminal leading to the grid of the output tube be from the
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outside of the secondary winding. The proper arrangement is normally
marked on the transformer. The arrangement of the primary terminals

is relatively unimportant.

The quality of the magnetic material in the core is of particular

importance and, if unusually severe requirements must be met, high-

permeability alloys such as permalloy should be used. The reason for

this is that the primary inductance of a transformer is determined by the

reluctance of the magnetic circuit provided by the core, while the leakage

inductance and the series resonant frequency are caused by flux paths in

air and so are independent of the core. Improvements in core material

will therefore increase the primary inductance in proportion to leakage
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Fig. 104.—Effects that would be produced on the frequency response of a transformer-
coupled amplifier by varying the primary inductance. Note the improved low-frequency
characteristic when the primary inductance is large.

inductance and distributed capacity. This permits a wider frequency
range than would be possible with a transformer having the same bulk
but using poorer magnetic material, or, conversely, for the same frequency
range means that high-permeability core material makes the transformer

smaller and lighter. When using magnetic alloys having high per-

meability, it is necessary to employ a shunt-feed arrangement (see next
section) since the incremental inductance of high-permeability alloys is

very adversely affected by direct-current magnetization.

It is possible to determine the characteristics of an amplifying trans-

former with fair accuracy by calculation based upon design data. 1 While
such calculations are empirical and so depend to a considerable extent

upon the experience and judgment of the computer, they are extremely

useful in aiding the designer of audio-frequency amplifier transformers

to improve his product. By properly manipulating the factors, such as

1 See Glenn Koehler, The Design of Transformers for Audio-frequency Amplifiers

with Preassigned Characteristics, Proc. I.R.E., vol. 16, p. 1742, December, 1928.
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core dimensions, shape, space, and arrangement of windings, air gap in

the magnetic circuit, etc., it is possible for a skillful designer to increase

materially the frequency range of a transformer.

Typical Characteristics.—The effect that various circuit elements have

upon the amplification characteristic of a- transformer-coupled amplifier

'to 10,000100 1,000

Frequency

Fig. 105.—Effect of varying the plate resistance in a transformer-coupled amplifier.

Note that the best characteristic is obtained when the plate resistance is neither too high
nor too low, but rather is properly matched to the transformer.

are shown in Figs. 104 to 107. It will be observed that. varying the

primary inductance while leaving everything else the same affects only

the low-frequency response. On the other hand, varying the effective

plate resistance Rp
' alters both the low- and high-frequency response,

with a high plate resistance giving a falling off at both low and high
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frequencies, while a low plate resistance improves the low-frequency

response but introduces a peak at the high frequencies. Shunting capac-

ity across the transformer secondary, or in some other way altering the

distributed capacity of the secondary, is seen to affect only the high-
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frequency response. Increasing the capacity, reduces the series resonant
frequency and also lowers the value of Q , thereby causing a pronounced
falling off at higher frequencies, whereas reducing the distributed capacity
extends the high-frequency range, although at the same time producing
a high-frequency peak unless the plate resistance is increased. Vary-
ing the leakage inductance alters both the series-resonant frequency
and the value of Q . It will be noted that some leakage inductance is

desirable, since with no leakage whatsoever the shunting capacity causes
a falling off of the high-frequency response much sooner than if the
appropriate amount of leakage were present.
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ESec* °f varying the leakage inductance of the secondary. Note that someleakage inductance is desirable in order to neutralize the detrimental effects of the effectivecapacity Cs shunted across the secondary.

Resistances are sometimes shunted across either the primary or
secondary windings of a transformer in order to control the amplification
characteristic. A resistance shunted across the primary has the effect
of reducing the effective amplification factor M and the effective plate
resistance Rp.* This, reduces the amplification, improves the low-
frequency response, and tends to make the high-frequency response
peaked.

When the transformer has a peak at high frequencies and a poor
response at low frequencies, considerable improvement in the frequency

1 The behavior of the arrangement can be readily analyzed by using Thevenin's
theorem to simplify the equivalent network that supplies power to the primary
terminals of the transformer, exactly as was done in Eqs. (93a) and (936) to take into
account the eddy-current resistance R e that is shunted across the primary terminals.
In fact, these same equations can be used to take into account the action of a shunting
resistance by considering R e to be the shunting resistance.



Sec. 45] VACUUM-TUBE AMPLIFIERS 199

response can be obtained at the expense of amplification by shunting a

resistance across the transformer secondary. Such a shunting resistance

lowers the amplification but affects the high frequencies most and the

low frequencies least so that, when the proper value of resistance is used,

the response characteristic is more uniform, as illustrated in Fig. 108. *

Transformer-coupled Amplifier with Pentode Tubes.—Transformer
coupling can be used with pentode tubes by shunting a suitable resistance

across the primary of the transformer, as shown in Fig. 109a. The proper

value of resistance to connect across the primary terminals can be determined

from the fact that the frequency distortion in a pentode transformer-coupled

• 100 ' 1,000 10,000

Frequency

Fig. 108.—-Effect of shunting resistances across the secondary of the transformer-
coupled amplifier, showing how a transformer having a high-frequency peak can be improved
by making the resistance the proper value, but at the expense of reduced amplification.

amplifier is exactly the same as the frequency distortion that would be present

in a triode amplifier employing the same transformer and having a plate

resistance equal to the equivalent resistance formed by the shunting resistance

in parallel with the plate resistance of the pentode. Since the plate resistance

of the pentode tube is very large, this means that the resistance shunted across

the primary should approximate the plate resistance that would be used
with the same transformer in a triode amplifier. This results from the
fact that according to The>enin's theorem the important thing as far

as the transformer behavior is concerned is the resistance of the network
that the transformer sees when looking toward the tube from its primary
terminals. The equivalent circuit of the pentode transformer-coupled
amplifier can accordingly be reduced by the use of TheVenin's theorem
to the arrangement shown in Fig. 109b, which is identical with the equiva-
lent circuit for the triode case. Hence a separate analysis of the pentode
transformer-coupled amplifier is not required.

1 More complete discussion of transformer-coupled amplifiers having resistance

shunted across the secpndary is given by Paul W. Klipsch, Design of Audio-frequency
Amplifier Circuits Using Transformers, Proc. I.R.E., vol. 24, p. 219, February, 1936.
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The use of Thevenin's theorem also shows that the amplification

obtained with both triodes and pentodes is proportional to the mutual
conductance, provided the resistance that the transformer primary
terminals see when looking toward the tube is the same for both types of

tubes. Since the mutual conductance of pentodes and triodes is roughly

the same for the same plate currents, there is no choice between the

tubes from the point of view of amount of amplification obtainable with

transformer coupling. At the same time, the pentode amplifier tends

to have more amplitude distortion in proportion to its output voltage,

requires a more expensive tube, and also demands means for supplying

voltage to the screen as well as to the plate. For these reasons triode tubes

are normally preferred for transformer-coupled amplifiers.

(a) Actual circuit (b) Equivalent circuit

,- Shuntingresistance ,,
Req.= Resistance formedbyp/ctte
ana shunting resistances inparallel

Fig. 109.—Actual and equivalent circuit of pentode transformer-coupled amplifier.

Experimental Determination of Transformer Characteristics.—The
primary inductance Lp that is effective in the equivalent circuits of Fig.

101 is the incremental inductance measured with low alternating flux

density in the presence of the appropriate direct current. The results

obtained will depend somewhat upon the previous magnetic history of

the core, and usually cannot be duplicated more closely than within a

few per cent unless the core is first carefully demagnetized. 1

The eddy-current resistance Re can usually be ignored. It is to a

high degree of accuracy equal to the impedance at the primary terminals

when the frequency is such that the capacity Cs and the primary induc-

tance Lp are in parallel resonance.

The step-up ratio of the transformer may be most satisfactorily meas-

ured by applying a known voltage to the primary and measuring the

potential at the secondary terminals with a vacuum-tube voltmeter.

This measurement must be carried out at a low frequency, i.e., a few
hundred cycles or less, since at higher frequencies incipient resonance

between the capacity Cs and the leakage inductance Ls will make the

voltage that appears at the secondary terminals higher than the voltage

actually induced in the secondary winding. When measurements of

step-up ratio at low frequencies are made, the actual voltage acting on

1 For details as to incremental inductance measurements see the author's " Meas-
urements in Radio Engineering," pp. 53-58, 1st ed. McGraw-Hill Book Company, Inc.
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the primary inductance is less than the voltage applied to the primary

terminals by the drop in the direct-current resistance of the primary

winding. The error thus introduced can be allowed for by multiplying

the apparent step-up ratio by the factor y/\ + (Rc/ooLp)*, where Rc and
Lp are primary resistance and inductance, respectively.

The leakage inductance Ls reduced to unity turn ratio can be readily

determined by measuring the inductance between the primary terminals

when the secondary is short-circuited. The leakage inductance is inde-

pendent of frequency and of saturation effects in the core, since the

leakage paths are in air; thus the measurement may be made at any
frequency and without passing direct current through the primary. It

is not permissible to measure leakage inductance from the secondary

terminals by short-circuiting the primary since errors are then introduced

as a result of the secondary capacity Ca .

Several indirect methods can be used to obtain the effective secondary

capacity Cs . One way is to determine the frequency «i/27r at which
parallel resonance occurs across the secondary terminals when the

primary terminals are short-circuited. This frequency is that at which
Cg and Lc are in parallel resonance, so that

Cs = -±r
>

(97)
Oil Lis

Another way of getting at the same thing is to measure the ratio of

secondary to primary voltage as a function of frequency at frequencies

approaching the resonant frequency. This ratio will increase with fre-

quency and reach a maximum when Ls and Cs are in resonance. At some
frequency below resonance, Cs can be deduced from a knowledge of Ls

and the step-up ratio according to the relation

Voltage ratio of transformer l/coCs

Step-up ratio of transformer T 1
(98)

Other indirect methods of determining Cs can be devised when the

occasion requires. In measuring Cs it must be kept in mind that the

capacity that is effective is the sum of the distributed secondary capacity

of the transformer and the input capacity of the tube to which the

secondary delivers its voltage. Consequently Cs should be determined

with the output tube actually present and operating with its normal
load impedance. Any additional measuring equipment, such as vacuum-
tube voltmeters, across the secondary must be so arranged as to introduce

the minimum possible additional shunting capacity.

Push-pull Transformers.—One of the chief uses of transformer

coupling is to excite the grids of a push-pull power amplifier. The circuit
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arrangement involved is shown in Fig. 110 and requires a center-tapped
secondary winding. When the two halves of the secondary are sym-
metrical with respect to the primary, as in Fig. Ilia, the push-pull
transformer behaves in exactly the same way as the ordinary trans-
former, which has already been discussed. The only difference, then,

is that the amplified voltage applied to

each of the output tubes is half of the

total voltage developed by the full sec-

ondary winding. In analyzing the

behavior of a symmetrical push-pull

transformer, one uses the full secondary,

and determines the equivalent leakage

inductance, series-resonant frequency,

etc., just as though the center-tap did not exist.

In the cheaper push-pull transformers, such as are. commonly used
in radio receivers, the usual method of construction is shown in Fig. lllo.

With this arrangement the two sides of the secondary are unsymmetri-
cally located with respect to the primary. The half of the secondary
next to the core has a higher shunting capacity Cs than does the other
half, but likewise possesses a lower leakage inductance with respect to

( b) Unsymmetrical secondary

Fig. 110.—Circuit of push-pull trans-

former-coupled amplifier.

(a) Symmetrical secondary

Center-top

YAAAAVAAAA

vaaaawaa

Center*~̂ M
^'^^VAAAP'stap V//APV/A\

VAA/VAAA

VAAA¥//A

Fig. 111.—Typical winding arrangements in push-pull-amplifier transformers.

the primary winding. As a consequence, the voltages delivered by the
two halves of the secondary winding are not the same in the high-fre-
quency range, although at medium and low frequencies the dissymmetry
has no effect.

46. Audio-frequency Voltage Amplifiers. Miscellaneous Coupling
Methods.—Most audio-frequency amplifiers employ either resistance or
transformer coupling, but other methods can be used and under some
conditions have advantages. The most important of these other
methods are described below.

Resistance-inductance-coupled Amplifiers. 1—This type of coupling is

illustrated in Fig. 112a, and is the same as an ordinary resistance-coupled
amplifier except for a small inductance Lc placed in series with the

1 For further discussion see G. D. Robinson, Theoretical Notes on Certain Fea-
tures of Television Receiving Circuits, Proc. I.R.E., vol. 21, p. 833, June, 1933.
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coupling resistance. An arrangement of this type properly designed
will give a more uniform response at high frequencies than is possible

with plain resistance coupling. It is also characterized by a rather sharp
cut-off at high frequencies, i.e., the amplification falls off relatively

rapidly beyond the flat region. These characteristics are illustrated

by Fig. 113.

(a) Actual circuit (b) Circuit in which tube has been replaced
__ . by its equivalent circuit

Rgi> cd=

—

x

Fig. 112.—Circuit of resistance-inductance-coupled amplifier.

The equivalent circuit of the resistance-inductance-coupled amplifier

is shown at Fig. 1126. At medium and low frequencies the reactance

of the inductance Lc is so small as to be negligible, so that the character-

istics are then the same as for the corresponding resistance-coupled case.

At high frequencies, however, the inductance tends to resonate with the

stray capacities in such a way as to improve the amplification character-

istic provided the proper inductance is employed. Analysis shows that,

to obtain a flat response up to some particular frequency using pentode

Fig. 113.
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-Characteristics of resistance-inductance-coupled amplifier, showing how the
optimum value of coupling inductance improves the response.

tubes, the coupling resistance should equal the reactance of the shunting

capacity at this frequency, and the inductance in series with the coupling

resistance should at this same frequency have a reactance equal to

half the coupling resistance. The grid-leak resistance should be much
higher than the coupling resistance. With these proportions the amplifi-

cation is substantially constant up to the desired frequency, as shown
in Fig. 113, and the phase distortion at high frequencies is also negligible
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up to the same point. By using other values of coupling inductance, one
can obtain either a rising or a falling characteristic at high frequencies,

as illustrated in Fig. 113.

Resistance-coupled Amplifiers with Grid Choke.—In this type of cou-
pling the usual grid-leak resistance of the resistance-coupled amplifier
is replaced by a high-impedance choke, as illustrated in Fig. 114. This
arrangement has the advantage of reducing to a negligible value the
resistance in series with the grid of the tube to which the amplified voltage
is delivered, and so permits operation under conditions where the maxi-
mum permissible value of grid-leak resistance is low. The grid choke
must have a very high inductance, for otherwise it will act as a low-

100 1,000

Frequency, Cycles per Second
10,000 100,000

Fig. 114.—Circuit of resistance-coupled amplifier employing grid choke, together with
typical amplification characteristics. Note that the character of the low-frequency
response can be controlled by the grid choke and coupling-condenser proportions.

impedance shunt at low frequencies. The necessary impedance is

relatively easily obtained, however, since the choke carries negligible

d-c current and so can be constructed with minimum possible air gap,
thereby giving a very large inductance with a small amount of material.

By a proper choice of coupling-condenser capacity and choke induc-
tance in relation to the coupling and plate resistances, it is possible to
control the low-frequency response. In particular, the low-frequency
response can be made to be substantially constant (but with a slight

hump) down to some frequency / , and then to fall off rapidly at lower
frequencies. This is accomplished by making the inductance Lg of the
grid choke such that the choke reactance at the frequency / equals
the resistance R formed by plate and coupling resistances in parallel,

and then employing a coupling-condenser capacity Cc such as to give
series resonance at the frequency f with the inductance Lg . That is,

L - R
^ " Wo
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A larger value of Cc will give a falling off at low frequencies similar to
that. with ordinary resistance coupling, while a smaller value gives a
decidedly peaked low-frequency response. 1 These effects are shown in
Fig. 114. Similar characteristics can be obtained by varying the coupling
resistance and leaving the remainder of the circuit unchanged. A
low coupling resistance tends to give a low-frequency peak, while a high
coupling resistance causes a falling off.

Transformer Coupling with Shunt Feed.—-Transformer-coupled ampli-
fiers are sometimes arranged as shown in Fig. 115a, with a choke 2 and
blocking condenser to prevent the d-c plate current from flowing through
the transformer primary. This arrangement is known as a shunt-^ed

(a) Actual circuit

Shuntfeedchoke
{or retard coil) ,

.Coupling or blocking
l-Cjj condenser

(b) Circuit with tube replaced
by its equivalentcircuit

Fig. 115.—Circuit of transformer with shunt feed, together with the equivalent electrical
circuit.

circuit and is required when the transformer has a permalloy or other
high-permeability core. Shunt-feed arrangements also make it possiblf
to obtain an improved frequency response from transformers using ordi-
nary silicon-steel cores.

The improvement in characteristics obtained with shunt feed results
from the fact that the transformer primary has no superimposed direct-
current magnetization. This permits the use of a magnetic circuit with
a minimum possible air gap, and also makes it possible to use high-
permeability core material. Because of the resulting low reluctance
of the magnetic circuit, the primary inductance can be made greater in
proportion to the physical size of the transformer than it can be when
provision must be made for handling direct-current magnetization.
At the same time, this improvement in primary inductance is obtained
without affecting the leakage inductance or the distributed capacity,
and hence without affecting the response at high frequencies. This is

because the magnetic leakage paths are largely in air, and so are not
1 The factor governing the character of the response at low frequencies is the ratio

of grid-choke reactance to the resistance formed by plate and coupling resistances in
parallel, when the ratio is evaluated at the frequency at which the coupling condenser
is in resonance with the grid choke. If the ratio is unity, the conditions of Eq. (99)
are realized; if the ratio exceeds unity, the low-frequency response is more peaked; if
it is less than unity, the amplification falls off at low frequencies.

2 A choke used for this purpose is sometimes called a retard coil.
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affected by the reluctance of the core circuit, while the distributed

capacity is likewise independent of core material. Consequently the

shunt-feed arrangement gives a smaller leakage coefficient and a widened
frequency band.

The equivalent circuit of a shunt-feed transformer arrangement is

shown in Fig. 1156. If the coupling condenser is. sufficiently large to

be an effective by-pass at all essential frequencies, it -will be noted that

the primary inductance of the transformer and the inductance of the

shunt-feed choke are essentially in parallel, so that the low-frequency

response is the same as though one had an ordinary transformer-coupled

circuit in which the primary inductance is the equivalent inductance

formed, by the actual transformer primary in parallel with the choke.

The middle-range and high-frequency responses are the same with shunt

feed as with ordinary transformer coupling. It will be observed, how-
ever, that the shunting effect of the shunt-feed choke tends to counteract

the increased primary inductance of the transformer which results from
the elimination of the d-c' plate current from the transformer primary.

With proper design there is, however, still a very great improvement,

since the shunt-feed choke can be physically large, and so can be made to

have a very high inductance even though carrying d-c current. At
the same time the choke, even when large, contributes nothing to the

leakage inductance, whereas a transformer large enough to handle the

d-e current and still give a high primary inductance has a high leakage.

The most satisfactory response at low frequencies is obtained by
properly proportioning the coupling condenser Cc with respect to the

primary inductance Lp of the transformer. A substantially flat low-

frequency response down to a frequency / can be obtained by making
the primary inductance of the transformer such that the inductive

reactance at the frequency / is equal to the plate resistance Rp , making
the coupling condenser of such a size that it is in series resonance with

the primary inductance of the transformer at the frequency /o, and
using a shunt feed inductance Lc at least one and a half times the trans-

former primary inductance. These requirements lead to:

c
< = (2^e; (100)

Ijc > l.o.L/.p

The resulting frequency response for these proportions is shown in Fig.

116, together with the characteristics obtained with other values of

coupling-condenser capacity. It will be noted that the low-frequency

response is either peaked or falling, according to whether the reactance
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of the transformer at the resonant frequency of Cc and Lp is greater

or less than the plate resistance, respectively.

Impedance Coupling.—An impedance-coupled amplifier is a resistance-

coupled amplifier in which the coupling resistance has been replaced

by a high-impedance choke coil, as shown in Fig. 117a. This arrange-

ment has the advantage over resistance coupling that there is negligible

direct-current voltage drop in the coupling impedance, so that lower

plate voltages and higher plate currents can be used. The cost is

much greater, however, and the coupling impedance tends to pick up

voltage from stray magnetic fields, so the arrangement is used only in

100 1,000 10,000

Frequency

Fig. 116.—Typical amplification characteristics of shunt-feed circuit of Fig. 115 for

various coupling-condenser capacities. The transformer has the same characteristics as

in Fig. 102 except that the primary inductance is assumed to be tripled as a result of the

elimination of direct-current magnetization. For purposes of comparison the curve of

Fig. 102 is shown dotted.

speqial circumstances. The equivalent circuit of an impedance-coupled

amplifier is shown in Fig. 1176, and the way in which the amplification

varies with frequency in a typical triode impedance-coupled amplifier

is shown in Fig. 118. In the middle range of frequencies the amplification

is high and relatively constant. At low frequencies the amplification

falls off because of the drop in the impedance of the choke at low fre-

quencies, while at high frequencies the amplification falls off as a result of

the shunting capacities. Equivalent circuits for various frequency

ranges are shown in Fig. 117, together with the resulting amplification

equations.

Examination of the equations in Fig. 117 shows that, when the plate

resistance is very high, as is the case with pentode tubes, the grid-leak

resistance must be of the order of magnitude of the coupling resistance

that would be used with a resistance-coupled amplifier if a relatively

flat frequency response is to be obtained. This is because with very high

plate resistance the falling off at low frequencies is determined by the

ratio of coupling-inductance reactance to Bi ( = resistance formed by
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(a) Actual Circuit of Impedance Coupled Amplifier
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Fig. 117.—Actual circuit of impedance-coupled amplifier together with equivalent electrical

circuits.
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Re and RgZ in parallel), and at high frequencies by the ratio of shunting-

condenser reactance to Ri, with the response being better the lower the

grid-leak resistance. This assumes that the coupling condenser is large

enough so that the amplification begins to fall off as a result of insufficient

coupling impedance some time before the falling off due to excessive

condenser reactance becomes appreciable.

1,000 10,000 100,000

Frequency, Cycles per Second

Fig. 118.—Typical amplification curve of an impedance-coupled amplifier,

(a) Actual circuit of input transformer^;

Line
Generator£
voltage^^-

•^"flecfrostafic shield(optional)

(b) Equivalent circuit in which line has been replaced

by equivalent generator using Thevenirfs 7neorem

Generator
voltage

Line impedance= impedance seen by transformer
r primary when looking toward generator

Genera/or voltaqe= voltage appearing across transformer

endofline when line is disconnected

from transformer primary

Fig. 119.—Circuit of input transformer.

Input Transformers.—Circumstances commonly arise where it is

necessary to couple the grid of a tube to a transmission line. This is

usually done with a step-up transformer, which is termed an input trans-

former. The line that excites the primary of the transformer can be

thought of as being equivalent to a generator having a certain internal

resistance, as shown in Fig. 119. It will be observed that this is similar in

all essential respects to the circuit of an ordinary interstage transformer-
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coupled amplifier as discussed above, with the internal resistance of the

power source replacing the plate resistance of the tube. Input trans-

formers therefore have characteristics that are similar to interstage

transformers, and they are analyzed on the same basis, the only difference

in the design being that the primary winding must have a primary
inductance in proportion to the line resistance. With low-resistance

lines (or sources) the primary inductance and hence the primary turns

will be small, and the transformer will have a large step-up ratio; with

lines (or sources) having an equivalent resistance of the same order of

magnitude as the plate resistance of a tube, the input transformer and
the interstage transformer will be interchangeable except for the fact that

input transformers normally do not have to be designed to carry d-c

current in their primary windings.

The internal impedance of a source of power supplying an input

transformer is commonly referred to as the line impedance. Thus an

input transformer designed to operate with a microphone having an

internal impedance of 4 ohms would be said to be designed to operate

from a 4-ohm line, since the transmission line that connects the micro-

phone to the transformer would appear to the primary of the trans-

former to have 4 ohms impedance. Where energy is to be transmitted

any distance, line impedances ranging from a few ohms up to 500 or 1000

ohms are commonly used. Higher impedance lines are generally avoided

because they are more susceptible to trouble from stray fields.

(a) Direct coupling (b) Transformer coupling

T~ ^EZ Ik/I I

£~

(c) Band pass coupling

Fig. 120.—Typical tuned-amplifier circuits using pentode -tubes.

47. Tuned Voltage Amplifiers.—In a tuned amplifier the load imped-
ance is supplied by a resonant circuit, using parallel resonance to obtain

the necessary high impedance. Such amplifiers find their principal use

in the amplification of radio frequencies. They are particularly satis-

factory for such applications since they can utilize the stray and tube

capacities inevitably present to help tune the resonant circuit. They
are also selective with respect to frequency, giving an amplification that

varies with frequency in much the same way as does the response of an
ordinary resonance curve, and thereby making it possible to amplify

signals of a desired frequency while eliminating other signals.

Tuned radio-frequency voltage amplifiers practically always employ

pentode tubes of the type in which the control grid is very completely
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shielded from the plate circuit, as shown in Figs. 59 and 866. Tubes of

this character are commonly called radio-frequency pentodes; they give

more gain than triode tubes and also have negligible capacitive coupling

between the plate and grid circuits. Screen-grid tubes have many of the

advantages of pentode tubes but are not

so satisfactory.

A number of typical tuned-amplifier

circuit arrangements are shown in Fig.

120. The basic principle of operation in

all these is the same, the chief difference

between the circuits being the means
used to couple the tuned circuit to the

plate circuit of the amplifier tube. The

=-Gm es

Coupling capacity,
(negligible reactance
atradio frequencies)

7*

-h-V

Cj_ Lff^

Strayandoutput
capacities

Stray andtube
capacities

Fig. 121.—Equivalent circuit of

, . /• n e ji • ., • -i tuned amplifier of Fig. I20a, in which
analysis Ot all Of these Circuits IS earned the tube has been replaced by an

OUt in the same way, first replacing the equivalent constant-current generator

, , , ., • i • • ii circuit.
tube by its equivalent circuit and then

calculating the behavior of the resulting electrical network.

Analysis of Typical Tuned Amplifiers Using Pentode Tubes.—The
simplest tuned-amplifier circuit is the direct-coupled arrangement shown
in Fig. 120a, and this will accordingly be considered first because it

illustrates the principal properties of tuned amplifiers. The exact equiva-

lent circuit is shown in Fig. 121. It
Rp=3 megohms
Rg!= 1 megohms
L - 0.16 mh
Q ' 50

Gm" lOOOmicromhos
Resonant freq.=IOOOKC.

1,000 1020
Frequency, Kilocycles

1040 1060

will be noted that the stray wiring

capacities and the plate-cathode

capacity of the amplifier tube, as well

as the grid-cathode capacity of the

tube to which the output voltage is

delivered, help tune the circuit and
are therefore not particularly detri-

mental. From this equivalent cir-

cuit the amplification can be written

down at once as

Fig. 122.—Variation of amplification
with frequency in a typical tuned amplifier.

This curve has the shape of a resonance
curve corresponding to a circuit Q slightly

less than the actual Q of the resonant
circuit.

Amplification = e
GmZ L (101)

where Gm is the mutual conductance

of the amplifier tube and ZL is the

impedance formed by the tuned circuit, the grid-leak resistance, and the

piate resistance, all in parallel.

The results in a typical case are shown in Fig. 122 in the frequency

range around resonance. Examination of Fig. 122 and Eq. (101) shows
that the amplification curve has the shape of a resonance curve, with the

maximum amplification occurring at the frequency at which the tuned
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circuit is resonant when taking into account the stray shunting capacities.

At this frequency the parallel impedance of the resonant circuit is wLQ,

so that Eq. (101) becomes

Amplification at) „ o>LQ
> = Gm Tn Th (102a)

resonance
J

. ,
o>L,Q

,
wLQ

Rp Rgl

The notation is as illustrated in Fig. 121. With ordinary circuit propor-

tions the grid-leak resistance and plate resistance are both very much
higher than the parallel impedance of the resonant circuit, so that to a

good approximation one can rewrite Eq. (102a) as

Approximate amplification) n
at resonance

J

The curve of amplification as a function of frequency will be found to

have a shape corresponding to an effective Q lower than the actual Q of the

resonant circuit. The ratio of this effective Q of the amplification curve

to the actual Q of the tuned circuit depends upon the grid-leak and plate

resistances associated with the tuned circuit; it is given by the equation 1

Effective Q of amplification curve 1 nrv^
Actual Q of tuned circuit

~~

1
. uLQ . wLQ

Rp Rgl

The transformer-coupled circuit of Fig. 1206 behaves in much the

same way as does the direct-coupled circuit of Fig. 120a, although

differing in details of analysis. The exact equivalent circuit of the

transformer-coupled arrangement is shown in Fig. 123a for both the

constant-voltage and constant-current forms of the equivalent tube

circuit. These equivalent circuits are relatively complicated as a result

of the various stray and tube capacities. However, if the primary

inductance is not too large and if the coefficient of coupling is reasonably

high, then the principal effect of these capacities is to assist in the tuning of

the resonant circuit. This gives the equivalent circuits of Fig. 1236.

The constant-voltage generator form of this circuit has already been

discussed in Sec. 17 as an example of a typical coupled circuit, and it was

found that the response in the secondary circuit had the shape of a

resonance curve corresponding to an effective Q less than the actual Q
of the tuned circuit. The amplification of the transformer-coupled

circuit at resonance is readily shown to be

1 This ratio is simply the ratio of the resonant impedance of the tuned circuit to

the impedance formed by the combination of tuned circuit, grid-leak resistance, and

plate resistance, all in parallel.
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coMQAmplification at

resonance G,

1 +
Rr,

213

(104a)

In pentode tubes Rp is extremely high, so that to a good approximation

(1046)

Approximate amplification"*

at resmmnp.fi ( =Gma)MQat resonance

The ratio of the effective Q of the amplification curve to the actual Q
of the tuned circuit is given by 1

Effective Q of amplification curve 1

Actual Q of tuned circuit
1 + {<*M)VR*

RP

(105)

When the plate resistance is very large, as in the case of pentode amplifier

(a) Exact equivalent circuits of transformer-coupled
tuned amplifier of Fig. 120(b)

Constant-vottage arrangement Constant-current arrangement

(b) Practical equivalent circuit when L P is not too large and
the coefficient of coupling between Lp and Ls is high

Constant-voltage arrangement Constant-current arrangement
R s t=-Gm e c

Fig. 123. Exact and practical equivalent circuits of transformer-coupled amplifier of
Fig. 1206.

tubes, the effective Q of the amplification curve is substantially the same
as the Q of the resonant circuit.

,An examination of Eq. (104a) shows that the mutual inductance
controls the equivalent impedance which is coupled into the plate circuit
of the tube by the tuned circuit and hence controls the amplification.
In the case of tuned amplifiers employing triode tubes, the transformer

1 This equation results from the fact that the response curve has the shape of a

resonance curve corresponding to a secondary resistance of R s + ^ ' instead of
Rp

the value Rs actually present. The right-hand side of Eq. (105) is simply the inverse
ratio cf these two resistances.
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coupling provides a means of matching the load impedance provided by
the tuned circuit to the plate resistance of the tube in such a way as to

obtain the maximum possible amplification, as discussed below. With
pentode tubes the problem of matching does not occur because the plate

resistance of the tube is so much more than any load resistance that can

conceivably be coupled into the plate circuit that the amplification will be

greater the larger the coupling.

Tuned Amplifiers with Complex Coupling. 1—When the resonant

frequency of the tuned circuit is adjusted by varying the capacity, the

i i 1

—

i—_i

—

No couplingbetween L-2 & L

(C) *0

°^" v i-2 (c,+cT>

Assuming^, » coL.

(b)

Vl2 (c,+C2)(i-k|)

Assuming^-C(» <*>L

M M,C, Mz-T&Z (d) Circuifequivg lentto above

1

VL2 (C I+ C2)(,-J^)

- LtO-11^) neglected -^ ' T

Notation in above:

Zil_s - High inductance primary
L = Secondary inductance

M| = Mutual inductance between Li and L
Mj » Mutual inductance between L.2and L

K| * Coefficient of coupling between Li and L

K 2
- Coefficient of coupling between L^and L

K12 - Coefficient of coupling between L, andU
00 > 2jrx resonant frequency ofsecondary circuit

002 - 2
-re x resonant frequency of Primary circuit

(assumed to be less than o>)

Equivalent primary impedance
(impedance offered to Iowhen secondary

is open at X)
Equivalent secondaryimpedance
(impedance measured acnossa bneakat

X in secondary when source ofprimary
current I is open circuited

Equivalent mutual inductance (which is

equal to ^j ,where E is the voltageappearing

across a break at Xin thesecondary circuit

when a current I enters the primary)

Fig. 124.—Typical tuned amplifiers with complex coupling, together with equations
for the equivalent mutual inductance M and the equivalent electrical circuit representing
the complex network.

direct- and transformer-coupled arrangements of Fig. 120 give an
amplification that is roughly proportional to the resonant frequency,

as is evident when the equations of amplification at resonance are exam-
ined and it is remembered that Q is roughly independent of frequency.

This behavior is undesirable under ordinary circumstances, and it can be
overcome by coupling the amplifier tube to the tuned circuit by a complex
network such that the way in which the amplification varies with the

frequency can be controlled by the circuit constants.

Typical examples of complex coupling arrangements that can be

used to accomplish this result are given in Fig. 124. These circuits are

relatively complicated, but, as has already been explained in Sec. 18,

they can in every case be simplified to the equivalent transformer-coupled
1 A very complete discussion of this subject is given by Harold A. Wheeler and

W. A. MacDonald, Theory' and Operation of Tuned Radio-frequency Coupling Sys-

tems, Proc. I.R.E., vol. 19, p. 738, May, 1931.
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arrangement shown in Figs. 40g and 124cL In this equivalent circuit

one postulates a primary impedance Zp , which is the impedance actually-

observed across the primary terminals when looking into the network
with the secondary circuit open. Similarly the secondary is assumed to

have the impedance Zs , which is the impedance that is observed when the

secondary circuit is opened at the point X and the primary terminals are

left open-circuited. The mutual inductance M, which is assumed to

exist between the primary and secondary impedances, is determined

from the fact that, when a current Jo flows into the primary terminals,

the voltage that appears across a break at X in the secondary circuit is

—jwMIo. In speaking of the quantity M in this case as an "equivalent

mutual inductance," it must be realized that what is really being referred

to is the equivalent coupling between the circuits. When this coupling is

capacitive, the "mutual inductance" will actually represent a mutual
capacity, which is indicated mathematically by M having a negative

sign. When there is combined reactive and resistive coupling, M will

be a complex quantity.

The method of procedure in analyzing complex coupling can be under-

stood by considering a simple case such as that shown in Fig. 124a. As
this circuit is commonly encountered, the primary L2 has a high induc-

tance compared with the secondary inductance L. The capacity C2 ,

representing the distributed capacity of L2 plus the plate-cathode capacity

of the amplifier tube, is made large enough to be in resonance with the

inductance L2 at a frequency slightly below the lowest frequency to be
amplified. The primary inductance L2 normally has no coupling at all

to the secondary inductance L, the entire coupling being provided by the

capacity Ch which is very small, often only 2 or 3 ju/ifds. provided by
stray capacity.

In an arrangement of this sort one is primarily interested in the effec-

tive mutual inductance M and the way it varies with frequency. The
only other action the complex coupling arrangement can have is to

influence slightly the tuning of the secondary circuit. The first step in

calculating M is to determine the voltage produced across a break X in

the secondary when a current I enters the primary. Assuming 1/coCi

> > coL, this is 1

1 This is derived as follows: If 1/wCi > > wL, then the impedance offered to I is

essentially that of the parallel impedance of a circuit having an inductance L and a
capacity (Ci + C2); thus it is

Impedance ^ . .

offered by =ZP
- l^t/Md + C)

primary to 7 ) ){,U -^fC^) ^ + C^L{ 1 "
L̂ 2 (c] + C 2) [

If one denotes by co 2/2tt the resonant frequency of the primary (i.e., w9L*
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Open circuit secondary"i

voltage
j

jali
LCi

,

c 1 + c2

1 +
1

(co/co2)
2 - 1

(106)

Dividing this by —joolo gives the value for M shown in Fig. 124a.

The result is an effective mutual inductance, and hence an effective

coupling coefficient, which varies

with frequency in a manner deter-

mined by the resonant frequency

o}2/2t of the primary inductance.

The variation in mutual inductance

M with frequency in an actual case

for several values of cu2 is given in

Fig. 125, and it is apparent that by
suitable choice of circuit constants it

is possible to counteract in a large

measure the tendency for the ampli-

fication to vary with the resonant

frequency of the secondary.

The other circuit arrangements

of Fig. 124 are somewhat more

500 600 700 800 900 1000 1100 1200 13001400 1500

Resonant Frequency of Secondary in K.C.

Fig. 125.—Variation of equivalent
mutual inductance M with frequency for

several circuit proportions of the complex ,.„,-,
coupling system of Fig. 124a. For con- difficult to analyze than the example
stent amplification with a fixed value of Q

just considered, but they lead in the
the value of M should vary inversely with . "L,

frequency, .and it is apparent that this ideal end to Similar results. 1 he value Ol

can be roughly approximated by the use of the equivalent coupling M in each
complex coupling. . *.

case is given on the figure, and the

detailed analysis is to be found in the literature. 1

, Band-pass Amplifiers.—A band-pass characteristic such as shown in

Fig. 41b can be realized in an amplifier by using in place of a single reso-

l/«2(Ci + C 2)), then to»L,(Ci + C2 ) = («/w2)
2 and

Impedance offered ) _ „ 1

by primary to /. J
~ p

~
+ ^ _ _1

1

L i«/w2rJ

The voltage developed across the primary is the product ZPI of this impedance and J
;

if 1/coCi > > caL, the voltage across L (which is also the voltage appearing across a

break at X in the secondary) = ZPI

(ja,)*IoLC

1/jcoCt

jcolo-

-Zpi <yO}
2LC 1 =

LCi

LCi(co/co 2 )
2

3<j3l
\C x + C) [(«/«,)"* - 1]

terms.

1 Ibid.

This last form is Eq. (106) with a rearrangement of
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nant circuit two resonant circuits tuned to thesame frequency and suitably
coupled as shown in Fig. 126a. This arrangement is commonly used in
intermediate-frequency amplifiers and is very desirable for the amplifica-
tion of modulated waves because it can provide substantially constant
amplification for all the "essential side-band frequencies contained in
the wave, while at the same time discriminating sharply against fre-
quencies that are outside the pass band. In contrast with this, a tuned
amplifier composed of a single resonant circuit has a rounded-off response
curve, and so cannot discriminate against interfering frequencies just
outside the desired frequency band without at the same time discriminat-
ing against the higher frequency side-band components.

(a) Actual circuit

(b) Equivalent circuit(constant-curreritfbrm) (c> Equivalent circuit with source
I

,
represented by dotted rectanglein

1 <b> simplified by Theveniri's theorem

CD -£jl(f"emes[

Cn=*= Ls 'rCs e
Equivalent WcP >

2

series =
p

v
...

resistance KP

Equivalent r„ „
series = 6™fs -

voltage JmCp

JLS ±CS e

1

JL

Fig. 126.—Actual circuit of band-pass amplifier, together with equivalent circuit.

The equivalent circuit of a band-pass amplifier is shown in Fig. 1266.
Although this circuit appears complicated, it can be analyzed in a very
simple manner by using Thevenin's theorem to replace the actual source
of voltage by an equivalent voltage acting in series with the primary
circuit. Thus, applying Thevenin's theorem to the network enclosed
in the dotted rectangle in Fig. 126&, the result is the equivalent circuit
shown at Fig. 126c, which is identical with the band-pass circuits dis-
cussed in Sees. 17 and 19. Because the plate resistance Rp of the tube is

always much greater than the reactance of the condenser Cp even when
triode tubes are employed, the equivalent voltage E is given by the
formula

Equivalent voltage

that can be considered]

as acting in series

with the primary

= esG,\J^) (107)
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Assuming Rp > > 1/«CP , the equivalent internal impedance of the genera-

tor in the dotted rectangle is substantially equivalent to the capacity Cp

in series with a small added resistance of (l/a)Cp)
2/Rp ohms. 1 It is

apparent from these considerations that the only effect which is produced
upon the band-pass characteristic by associating a pair of tuned circuits

with the tube, particularly a pentode, is to reduce slightly the effective

primary Q. The band width, shape of response curve, etc., are hardly

modified at all.

The amplification can be calculated readily with the aid of Eqs. (45)

and (48a) by taking advantage of the fact that the equivalent voltage

acting in series with the primary circuit is given by Eq. (107), while the

output voltage is equal to the secondary current times the reactance

of the secondary condenser. At the common resonant frequency this

gives

Amplification at ) „
7
u \/LjZ /ino N

, , > = Gmk ~- (108a)
resonant frequency; 1

where

Gm = mutual conductance of tube

k = coefficient of coupling between primary and secondary

inductances

coo = 2t times resonant frequency

Qp = (aLp/R p for primary circuit, taking into account any equiva-

lent resistance that may be added by the plate resistance of

the tube.

Qs = o>Ls/Rs for secondary circuit

Lp ,
Ls = primary and secondary inductances, respectively.

The amplification is maximum when the coefficient of coupling has

the critical value as defined by Eq. (47), i.e., k = l/\ZQpQs , and for this

condition becomes

Maximum possible) = a?o\/LpL8\/QpQ8
(lORh)

amplification )

m
2

Comparison of Eqs. (1086) and (102a) shows that, when the primary and
secondary circuits are identical and the plate and grid-leak resistances

are very high, the gain obtained with the band-pass arrangement is

exactly half that which is obtained when a single tuned circuit is employed.
When the coefficient of coupling is greater than the critical value, the

amplification curve becomes double humped, exactly as do the curves

of secondary current in the band-pass filters discussed in Sec. 19. The
1 This results from noting that by TheVenin's theorem the internal impedance of

the equivalent generator consists of a capacity Cp shunted by a resistance Rp . This
shunt resistance is then transformed into an equivalent series resistance by Eq. (19).
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amplification at these peaks is substantially equal to the amplification
as given by Eq. (1086), and the separation of the peaks is determined
by the factors discussed in connection with Eqs. (49a) and (496). The
amplification at the resonant frequency is still given by Eq. (108a), irre-

spective of whether or not double humps occur.

Tuned Amplifiers Employing Triode Tubes.—The first tuned amplifiers
employed triode tubes, but triodes are now completely displaced by radio-
frequency pentodes. This is because pentodes give more amplification,
make it possible to obtain better selectivity, and have practically no
direct electrostatic capacity between grid and plate electrodes to transfer
energy between input and output circuits. As a consequence, triode
tubes are of little importance as tuned voltage amplifiers, although they
find a very important use as tuned power amplifiers, as discussed in the
next chapter.

The analysis of tuned amplifiers employing triode tubes is carried out
in exactly the same way as with pentode tubes, and the same equivalent
circuits apply. The constant-voltage generator form of these circuits

is usually preferable with triodes, however, whereas the constant-
current generator form is simplest when dealing with pentodes. The
only essential difference that occurs with triode amplifiers arises from the
fact that the plate resistance of a triode is relatively low and so becomes
an important factor. In particular, the low plate resistance makes the
effective Q of the amplification curve appreciably less than the actual Q
of the resonant circuit, as is apparent from Eq. (105). There is also an
optimum coupling between the tuned circuit and plate of the tube for

maximum amplification. This optimum condition can be shown by
Eq. (105) to be when the resistance that the tuned secondary couples
into the plate circuit at resonance equals the plate resistance of the tube.
Under such conditions the effective Q of the amplification curve is exactly
one-half the actual Q of the tuned circuit.

Design of Tuned Amplifiers.—The design of ordinary tuned amplifiers

can be carried out in a straightforward manner. The tubes normally
used are radio-frequency pentodes, generally of the variable-mu type, and
are well standardized. Tubes are operated at the highest mutual con-
ductance that it is practicable to realize at the potentials available and
still keep within the tube rating. The screen electrode should be by-
passed to the cathode or to ground by a suitable condenser. The tuning-
coil inductance is usually determined by such considerations as physical
size and broadness of response necessary to prevent undue discrimination
against the higher side-band frequencies, while at the same time keeping
in mind that the gain will be increased by a high Q and a high ratio of

inductance to capacity. Any convenient coupling method will be satis-

factory provided it is designed with the consideration that, although
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the gain per stage is increased by coupling the tuned circuit very closely

to the plate circuit, a high gain per stage increases the likelihood of trouble

from oscillations, as discussed in Sec. 51 . When the resonant frequency of

the tuned circuit is to be varied, a complex coupling arrangement designed

to give substantially constant amplification over a range of frequencies

is desirable.

Selectivity and Selectivity Curves of Tuned Amplifiers.-—The ability

of a tuned amplifier to discriminate against interfering signals is often

fully as important as the gain of the amplifier at resonance. When the

load impedance contains only a single tuned circuit, the discrimination

100
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£60
o
1=40
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Fig. 127.—Selectivity curves of tuned amplifiers, in which the ordinates show relative

input voltages required at different frequencies to maintain the output voltage constant.

against frequencies appreciably off resonance is given approximately

by the equation

Amplification when far off resonance _ 1 , Q >

Amplification at resonance Q(l — y
2
)

where Q is the effective Q of the amplification curve and y equals the ratio

of the actual frequency to the resonant frequency. When the load

impedance is a band-pass filter such as is shown in Fig. 126, the dis-

crimination against frequencies far off resonance, for couplings equal to

or greater than the critical value, is given approximately by

Amplification when far off resonance _ 2k 2
, ,>

Maximum amplification at coupling peak
~~

7(1 — 7
2
)
2

where k is the coefficient of coupling between primary and secondary
circuits and 7 is the ratio of actual frequency to the resonant frequency.

Equation (109b) is derived from Eqs. (45), (47), (486), and (107) by
neglecting resistance terms when far off resonance.
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The effectiveness of an amplifier in discriminating against frequencies

off resonance can be most satisfactorily shown by plotting a curve of

relative amplification in the manner shown in Fig. 127, which gives the

relative input required to maintain the output constant as the frequency

of the input is varied. The input required to produce the output at the

frequency of maximum amplification is used as the reference value.

Thus, in the band-pass case in Fig. 127, it takes an input signal 25 times

as strong to produce a given output when the carrier is 30 kc off resonance

as it does when the carrier is exactly at resonance. Included in Fig. 127

are the selectivity curves of one and two stage amplifiers employing single

tuned circuits, and also a single stage of band-pass amplification. The
superiority of the band-pass amplifier in its ability to discriminate against

frequencies appreciably off resonance, while at the same time responding

uniformly to a band of frequencies about resonance, is clearly evident.

Problems

1. a. An alternating potential of 2 volts having a frequency of 1000 cycles is

applied to the grid of a triode having /* = 14, Rp = 10,000, and a resistance load of

12,000 ohms. Calculate (1) alternating current in the load, (2) alternating voltage

across the load, (3) alternating power dissipated in the load, and (4) ratio of voltage

across load to the grid voltage.

6. Repeat the above for a load consisting of a 2-henry inductance.

c. Repeat (a) and (b) using the constant-current form of the equivalent circuit.

2. a. Design a resistance-coupled amplifier using the pentode tube of Figs. 62 to

65, when a plate-supply potential of 350 volts is available and when only the audio-

frequency range is to be covered. In this design determine approximate screen volt-

age and plate current at the actual operating point, bias resistance, and bias by-pass

condenser as well as the coupling resistance, grid-leak resistance, and coupling

condenser.

6. Calculate and plot the amplification as a function of frequency by making an
estimate of the mutual conductance and plate resistance at the operating point

and assuming the total shunting capacity to be 35 ju/uf

.

3. Repeat Prob. 2, but design the amplifier for television purposes requiring

a response that does not fall to less than 70 per cent of the maximum for a frequency

range of 20 to 400,000 cycles. Assume that the shunting capacities are reduced to

15 fifii in this case, and use plain resistance coupling without the addition of an
inductance.

4. When the plate-load resistance or the screen voltage is so high that a virtual

cathode forms in front of the suppressor grid in a pentode resistance-coupled amplifier,

what will be the effect on the amplification obtained?

6. a. Design a resistance-coupled amplifier to cover the speech range, using a

Type 75 (or 2A6) high-mu triode when a plate-supply voltage of 300 volts is available.

Include in this design the determination of the actual operating point, using charac-

teristic curves published in a tube manual.

b. Calculate the expected amplification as a function of frequency, using data

on tube constants obtained from a tube manual and assuming that the shunting

capacities are 100 mxi.

6. Check the curve of Fig. 102 by recalculating with the data given.
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7. A transformer-coupled amplifier is to give a mid-frequency gain of 40 when
operated with a 56 tube, and it must cover the frequency range of 50 to 14,000 cycles

with an amplification that does not vary by over 20 per cent from 40. Specify the
proper primary and leakage inductances, the turn ratio, and the equivalent distributed

capacity.

8. A certain transformer is found to have the following characteristics upon test

:

Primary inductance at rated primary current = 30 h
Primary inductance with secondary shorted =

. 3 h
Ratio of transformation (voltage ratio at low frequencies) = 4.0
Voltage ratio at 4000 cycles (no output tube) = 6.0
R e so large as to be of no consequence

Primary direct-current resistance = 500 ohms
Ra (actual value before reducing to unity-turn ratio) = 10,000 ohms

This transformer is to be used with a 56 tube having an amplification factor of 14 and
a plate resistance of 9500 ohms. The input capacity of the following tube is estimated
as 75 ixni . Calculate and plot the way in which the amplification would be expected
to vary with frequency, and comment as to how the characteristic might be improved.

9. Calculate the amplification curve that would be obtained in Fig. 102 when a
15,000-ohm resistance is shunted across the transformer primary.

10. Derive Eqs. (95) and (96).

11. Redesign the amplifier of Prob. 3 as a resistance-inductance-coupled amplifier,

and for comparison replot the resistance-coupled curve of amplification along with the
curve for resistance-inductance coupling.

12. A transformer is to couple a 500-ohm line to the grid of a tube. Assuming
that the turn ratio is to be 15, specify the minimum allowable primary inductance, the

maximum allowable leakage inductance (referred to the primary), and the desired

series-resonance frequency, if the response is to be within 30 per cent of the mid-
frequency response over the frequency range of 80 to 7000 cycles.

13. Check the curve of Fig. 118 by recalculating from the circuit data given on the
figure.

14. Check the amplification curve of Fig. 122 by recalculating.

15. a. Design a tuned amplifier using the circuit of Fig. 120a, a 6D6 tube, and a
coil for the tuned circuit which is the coil of No. 28 wire in Fig. 19.

b. Calculate the curve of amplification as a function of frequency up to 30 kc on
either side of resonance when the coil is tuned to 650 and 1400 kc.

c. Repeat (a) and (b) for the circuit of Fig. 1206 when the mutual inductance
between primary and secondary is 100 fjh.

16. a. Calculate the amplification at resonance as a function of resonant frequency
over the range of 550 to 1500 .kc, for Prob. 15a.

b. Design a complex coupling system following one of the arrangements of Fig. 124,

so that the amplification will be approximately the same at 700 and 1250 kc, and plot

the resulting amplification as a function of frequency on the same axes as the curve
of (a).

17. In a typical intermediate-frequency amplifier of the band-pass type shown in

Fig. 126, the primary and secondary coils each have inductances of 4 mh and are

tuned to 260 kc. The coil Q's are 50 and the coupling is adjusted so that k = 0.03. If

a 6D6 amplifier tube is used, calculate and plot the curve of amplification as a function

of frequency.

18. Repeat Prob. 17 for k = 0.015 and for k = 0.05, and plot on the same curve
sheet as used in Prob. 16. Also plot the same three curves in the form of selectivity

curves of the type shown in Fig. 127.



CHAPTER VI

VACUUM-TUBE AMPLIFIERS {Continued)

48. Methods of Volume Control.—It is nearly always necessary to
provide means of controlling the gain of an amplifier so that the output
can be kept at a desired level irrespective of the signal voltage being
amplified. Thus in the case of a radio receiver it is desired to control
the loudness of the loud-speaker output without regard to the strength
of the radio signal. The volume-control arrangement for accomplishing
this should be such that the gain setting has little or no effect upon the
frequency response 1 and does not introduce amplitude distortion.

Volume Control in Audiofrequency Amplifiers.—The standard
method of controlling volume in resistance-coupled amplifiers is shown
in Fig. 128a, where the grid leak is supplied by a high-resistance poten-
tiometer. The only effect produced upon the amplifier characteristics

by such a volume control is a slight improvement in the high-frequency
response at low volume settings.

The control of volume in transformer-coupled amplifiers is complicated
by the fact that the circuit involving the transformer must be very
carefully proportioned to give proper frequency response. The best
arrangement for controlling volume when transformers are used is shown
in Fig. 128&, where a high-resistance potentiometer is connected across the
transformer secondary. This arrangement is not entirely satisfactory,

however, because it introduces a high resistance in the grid circuit at
certain volume-control settings and because it modifies the character-
istics of the amplifier. In particular, there is reduction in the amplifica-
tion and alteration of the frequency-response characteristic. When an
amplifier contains both resistance- and transformer-coupled stages, it is

common practice to control the volume in one of the resistance-coupled
stages.

Volume Control in Tuned Amplifiers.—The volume of tuned amplifiers
using pentode tubes is practically always controlled by varying the
mutual conductance of the amplifier tube, either by changing the control-

1 The only exception to this is under conditions where it is desired to compensate
for the fact that the sensitivity of the ear to high and low pitches relative to the middle
range of frequencies is less for weak sounds then for loud sounds (see Sec. 148). This
means that for proper reproduction at low output levels, frequency distortion tending
to^favor the high and low frequencies is desirable. Volume controls which provide
thfs sort of characteristic are said to be "tone compensated."

» 223
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grid bias or the screen-grid potential. This method of controlling volume
does not affect the shape of the frequency-response characteristic, and
it has the advantage of permitting the amplification of several stages
to be controlled simultaneously. When the gain of a tuned amplifier

is to be controlled, variable-mu tubes are practically always employed
since these eliminate amplitude distortion and cross-talk troubles at

low volume settings (see Sec. 55).

Automatic Volume Control.—Circumstances sometimes arise where
it is desired to maintain the output automatically constant irrespective

of the input to the amplifier. Thus in a radio receiver it is desirable to

(a)~Res1stance coupling

-II—i Volume

(b> Transformer coupling
Volume

^adjusfmenfc

Fig. 128.—Volume-control arrangements normally used in resistance- and tr nslormer-
coupled amplifiers.

maintain constant output when the signal being received fades through

wide ranges in amplitude.

Automatic volume control of this type is accomplished by rectifying

a portion of the output voltage, passing the rectified d-c current through

a resistance, and utilizing the voltage thereby developed across the

resistance to control the volume in such a way as to tend to maintain the

output constant. With tuned amplifiers the customary practice is

to employ variable-mu tubes, with the control grids of the various

amplifier stages biased negatively by the rectified current. When the

signal becomes larger, the output voltage then tends to increase, but this

increases the negative bias that the rectified output produces and thereby

reduces the gain of the amplifier, tending to counteract the effect of

the increased input signal. Detailed discussion of automatic volume-
control arrangements used in radio receivers is given in Sec. 109.

Automatic volume control is used in audio-frequency amplifiers

only under special circumstances, such as in laboratory oscillators,

etc. The simplest method of applying automatic volume control to
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audio-frequency amplifiers is to utilize the direct-current voltage devel-

oped by the rectified current to control the bias on the grid of a resistance-

coupled variable-mu pentode stage operating at low power levels.

Volume Expansion and Contraction.—Under many circumstances it

is desirable or necessary to restrict the volume range in audio-frequency

circuits. Thus, in recording sound on phonograph records, the loudest

passages must be reduced in intensity to prevent the needle from cutting

into adjacent grooves, while the weaker passages must have their intensity

increased in order that they will not be lost in the background of hiss. A
similar situation exists in connection with broadcast transmitters, where

it is necessary to prevent, on the one hand, overloading of the transmitter

on high-intensity peaks and, on the other hand, the loss of the sound in

the background noise and hum during weak passages.

Amplifier havinggam
that decreases when

,rvctifier output is large

A h-H"c Output with
*" reduced

volume range

a :

.

, Rectifier output

Rectifier

input

Fig. 129.—Schematic diagram of a volume compressor.

This situation has led to the development of devices for automatically

restricting or expanding the volume range. Such volume expanders and

contractors are essentially amplifiers having automatic volume control

arranged in such a way that the average volume level over a short period

of time is used to control the gain of the amplifier. A typical schematic

arrangement of a volume compressor is shown in Fig. 129. Here the

signal is amplified by AA in the normal manner. A portion of the output

of this amplifier is rectified, and a direct-current output voltage is

obtained that is proportional to the average amplitude of the output over

a small fraction of a second. This direct-current voltage is then used to

control the gain of the amplifier C in such a way that the amplification

increases when the rectified output is small and decreases when the

rectified output is large. A volume expander operates upon the same

principle except that the output of the rectifier is used to control the

amplifier C in such a way as to increase the amplification during the

loud passages and to decrease it during the weak passages. The principal

problem involved in volume expanders and compressors is to arrange

the rectifier circuit so that the expansion or contraction can rise and fall

at the proper rate to give the most satisfactory result. Detailed circuit
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arrangements for meeting different requirements are to be found in the
literature. 1

49. Noise, Hum, and Microphonic Action.—All amplifiers give some
output even when there is no input voltage. Such output is referred to
as hum, noise, or microphonic action, depending upon its origin.

Hum.—Hum is the result of induction from neighboring circuits

carrying 60-cycle alternating currents; it is particularly troublesome in

audio-frequency amplifiers having high amplification because any hum
that is induced in the first stages of such an amplifier will be greatly
amplified by subsequent stages. Hum is less troublesome in radio-fre-

quency amplifiers, but cannot be neglected because, even though the
induced hum voltages are not amplified, they superimpose voltages
upon the tubes that can vary the amplification of radio-frequency signals.

In this way the hum may become modulated upon the high frequency.
The possible sources of hum are stray magnetic fields, stray electro-

static fields, alternating current in the heater or filament of the tube, and
improperly filtered power-supply systems. Proper design of a power-
supply system will readily eliminate all hum from this cause. The
problem of avoiding hum while using alternating current to heat the
cathode of the tube is discussed in Sec. 92 and can be handled by a
suitable choice of tubes. The hum that is the most difficult to handle
arises from stray magnetic and electrostatic fields.

Magnetic fields induce voltages in coils, particularly interstage and
input audio-frequency transformers, induce voltages in loops that may
exist if the wiring is improperly arranged, and may even affect the flow of

electrons between the cathode and plate of the tube. The principal

sources of magnetic fields in the vicinity of an amplifier are the power
transformer, the leads carrying the filament or heater current of the
tubes, and the filter chokes. Trouble from the filament-leads can usually
be eliminated by twisting these, and in some cases by changing their

location. Stray fields from power transformers and filter chokes can be
reduced by proper orientation, by making the spacing between these
pieces of equipment and the first stages of the amplifier as great as possi-

ble, and by designing the transformers and chokes to have low leakage
flux (achieved by using low flux densities and the smallest possible air

gap in the core).

Electrostatic fields cause trouble with parts of the amplifier having a
high impedance to ground, since any electrostatically induced current in

1 C. M. Sinnett, Practical Volume Expansion, Electronics, vol. 8, p. 14, November,
1935.

R. C. Mathes and S. B. Wright, The "Compandor"—An Aid against Radio
Static, Elec. Eng., vol. 53, p. 860, June, 1934.
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flowing to ground will produce a hum voltage that is proportional to the

impedance between this part of the circuit and the ground. In particu-

lar, when the grid of an audio-frequency amplifier tube is left discon-

nected, or is grounded through a very high resistance, the impedance

between grid and ground is so high that an especially large hum voltage

will be developed between grid and ground by the electrostatic fields

of near-by lighting circuits. To eliminate trouble from electrostatic

pick-up, the tubes should be shielded, and the grid leads should be either

shielded or made very short. In audio-frequency amplifiers having very

high over-all gain, it is usually necessary to enclose the first one or two

stages in a metal box, not leaving even a fraction of an inch of the input

circuit (including wires, plugs, etc.) without electrostatic shielding.

Filament wires carrying alternating current to the first stages of a high-

gain amplifier should be enclosed in grounded metal braid. It is also

essential that the chassis of high-gain amplifiers be grounded to water

pipes or to a stake driven into moist earth unless all power, filament,

input, and output transformers have electrostatic shields.

The most difficult hum problem encountered in audio-frequency

amplifiers is from voltages induced in transformers associated with the

first few stages of amplification, particularly the input stage. Here

the signal being amplified is very small and it takes very little induced

hum voltage to be comparable to the signal. The best method of

handling this problem is to use resistance coupling throughout, and, if

possible, to dispense with the input transformer to the first stage of

amplification by using direct coupling, even if this results in considerable

loss in amplification.

If an input transformer must be used, it should then be spaced as

far as possible from the power transformer, should be in a position that

experiment indicates will cause the least hum pick-up, and should be

magnetically shielded. Enclosing the transformer in a cast-iron case

provides some magnetic shielding, while heat-treated permalloy shields

are still more effective. Heavy copper shields have been used with

success in some instances. When all other means of eliminating hum
from the input transformer fail, it is always possible to place the trans-

former and the first stage or two of amplification in a separate unit, which

can be located some distance away from the power transformer and

energized through cables. The line connecting the microphone or other

generator to the input transformer should be preferably of low impedance,

i.e., 600 ohms or less, and should consist of a twisted pair of wires elec-

trostatically shielded. . It is also desirable, although not essential, that

the input transformer be provided with an electrostatic shield between

primary and secondary.
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Microphonic Noises. 1—When a tube is jarred, the electrodes tend to

vibrate mechanically, giving rise to effects characterized by the term
microphonic action. In audio-frequency amplifiers these vibrations

cause changes in the plate current that are of audible frequency; thus they

are amplified along with the desired signal. In radio-frequency ampli-

fiers the vibration of the tube structure will vary the amplification

slightly, causing the microphonic noises to be modulated upon the radio-

frequency signal.

Vibrations may be transmitted to the tube either mechanically

through the tube socket or acoustically through the action of sound

waves. Microphonic effects are most frequently encountered when
tubes are in the immediate vicinity of loud-speakers or when equipment

is in the presence of intense vibrations, as on airplanes, etc., and they

are particularly troublesome in high-gain audio-frequency amplifiers.

Microphonic noises can be reduced by mounting the tubes on spring

suspensions and protecting them from sound waves. In addition,

different types of tubes and individual tubes of the same type vary greatly

in their tendency toward microphonic action. Hence, when microphonic

effects are present, the proper procedure is to try a number of different

tubes of the same type in the first stage of the amplifier. If the best

results obtained in this way are not satisfactory, special non-microphonic

tubes designed to provide a very rigid structure should be used.

Noise (Thermal Agitation, Shot Effect, and Related Phenomena).—
Noise is the name given to irregular sizzling, frying, or crackling sounds

to which no definite pitch can be assigned. Noise in amplifiers may be

caused by poor contacts, by faulty resistances, by failing condensers,

or by exhausted batteries.

Carbon resistors carrying direct current are a particularly trouble-

some source of noise and so cannot be used as plate-coupling resistances

when followed by more than one stage of audio-frequency amplification.

This noise arises from fluctuations in the contact resistance between

adjacent granules and is similar in character to the "hiss" occurring in

carbon microphones. 2 The value of the noise voltage is roughly propor-

tional to the product IR 1 - 6
, where I is the current and R is the resistance

through which the current flows.

After all other sources of noise have been eliminated, there is still a

residual output produced by thermal agitation of electrons, shot effect,

1 For further information see: Alan C. Rockwood and Warren R. Ferris, Micro-

phonic Improvements in Vacuum Tubes, Proc. I.R.E., vol. 17, p. 1621, September,

1923 D. B. Penick, The Measurement and Reduction of Microphonic Noises in

Vacuum Tubes, Bell System Tech. Jour., vol. 13, p. 614, October, 1934.

2 See C. J. Christensen and G. L. Pearson, Spontaneous Resistance Fluctuations in

Carbon Microphones and Other Granular Resistances, Bell System Tech. Jour., vol. 15,

p. 197, April, 1936.
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and related phenomena. 1 The noise these sources produce is a sizzling or

frying sound representing energy more or less uniformly distributed over

the entire frequency spectrum.

The most important source of noise in properly operated amplifiers

arises from thermal agitation of the electrons of the conductors in the

input circuit of the amplifier. It is well known that the conductivity

of metals is a result of the presence of free electrons, and that these

electrons are continuously moving about in the conductor at a velocity

that depends upon the temperature. At any one instant there will

ordinarily be more electrons moving in one direction than in the other,

causing a voltage to develop across the terminals of the conductor.

This voltage will vary from instant to instant in an irregular manner

in accordance with the predominant motion of the electrons in the

conductor. The square of the voltage developed in this way across

the terminals of an impedance is directly proportional to the resistance

component of the impedance and also directly proportional to the absolute

temperature of the impedance, while the energy is uniformly distributed

over the entire frequency spectrum from zero frequency up to frequencies

much higher than those used in radio communication. Thus the mag-

nitude of the noise voltage produced on frequencies lying between 1000

and 2000 cycles is just the same as the magnitude of the noise voltage

between 1,000,000 and 1,001,000 cycles.

The magnitude of the voltage produced by thermal agitation can be

calculated by the formula

Square of effective value of voltage com-) = ^2 = ^j, Ch^f (110)
ponents lying between frequencies /i and/2j

^
where

k = Boltzmann's constant = 1.374 X lO"23 joule per degree Kelvin

T = absolute temperature in degrees Kelvin

R = resistance component of impedance producing voltages of thermal

agitation (a function of frequency)

/ = frequency.

In the special case where the resistance component of the impedance

is constant over the range of frequencies from/i to /2 , Eq. (110) reduces

to the much simpler form

W = 4/cT#(/2 - /i) (HI)

1 Further information on thermal agitation, shot effect, and related noises in

vacuum-tube circuits is to be found in the following references:

F. B. Llewellyn, A Study of Noise in Vacuum Tubes and Attached Circuits,

Proc. I.R.E., vol. 18, p. 243, February, 1930.

J. B. Johnson and F. B. Llewellyn, Limitation to Amplification, Elec. Eng.,.

vol. 53, p. 1449, November, 1934.

G. L. Pearson, Fluctuation Noise in Vacuum Tubes, Bell System Tech. Jour.,

vol, 13, p. 634, October, 1934.
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The noise voltages arising from thermal agitation set an ultimate
limit to the lowest potential that can be amplified without being lost

in a background of noise. An idea as to the order of magnitude of this

limit can be obtained by noting that with a resistance of 34 megohm
at 300°K., the noise voltage according to Eq. (Ill) for a frequency band
5000 cycles wide is 6.4 fxv. The noise level of most amplifiers is deter-
mined by the thermal agitation of the resistance in the grid circuit of the
first amplifier tube. However, where this resistance is quite low, the
thermal agitation arising in the plate resistance and plate load impedance
of the first tube may become the limiting factor. 1

The shot effect results from the fact that the stream of electrons

flowing from cathode to plate is made up of a series of particles rather
than a continuous fluid. As a result, the electron flow to the plate is

somewhat irregular, resembling hailstones striking a metal surface,

and this gives rise to slight irregularities in the plate current of the vacuum
tube and hence to noises in the amplifier. The presence of a space
charge in the vacuum tube tends to smooth out the irregularities in the
arrival of electrons at the plate, and this smoothing effect is so great as

practically to eliminate the shot effect when complete temperature
saturation exists. It is therefore very important that the electron emission

from the cathode be suffcient to produce an adequate space charge if the

noise level is to be kept low. The irregularities produced by the shot
effect represent a distribution of alternating-current energy that is

substantially uniform throughout the frequency spectrum, just as is the
case with thermal agitation noise. The magnitude of shot effect in the
presence of an incomplete space charge is proportional to dl/dJ, where I
is the total space current and J is the total electron emission from the
cathode. The adequacy of the space charge from the point of view of

eliminating shot effect can therefore be determined by increasing the
cathode temperature and noting the extent to which the space current

increases. 2

There are two other important sources of noise present in tubes.

The first of these is a form of shot effect called flicker effect; it is caused by

1 The thermal agitation voltage E appearing across a plate load resistance R „ as a
result of thermal agitation in R and in the plate resistance Rp of the tube is given by
the relation

E* = ^k
iRffRo) 2 (ToRp + TfR )(f2 - /0 (112)

where T and Tf are the temperatures of load resistance and cathode of the tube,
respectively. Note that the thermal agitation in the plate resistance corresponds
to the temperature of the hot cathode.

2 For formulas from which one can calculate the noise arising from shot effect,

see G. L. Pearson, loc. cit., or F. B. Llewellyn, loc. cit.



Sec. 50] VACUUM-TUBE AMPLIFIERS 231

changes of emission over small cathode areas. Flicker effect is relatively-

large in tubes employing oxide-coated filaments, where it normally

overshadows the true shot effect. The second source of noise arises

from positive ions produced as a result of ionization of residual gas, or as

a result of positive-ion emission by the cathode (particularly common

in tungsten filaments). Such positive ions cause a shot effect because

they upset the space-charge equilibrium. With tubes having a good

vacuum, the noise introduced in this way is of the same order of magni-

tude as the thermal agitation noise occurring in the plate circuit of the

tube.

50. Input Admittance of Amplifier Tubes.—The input admittance of a

tube is the admittance that is observed between the grid and cathode

terminals when looking toward the tube. This input admittance

takes into account the current that flows into the capacity between the

(a) Actual Circuit (b) Equivalent Circuit for

Analyzing Input Admittance

Cgp

~~^-£/emen+s representing
ecfuivalenr grid-cathoo/e ora/mtf+ance

Fig. 130.—Equivalent circuit for analyzing amplifier input admittance.

grid electrode and grounded electrodes such as the cathode and screen,

and also includes the effect of whatever current flows to the plate electrode

as a result of the capacity between plate and grid and the potential

difference between these electrodes. This latter component of the grid

current depends upon the load impedance in the plate circuit because

the alternating-current voltage between plate and grid is the difference

between the signal voltage applied between grid and cathode and the

amplified voltage developed across the plate load impedance, and the

latter obviously depends upon the load. When the plate load impedance

is great enough to produce appreciable amplification, the potential

difference between grid and plate electrodes will be considerably greater

than the signal voltage, with the result that a relatively large grid current

flows from grid to plate, causing this part of the input admittance of the

tube to be very important. If the load impedance in the plate circuit is a

resistance, the input admittance of the tube is a pure capacity, but, if the

plate load impedance has a reactive component, the input admittance

of the tube will have a resistance component even though the grid is at a

negative potential with respect to the cathode and attracts no electrons.

The input admittance of a vacuum tube can be represented by a

resistance in parallel with a condenser, as shown in Fig. 130. If the
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ratio of the amplified voltage developed across the load impedance in

the plate circuit to the signal voltage being amplified is called A, and d

is used to represent the difference in phase between the voltage across, the

load impedance and the equivalent voltage —/j.es acting in the plate circuit,

then the resistance and capacity components of the input admittance
of an amplifier tube are given by the following formulas: 1

Input resistance = R g = —, .

ov
n (113)

Input capacity = Cg = Cg/ + Cgp(l -f- A cos 0) (114)

where

Cop = grid-plate tube capacity

Cg/ = grid-cathode tube capacity

A = ratio of voltage developed across load impedance in plate circuit

to applied signal (i.e., A is the amplification of tube alone, not

taking into account any step-up of voltage in the load)

6 = angle by which voltage across load impedance leads equivalent

voltage acting in plate circuit (0 positive for inductive load

impedance).

Examination of Eq. (114) shows that, with zero plate load impedance,

the input capacity has the value (Cgf + Cgp) and reaches a value of

iPof + (1 + n)Cgp) at very high load impedances (provided no negative

resistances are present in the plate circuit). It is to be noted that the

1 The derivation of Eqs. (113) and (114) is as follows: Referring to Fig. 130, E„ will

be used to represent the signal voltage applied to the grid, and Ep the magnitude
of the amplified voltage developed across the load impedance between anode and
cathode. The voltage Ev leads — y.Es by an angle 6 and hence leads E, by an angle

(0 + 180°). With these definitions the voltage across the grid-plate tube capacity Cgp

is (Es — Ep/6 + 180°), and the current flowing from grid to plate as a result of this

voltage across Cgp is jwCgP{Es — Ep/Q. + 180°). The current flowing from grid to

cathode through the grid capacity Cg/ is ja>Cg/Es , so that the total grid current, which
is the sum of these, is

Total grid current = jwCg/Es + jcoCgp{Es - Ep/9 + 180°)

= uCg/E./W + o}Cgp(Es/jW - Ep/e + 270°)

This total current divided by the voltage Es gives the admittance of the grid, which
is therefore

Admittance of grid = coCff//90^ + uCgJ 1/90° - ~?/fl + 270°
)

The real part of this admittance represents the input conductance {i.e., the reciprocal

of the input resistance), while the quadrature part is the input susceptance, which

when divided by « gives the input capacity. Equations (113) and (114) are merely

these two components of the input admittance with Ep/Es denoted by the symbol A.
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input capacity of the tube is dependent only upon the amplification A, the

phase shift 0, and the tube capacities, and is independent of frequency;

although at high frequencies the same input capacity is more important

because it draws a greater current.

The input resistance of the vacuum tube may be either positive or

negative, as seen from Eq. (113). A positive input resistance results

when the load impedance in the plate circuit is a capacitive reactance,

while a negative resistance is obtained with an inductive load in the

plate circuit. A positive input resistance means that energy is transferred

from the grid to the plate through the grid-plate capacity, while a negative

input resistance indicates that the phase relations are such that energy is

transferred from the output or plate circuit of the tube to the grid circuit.

The value of input resistance for the same amplification A and phase

shift varies inversely as the frequency and may be very low at high

frequencies.

Special attention must be given to the input admittance of triodes,

since here the grid-plate capacity Cgp is large. With screen-grid and

pentode tubes the direct capacity between grid and plate is so small as to

be practically zero, and the input admittance with such tubes can

generally be considered as simply the grid-cathode capacity plus the

grid-screen capacity.

Effects of Input Admittance in Audio-frequency Amplifiers.—In audio-

frequency amplifiers the capacity component of the input admittance

is of importance because it usually represents the major part of the

capacity shunting the amplifier, and hence is the principal factor deter-

mining the response at high frequencies. The input resistance is nor-

mally not important because it is very high at audio frequencies.

In pentode and screen-grid tubes the input capacity is for all practical

purposes equal to the sum of the grid-cathode and grid-screen capacities,

and is not affected by the impedance in the plate circuit of the tube.

With triode tubes, however, the input capacity tends to be large because

of the large capacity between grid and plate and the large potential

difference that exists across this grid-plate capacity as a result of the

amplification A in the tube. The effective input capacity is then

roughly proportional to the amplification factor of the tube, and becomes

extremely large with high-mu tubes. This is one of the important reasons

why triode tube's, particularly high-mu triode tubes, are not so suitable

as pentode tubes for voltage amplifiers.

Effects of Input Admittance with Tuned Amplifiers.—When the plate

load impedance is a tuned circuit, the magnitude A and the phase shift

of the amplification vary greatly with frequency, and hence the part

of the input resistance and capacity resulting from capacity between

the grid and plate electrodes will go through corresponding changes.
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The variations of input resistance and capacity in a typical tuned radio-

frequency amplifier are shown in Fig. 131. The input capacity curve is

similar in character to the amplification curve but is more peaked. The
input resistance goes through wide variations, being positive for fre-

quencies higher than resonance (plate load impedance a capacitive

reactance), negative for frequencies below resonance (plate load imped-
ance an inductive reactance), and infinite at resonance. The value of

grid-plate capacity assumed in Fig. 131 is small and might readily occur

in a pentode tube if the utmost care is not used to avoid all possible

direct coupling between grid and plate circuits. If the capacity is larger

Residual'griot-pfafe capacity=0.04u\ifas.
Amplification atresonance =70
Effective Q ofamplification curve=50

500.000

400,000 E

300,000 £

200,000 »

100/300 c

i 920 940 960 980 1000 lp20 1040 1D60 1,080 1,100

Frequency in Ki locycles

Fig. 131.—Curves of input capacity and input resistance of a tuned amplifier having a
small but not negligible grid-plate capacity.

or if the amplifier gain is greater, the effects will be even more pro-

nounced. When a tuned circuit is connected between the grid and
cathode of a tube having an input impedance such as shown in Fig. 131,

the resonance characteristics of this tuned circuit are considerably

altered. Thus, when the tuned circuit connected between grid and
cathode has a lower resonant frequency than the tuned circuit forming

the plate load impedance, the negative input resistance of the tube

neutralizes at least some of the resistance of the resonant circuit asso-

ciated with the grid; if the negative resistance is less than the parallel

resonant impedance of the tuned circuit across the grid} oscillations will

result. When the resonant circuit connected across the grid is tuned to

the same frequency as the resonant circuit in the plate, then the resonance

curve of the grid tuned circuit can be expected to be seriously distorted

as a result of the fact that upon one side of resonance the tube presents

a positive resistance and on the other side a negative resistance. This

is illustrated in Fig. 132,
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Neutralization of Input Admittance of Vacuum-tube Amplifiers.—The

effects that are produced by the transfer of energy between the grid and

plate circuits of a vacuum-tube amplifier through the grid-plate tube

capacity can be neutralized by an electrical network that transfers an

equal amount of energy in the opposite direction. There are a number of

ways in which this operation can be carried out, the most common of

which are shown in Fig. 133. All these arrangements employ a neutraliz-
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ing condenser CN connecting the input (i.e., grid) circuit and the output

(i.e., plate) circuit in such a way that the current passing through the

neutralizing condenser is of the proper amplitude and phase to neutralize

exactly the effect of the current flowing between plate and grid circuits

of the amplifier via the grid-plate tube capacity. Consider the circuit

of Fig. 133a, which consists of an ordinary transformer-coupled radio-

frequency amplifier to which there has been added a neutralizing induc-

tance LN connected in such a way that the voltage at the end of this coil

connected to the neutralizing condenser CN is in phase opposition to the

voltage at the plate end of the primary inductance Lp . The voltage

across LN is then applied to the neutralizing condenser and causes the

grid to receive a current that, with proper size of CN , is equal in magnitude

and opposite in phase to the current flowing through the grid-plate tube

capacity, and so completely neutralizes the energy transfer through the
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tube capacity. The input capacity of such an amplifier with perfect

neutralization is Cgf + Cgp + CN , and the input resistance is infinite.

If the coupling between LN and Lp is very close, the neutralization is

substantially independent of frequency.

A neutralizing circuit of a slightly different type is shown at Fig.

133&. In this arrangement the neutralizing condenser CN is given such

a capacity that the current through it as a result of the voltage developed,

in the plate circuit is equal in magnitude to the current passing through

the grid-plate tube capacity; but since these two currents produce effects

in the tuned circuit that are in phase opposition, they neutralize each

other. This neutralization is theoretically independent of the frequency

<«) Neutrodyne (brHazeltine)
System of Neutralization

iiCi

(b) Rice System of
Neutralization

<c) Modified Neutrodyne <d) Inverted Neutrodyne

<e) Bj-idge Circuit of Ballantine
and Hull

Radio frequency choke-' 'Smallcapacity

(10-WjiM FD5)

Fig. 133.—Typical neutralizing circuits.

at which the tuned circuit is resonant and under practical conditions

can be made approximately so. Several additional types of neutralizing

circuits are shown in Fig. 133, and still other arrangements have been
devised; but since all these make use of the same general principles

that are involved in the two specific cases discussed above, they need not
be given special consideration.

A different and sometimes very profitable viewpoint is to consider the
neutralizing arrangement as a bridge in which the output and input circuits

are connected across the opposite diagonals. When the bridge is balanced,
the input circuit receives no energy from the output circuit because the
two are in electrically neutral locations with respect to each other.

Perfect neutralization cannot be maintained in practice over a wide
band of frequencies because leakage inductances and stray capacities

prevent the neutralizing current from being exactly proportional to, and
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exactly out of phase with, the current through the grid-plate tube capac-

ity at all frequencies. Imperfect neutralization gives rise to a certain

amount of energy transfer, but it is possible to maintain the balance suffi-

ciently well under actual operating conditions to make neutralized tuned-

triode amplifiers operate satisfactorily. Figure 134 shows the effect that

various degrees of unbalance in the neutralization system produce upon

the input capacity and resistance of a typical tuned radio-frequency
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Fig. 134.—Curves showing the effect of improper neutralizing capacity Cn on input resistance

and capacity of a tuned radio-frequency amplifier.

amplifier. With perfect balance the input resistance is infinite and the

input capacity is constant. With insufficient neutralization the input

resistance and capacity curves are similar to those for no neutralization

but vary through a smaller range, while overneutralization causes the

input capacity to be negative near resonance and makes the input resist-

ance negative at high frequencies and positive at low frequencies. The

practical effects of overneutralization are thus similar to those of under-

neutralization except that the distortion in the input resonant circuit is
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Grid resistor

Fig. 135.—Tuned amplifier with grid

resistor to reduce the tendency toward
oscillation as a result of the residual

grid-plate capacity.

of opposite symmetry from that with insufficient neutralization. In

either case the effect is to distort the resonance curve of the input circuit

in a manner analogous to that shown in Fig. 132.

Neutralization is always necessary in tuned triode amplifiers for other-

wise the input resistance will be so low that oscillations can be expected.

It is not employed with pentode and screen-grid amplifiers, however,

because the direct-capacity coupling between grid and plate in such tubes

is very small. If trouble is encountered

from this residual grid-plate capacity,

the usual procedure is to reduce the

amplification per stage. An alterna-

tive possibility is to place a resistance

of a few thousand ohms in series with

the grid of the tube as shown in Fig.

135. Such a resistance introduces pro-

portionately more loss at the higher

frequencies because of the increased current flowing to the grid-screen

and grid-cathode capacities, and thereby tends to counteract the lower

input admittance as the frequency is increased.

Neutralization is seldom employed in audio-frequency amplifiers

even with triodes because at low frequencies one need consider only the

input capacity, and by proper design this can be taken care of without

neutralization. It is possible, however, to improve the high-frequency

response of a given triode amplifier by neutralizing to reduce the input

capacity, and in some cases there is an advantage in overneutralizing. 1

Input Admittance at Ultra-high Frequencies.—At very high frequencies

the length of time it takes an electron to travel from the cathode to plate

can no longer be considered as negligible, compared with the length of

time represented by a cycle. When this situation exists, it is found that

there is an additional input loss as a result of energy that is supplied by
the grid electrode to the electrons traveling toward the plate. This

transfer of energy takes place even when the grid is negative and attracts

no electrons to itself. The input resistance resulting from this is inversely

proportional to the square of the frequency, and it becomes one of the

limiting features of tube operation at frequencies exceeding about 20 mc.

The phenomenon is discussed further in Sec. 53.

51. Multistage Amplifiers with Special Reference to Regeneration.—
Under ideal conditions the gain of a multistage amplifier is the product

of the amplification of the individual stages, and the frequency response

is therefore the product of the frequency-response characteristics of the

individual stages.

1 See Paul W. Klipsch, Applying Neutralization to Audio-frequency Amplifiers,

Electronics, vol. 7, p. 252, August, 1934.
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It is generally found, however, that the total amplification of an actual

multistage amplifier is not exactly equal to the product of the amplifica-

tions developed by the individual stages when acting as separate single-

stage amplifiers. This is because of regeneration, which is the name given

to the effects produced by the transfer of energy between stages. This

transfer can take place through stray electrostatic capacity existing

between the grid and plate electrodes of the amplifier tubes, or as a result

of impedances common to two or more stages of amplification.

Because of the large differences in power level encountered in multi-

stage amplifiers as a result of the fact that the energy level in the output

stages is enormously greater than the energy level in the first stages of a

high-gain amplifier, it takes very little coupling between the output and

input of the amplifier to have considerable effect. Thus, if the total

voltage amplification is 100,000, the ratio of powers at input and output

points, assuming the same load resistances, is 10 10
, and it is obvious that

even a very small portion of the output energy transferred back to the

input will be large in comparison with the input signal power that is

being amplified. It is further apparent that the effect of stray couplings

will be greater the higher the gain of the amplifier.

When the regeneration is large, the amplifier will usually oscillate

and so become unusable. Even if the regeneration is not sufficient or

of the proper phase to produce oscillations, it will normally change the

amplification and alter seriously the frequency-response, characteristic;

thus it is to be avoided.

Regeneration in Audio-frequency Amplifiers.—The most common
source of regeneration in audio-frequency amplifiers arises from plate

impedances common to two or more stages, but other factors, such as

stray magnetic and electrostatic couplings and the transfer of energy

through the grid-plate capacity of the tubes, must be considered, espe-

cially if the total amplification is very high. The principal source of

magnetic coupling in audio-frequency amplifiers is between transformers,

particularly between the input and output transformers of the amplifier.

The remedy is to avoid transformers wherever possible by the use of

resistance coupling and, where transformers must be employed, to use

shielded transformers spaced as far as possible and oriented in such a

way as to minimize coupling. Trouble from magnetic coupling is also

occasionally caused by improper arrangement of wiring.

Electrostatic coupling in audio-frequency amplifiers is readily elimi-

nated by shielding. It is usually sufficient to provide each tube with an

electrostatic shield, although, sometimes, completely inclosing one or more

low-level stages is desirable.

The input admittance of the tube modifies the characteristics of thb

amplifier at high frequencies. With pentodes the input admittance is
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essentially a capacity equal to the sum of the grid-cathode and grid-

screen electrostatic capacities. In the case of triodes the input admit-
tance depends upon the load impedance in the plate circuit of the tube
(see Sec. 50), and this impedance in turn depends upon the input admit-
tance of the next stage. The effect of the input admittance in such cases

can be accurately taken into account by computing the amplification

stage by stage, beginning with the output tube and working backward
toward the input. In doing this the amplification of each stage is cal-

culated by noting that the input admittance of each tube is shunted
across the load of the preceding tube and by following the usual procedure
for amplifier calculations.

1st stage 2nd stage I Power stage
. voltage amplification I voltage amplification]

Input

(-)

~M i
Spr k| vs)

5c-)

-^x.

Output

•Filament Griol bias 'Plate
power source battery voltagesource

Fig. 136.—Diagram of a multistage audio-frequency amplifier, consisting of two stages of
voltage amplification followed by a power stage, with a common source of plate impedance.

Regeneration from a common plate impedance occurs where the
different stages receive their plate voltage from a common source, as is

the case in Fig. 136, since the internal impedance of this voltage source

is common to the different stages and hence provides a coupling common
to the plate circuits of the tubes involved. This results in regeneration

that may either increase or decrease the amplification, the exact effect

depending on the phase relations. A common plate impedance represent-

ing the internal impedance of a source of plate voltage is usually the

most important cause of regeneration in a carefully built audio-frequency

amplifier, and it produces effects that are of such importance as to warrant
detailed consideration.

When the plate current of more than one amplifier tube flows through
the same common impedance, the voltage drop which the currents from
one stage develop across the common impedance will transfer energy to

all the other stages. The part of this action that is important in deter-

mining the characteristics of a multistage amplifier is the transfer of

energy from the plate circuit of the last stage of amplification to the

plate circuit of the first stage. The energy transferred between plate

circuits of other than the last and first tubes is relatively unimportant
because the difference in energy level between the end tubes is much
greater than that between any other pair. The result is that the effect of

a common plate-circuit impedance on the behavior of a multistage
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amplifier can be analyzed with a high degree of accuracy by considering

that the impedance of the voltage source is common to only the first and
last tubes fed from this source. This procedure simplifies the problem,
making it possible to predict with accuracy when trouble from regenera-

tion can be expected and permitting simple quantitative calculation of

the magnitude of the effects that will be produced.

Regeneration from a common plate impedance is characterized by
the following two fundamental principles: first, the principal effect of the

First stage supplied
from common plate

power source

« to

Intermediate stages Final stage supplied
having amplification Aj'

fHh

from common plate
power source

T,

(a) Actual Circuit

;«,es

( b> Equivalent Circuit Used in Analyzing
Effect of Common Plate Impedance Zc

Fig. 137.—Circuit of multi-stage transformer-coupled amplifier having a common
plate impedance resulting from the use of a common source of plate power, together with
equivalent circuit that can be utilized to analyze the effect of the common plate impedance

regeneration is equivalent to altering the gain of the first stage of the
amplifier, while leaving the remainder of the amplifier unchanged;
second, the effects -produced by the regeneration become important only

when the voltage that is coupled or otherwise transferred back into the plate

circuit of the first tube is of appreciable magnitude compared with the signal

voltages present in this circuit in the absence of regeneration.

The detailed analysis of the effect of a common plate impedance is

carried out by first setting up equivalent circuits, such as done in Figs.

137 and 138, where the first stage consists of a transformer-coupled
triode and resistance-coupled triode, respectively. 1 Here the voltage e2

acting at the grid of the final tube produces a plate current that causes
1 Much of the material in this discussion of the quantitative effects produced by a

common plate impedance represents the results of a research carried out at Stanford
University under the supervision of the author by D. H. Ring. Among other things,

this study showed that the effect of a common plate impedance could be aecurately
calculated by Eqs. (115) and (116).
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a voltage drdp EB in the common plate impedance. This voltage EB

acts in the plate circuit of the first amplifier tube to produce currents that

modify the voltage which the first tube applies to the second tube of the

First stage supplied

from common plate

power source

Intermediate stages

having amplification A2
Final stage supplied

from common plate

power source

c2

i_

(a) Actual Circuit

A2«1

->*/*S

(b) Equivalent Circuit Used in Analyzing

Effect of Common Pl^te Impedance Zc

Fig. 138.—Circuit of multi-stage resistance-coupled amplifier haying a common source

of plate power, and equivalent circuit for analyzing the effect which the common plate

impedance has upon the amplification.

amplifier. The result is therefore equivalent to modifying the gain

of the first stage. Analysis of the equivalent circuits leads to the results r
1

Actual amplification of^

first stage having trans-

former coupling

amplification that would)

exist without feed back )

AiA 2KZ
~

Mi

(115)

1 Equation (115) is derived by noting in Fig. 137a that the total voltage acting in

series with the plate circuit of the first tiibe is -u.es + EB .
Hence

ei Ail

But

Hence

ER = e 2KZ,i

ei -*(:

es +
Er\
Mi /

= A&iKZc

AzeiKZc
e 8 +

Mi

Solving this for the amplification jei/es |
of the first stage gives Eq. (115).

Equation (116) is derived in a somewhat similar manner by noting that, since

the voltage ER acts in series with the coupling resistance R e ,
it is equivalent to a

constant-current generator of current ER/R C (just as a voltage -&.m series with a

resistance RP is equivalent to a constant-current generator -nes/RP - -GmesJ .
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A . , !•£,.• r\ /amplification that would]
Actual amplification «of J i . \ ... , , .. . >
/:. + 4. i • I (exist without feed back I .,,„,
first stage having re-> = ;

(116)

sistance coupling ) 1 - ff p "

\Xmttc

where

Ai = vector amplification of first stage when there is no common
impedance (does not include phase reversal produced by tube).

A 2 = vector amplification from output of first tube to grid of last tube
Zc = common plate impedance (a vector having magnitude and

phase)

K = factor which when multiplied by voltage on grid of last tube
gives the a-c current through the common plate impedance
(ER = I ZC = e2KZc). This factor depends on the constants
of last tube and the impedance in its plate circuit

Mi = amplification factor of first tube
Gm — mutual conductance of first tube
Rc — coupling resistance in resistance-coupled case.

Consideration of the above equations shows that the modifying effect

which regeneration has on the amplification increases as the over-all
gain A XA* of the amplifier becomes larger and as the common impedance
Zc is increased, and is negligible only when the term on the right-hand side

of the denominator of Eqs. (115) and (116) is small compared with unity.
Regeneration troubles caused by a common plate impedance can be

avoided by keeping the impedance as low as possible and by using
filter circuits to isolate the input and output stages. 1 When batteries
are used for supplying anode power, the common impedance consists
of the internal resistance of the batteries shunted by whatever by-pass
condenser is connected across the battery terminals, and the impedance
will increase as the batteries become exhausted. With rectifier-filter sys-
tems the common impedance at frequencies above a few cycles per second
is the reactance of the capacity shunting the output of the filter system.
The common impedance then is negligible at moderate and high audio
frequencies, but becomes high at very low frequencies. When the
impedance of the power source is enough to modify the amplification
appreciably, it is necessary to isolate the first and last stages by filters.

These are normally located between the common plate impedance and the
input stage, and consist of one or more resistances or inductances in series
with the plate circuit, together with a corresponding number of capacity
shunts to ground, as shown in Fig. 139. The proportions must be such
that the series impedances are high compared with the shunt impedances

1 The use of a push-pull power amplifier arrangement is also very helpful (see
Sec. 59).
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at all frequencies for which the filter is to be effective. The high series

impedances then prevent the voltage developed across the common
impedance from sending appreciable current toward the input stage,

while the low shunt impedances short-circuit substantially all this

(a) Actual circuit

First stage supplied \
Intermediate Final stageFirst stage supplied \
Intermediate Finalstage

from common plate i stagespaving [supplied from

power source

T,

amplification A2 [commonplate
powersource

2nd -Mr
section section

>* -Filter--^

(b) Equivalent circuit used in analyzing
I Equivalent circuit used in analyzing
effect of common plate impedance lc

-M-^s

e,= A,e,

2nd
section'^

l
i

x-l- 1st
I section

k-Filter—*

Fig. 139.—Diagram of the amplifier of Fig. 137 after filters have been added to minimize

the effects of common plate impedance, together with equivalent circuit for analyzing the

effect of energy transfer from the last stage to first stage through the common plate imped-
ance when filters are present.

current. The result is that the voltage actually introduced into the

plate circuit of the input tube is very much less than the voltage developed

across the common impedance. The reduction is given approximately

by the equations 1

1 These equations assume that X 2 is small compared with Zi and the plate and

coupling impedances of the input tube, and that Z x is much larger than the common
impedance. Under these conditions a voltage ER across the common impedance Zc

causes a current EE/Z X to flow through Z x (see Fig. 139). Most of this current flows

through X 2 and so produces a voltage EBX 2/Zi across X 2 . In the case of a one-stage

filter, this is the voltage, actually inserted in the plate circuit of the input tube, and it is

seen to lead to a reduction amounting to X 2/Zi. In the case of a two-stage filter,

there is a further reduction of X 2'/Zi', giving a total reduction of X2X 2'/Z 1Zi', as in

Eq. (1176).
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Reduction with one-"i

stage filter
J

Reduction with two-"|

stage filter
j

Xj

A2A2

(117a)

(1176)

where Z x and Z/ are the series impedances of the filter sections and X2

and X2 are the reactances of the shunting condensers.
Motorboating in Audio-frequency Amplifiers.—In high-gain audio-fre-

quency amplifiers having a good low-frequency response, regeneration
from a common plate impedance often causes the amplifier to oscillate

at a frequency of a few cycles per second. This is termed motorboating
(from the "put-put" sound it causes in a loud-speaker), and is often dif-
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ficult to eliminate because the shunt condensers of a filter become ineffec-
tive at very low frequencies.

The best remedy for motorboating troubles is to make the low-fre-
quency response no better than absolutely necessary, since by reducing
the amplification at low frequencies the amount of regeneration and
hence the tendency to oscillate is reduced. The common plate impedance
should also be reduced to the lowest possible value by using high-capacity
filter and by-pass condensers. When rectifier-filter power systems are
employed, it is usually helpful to employ totally different smoothing
filters for the input and output stages, together with low-impedance
rectifier tubes and power transformers having low reactance. As a final
resort, it is always possible to use a separate power-supply system for
the input stage, and this is necessary if the over-all gain is very large.
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In multistage audio-frequency amplifiers the mere absence of oscilla-

tion will not insure that the amplifier is operating properly. This is

because regeneration insufficient to cause oscillations, or of the wrong

phase to produce oscillations, may affect greatly the frequency response

of the amplifier and may also alter the gain. This is illustrated

by Figs. 140 and 141, which present experimental curves showing typical

effects that can be produced by regeneration from a common plate

impedance.

Regeneration in Multistage Tuned Radio-frequency Amplifiers.—
The possible sources of regeneration are the same at radio as at audio

1200

200

Common p/afe impedance^
[i£2_?^'2isjpes/s^a'/7ce —

O

Tommon p/afe impedance =Zero

200 4,000 6>000400 600 1,000 2,000

Frequency -Cycles per Second

Fig. 141.—Experimental curves showing the effect of a common impedance in the plate

circuit on the amplification characteristic of a three-stage resistance-coupled amplifier.

The dotted curves are for the case where the impedance is common to only the first and

last tubes while the solid curves are for the case where the impedance is common to all

three plate circuits. The close agreement between the two is the practical justification

for neglecting all energy transfer except that between first and last tubes when making

calculations. -

frequencies, but the precautions that must be used differ in the two

frequency ranges.

Energy transferred from one part of a tuned amplifier to a preceding

part may cause the amplification to be either greater or less than the

ideal value, and the exact effect is equivalent to changing the resistance

and the reactance of the tuned circuits in the amplifier. Such variations

in reactance alter the resonant frequencies of the tuned circuits slightly

and so are relatively unimportant, but the resistance changes that

accompany regeneration have a profound effect. This is due to the fact

that the actual resistance of tuned circuits is so low that only a few added

ohms will largely destroy all resonance effects, while a few ohms sub-

tracted from the actual circuit resistance can bring the effective resistance

to zero, with the result that the amplification becomes infinite, i.e., 6scilla-
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tions are produced. The character of the action in any particular case

depends upon the phase and magnitude of the energy fed back to the

amplifier input. Regenerative action is always greater as the amplifica-

tion is increased, since then the extreme difference in the energy levels

of different parts of the amplifier is larger. Regeneration also becomes
greater the higher the frequency being amplified because capacities pass

current and mutual inductances induce voltages in proportion to the

frequency.

The magnitude of regeneration in ordinary radio-frequency amplifiers

is usually sufficient to alter the characteristics completely unless special

precautions are taken to eliminate the causes of energy feedback or

to compensate for its effects. Regeneration resulting from stray capaci-

tive and inductive couplings between different parts of the amplifier

can be reduced by properly positioning these parts of the circuit with

respect to each other, and can be eliminated completely by shielding with

non-magnetic shields of the type described in Sec. 11. In orientating

the various parts of the circuit, it is particularly important that the

inductance coils of the different stages be as far apart as possible. It

is also desirable to use coils of small dimensions so that the spacing

between coils will be large compared with the coil size ; this reduces the

inductive coupling between coils. Electrostatic coupling between parts

of the amplifier is not so difficult to control as inductive coupling between
coils, and it can be kept small by proper arrangement of the wiring.

It is impossible, however, to eliminate all electrostatic and magnetic
coupling unless each stage of amplification is completely enclosed in a
container made of copper or aluminum.

Impedances common to two or more stages are particularly trouble-

some causes of regeneration in radio-frequency amplifiers, because at the

high frequencies involved a wire only a few inches long will often have
sufficient reactance to provide an effective means of transferring energy.

Unavoidable common impedances, such as those from common sources

of electrode voltages, can be reduced to a low value by shunting with

by-pass condensers, and in addition filters may be placed in the leads

running to the individual stages. Indiscriminate use of the chassis as a
return circuit often gives trouble since the chassis, when used in this

way, provides an impedance common to all the circuits. It is therefore

especially important that each coil of a resonant circuit be connected

directly to the frame of the tuning condenser by a separate wire in order

that the circulating current in the resonant circuit need not pass through
the chassis.

Direct transfer of energy between the input and output circuits of

tHe vacuum tube as a result of capacity between the grid and plate

electrodes is kept small in tuned amplifiers by using pentode tubes in
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which this direct capacity is very small (radio-frequency pentodes) and

by shielding tubes and input and output circuits to prevent electrostatic

couplings from existing outside the tube. With triodes, neutralization

is always employed. By these means this source of regeneration is

kept under control in tuned amplifiers, and, while always present to

some extent, it does not seriously distort the amplifier behavior under

most circumstances.

When regeneration in tuned amplifiers is appreciable, oscillations

are usually produced, but, even if the regeneration is not sufficient to

cause oscillations, it may distort the shape of the amplification character-

istic, either by increasing the sharpness of resonance or by destroying

the symmetry existing on either side of resonance, or both.

52. Feedback Amplifiers. 1—In the feedback amplifier a certain

amount of regeneration is deliberately introduced in such a way as to

reduce the amplifier gain. By properly
output\ carrying out this operation it is possible to

reduce the distortion and noise generated

in the amplifier, to make the amplification

substantially independent of electrode

M
Amplifier
ofgainA

Feedback orfi circuit

Actual amplifier inpuf *es+flE •.

Amplifier output=£=k(es+j3E) voltages and tube constants, and to reduce

Fig. 142.—Schematic diagram of feed- greatly the phase and frequency distortion,
back amplifier. The operation of a feedback amplifier

can be understood by reference to the schematic diagram of Fig. 142.

Here A represents an amplifier which has a gain A when used as an

ordinary amplifier and which is supplied with a signal voltage e8 .

Regeneration is introduced by superimposing on the amplifier input a

fraction /3 of the output voltage E so that the actual input consists of a

signal es plus the feedback voltage pE. The effective gain of the amplifier

is then2

Gain, taking into) _ A msO
account feedback) 1 — Aj3

In this equation the assumption as to signs is such that when the feedback

voltage opposes the signal voltage, (3 is negative. The quantity Ap can

be termed the feedback factor, and represents the amplitude of the

voltage superimposed upon es compared with the actual voltage applied

1 For further discussion see H. S. Black, Stabilized Feedback Amplifiers, Elec.

Eng., vol. 53, p. 114, January, 1934.
2 Equation (118) is derived as follows: If E is the output voltage, then the feed-

back voltage is 0E and the actual input potential is (e„ -f @E). This input amplified

A times must equal E, i.e.,

(e. + 0E)A = E

Equation (118) then follows by solving for E/e,, which is the actual gain.
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to the input terminals. Thus if A/3 = 50, then for each millivolt existing

between the input terminals the feedback voltage will be 50 mv, and, if

the phase is such as to give negative feedback, a signal of 51 mv will be

required to produce 1 mv at the amplifier input terminals.

Examination of Eq. (118) shows that, if the feedback factor Ap is

large, the amplification is reduced by the presence of feedback, and
furthermore, when |A/3| > > 1, Eq. (118) reduces to

Amplification with) _ 1 mch
large feedback / fi

Expressed in words, Eq. (119) states that, when the feedback factor A/3

is large, the effective amplification depends only upon the fraction /3 of

the output voltage that is superimposed upon the amplifier input, and
is substantially independent of the pain actually produced by the amplifier

itself.

This remarkable behavior is a result of the fact that, when the feed-

back is large, the voltage actually applied to the amplifier input terminals

represents a small difference between relatively large signal and feedback
voltages. A moderate change in the amplification A therefore produces
a large change in the difference between signal arid feedback voltages,

thereby altering the actual input voltage in a manner that tends to correct

for the alteration in amplification. Thus in the amplifier considered

above where Afi = 50, if the amplification A were halved by a change in

design, it would then take 2 mv across the input terminals to deliver the
same output as before. With /3 unchanged, the feedback voltage would
still be 50 mv, so it would require a signal of 50 + 2 = 52 mv instead

of the previous 51 mv to produce the same output. Thus a 2 per cent

change in effective over-all amplification results when the gain A is altered

by 50 per cent.

Inasmuch as the quantity /3 depends upon circuit elements, such as

resistances, that are permanent, the amplification with large feedback is

substantially independent of the tube characteristics and electrode

voltages. Furthermore Eq. (119) shows that the amplification with large

feedback is inversely proportional to /3, so that, if the fraction /3 of the

output voltage that is superimposed upon the input is obtained by a
resistance network, the amplification will be substantially independent of

frequency and will have negligible phase shift. On the other hand, if it

is desired to have the amplification vary with frequency in some particu-

lar way, this can be readily accomplished by making the (or feedback)
circuit have the same transmission-loss characteristic as the desired gain

characteristic. This last property can be utilized in equalizing an
amplifier.
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The presence of negative feedback also greatly reduces the amplitude

distortion produced in the amplifier. This distortion can be thought of

as being generated in the amplifier, usually in the output stage. If d

represents the amount of distortion appearing at the output m the

absence of feedback when the output signal voltage is E, then in the

presence of feedback the distortion with sufficient excitation to produce

the same output voltage E will be less than d. This is because some of

the distortion is fed back to the amplifier input through the feedback

circuit and reamplified in such a way as to tend to cancel out the dis-

tortion originally generated. Represent by D the distortion voltages

actually appearing in the output in the presence of feedback, lhe

distortion voltage applied to the amplifier by the feedback ^circuit is

then pD, and this is amplified A times by the amplifier. The total

distortion output is then the distortion d actually generated m the

amplifier plus the amplified feedback distortion pDA. That is, D -

d + PDA, or

Distortion with) = D = d (120)

feedback j
1 - A/3

= Distortion in absence of feedback

1 - A/3

"

This shows that the amplitude distortion appearing in the output is

reduced by the factor (1 - A/3). If A/3 is made large by employing a

large amount of feedback, the result is a very great reduction in the ratio

of distortion to desired output.

• The signal-to-noise ratio is also improved by feedback under certain

conditions. A comparison of the signal-to-noise ratios in amplifiers

with and without feedback, when the same noise voltage is introduced

some place in the amplifier and the signal outputs are the same, shows

that

Signal-to-noise ratio)

with feedback / _ «/ (121)

Signal-to-noise ratioV a (l - A/3)

without feedback j

where a, and «o are the amplification between the place at which the

noise is introduced and the output, with and without feedback, respec-

tively Examination of this relation shows feedback will greatly reduce

noises introduced in high-level parts of the amplifier such as from a

poorly filtered power supply in the plate circuit of the final tube. Feed-

back does not help reduce noise introduced at very low power levels, such

as thermal agitation, induced hum, microphonic noises, etc., because the

additional amplification required to make up for the loss in gam from
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negative feedback also gives just enough extra amplification of the

low-level noise to counteract the tendency of negative feed-back to

neutralize the noise reaching the output.

The above discussion of the properties of feedback amplifiers can

be summarized as follows for the condition where the feedback factor

Afi is very much larger than unity: The amplification is very stable, the

amount of amplification and the way in which it varies with frequency

being substantially independent of the characteristics of the amplifier

tubes, electrode voltages, or amplifier-circuit constants. The amount of

gain, the way in which the gain varies with frequency, and the phase

shift between input and output voltages can all be controlled by giving

the j8 circuit the proper characteristics. In addition, the percentage of

distortion generated in the output tube of the amplifier is reduced by the

factor (1 — A/3), as is also all noise introduced into high-level portions of

the amplifier. The price paid for obtaining these advantages is a reduc-

tion in gain, or, conversely, the addition of approximately one more stage

of amplification than would otherwise be necessary to obtain a given net

gain.

Feedback without Oscillations. 1—In order to realize the advantages of

feedback, the amplifier and i,fcs feedback must be so arranged that oscilla-

tions do not occur. This can be accomplished by arranging the circuits

so that the feedback voltage is normally in phase opposition to the applied

signal (i.e., Afi negative and real) and by arranging the circuits so that

there is no frequency where Aft is positive, real, and greater than unity. 2

The amplification and phase-shift characteristics of a feedback amplifier

are therefore of fundamental importance in determining whether or not

the amplifier will be stable.

With a single stage of resistance or impedance coupling, the amplifica-

tion falls off at both high and low frequencies as shown in Fig. 95, which

also gives the accompanying phase shift. 3 It will be noted that the

maximum shift away from the normal mid-range value of zero is ±90°,

and this occurs only at the extreme frequencies where the amplification

1 Much of the material in this and the following divisions follows F. E. Terman,
Feedback Amplifier Design, Electronics, vol. 10, p. 12, January. 1937.

2 The exact criterion for avoiding oscillation in feedback circuits is that, when the

value of A/3 and its conjugate are plotted as a function of frequency on rectangular

coordinates with the real part along the X-axis and the imaginary part along the

F-axis, the resulting curve will not inclose the point 1,0. This means that under
some conditions oscillations will not occur even when Ap is positive, real, and greater

than unity. See E. Peterson, J. G. Kreer, and L. A. Ware, Regeneration, Theory,

and Experiment, Proc. I.R.E., vol. 22, p. 1191, October, 1934,

.

3 The phase-shift characteristics shown in Fig. 95 represent the phase shift with
respect to the phase shift in the middle frequency range, and do not take into account
the phase reversal produced in each stage as a result of the tube action.
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drops to zero. At the point where the amplification has dropped to

70.7 per cent of its mid-range value, the phase shift is 45°, while at the

10 per cent point it is 84° 15'.

The characteristic of a transformer-coupled stage of voltage amplifica-

tion is shown in Fig. 103.. At low frequencies the behavior is identical

with resistance coupling, with a maximum possible phase shift of 90°

occurring at zero frequency where the amplification becomes zero. At
high frequencies the situation is more complicated, however, as series

resonance takes place between the leakage inductance of the transformer

and the capacity in shunt with the secondary. At this series-resonant

frequency, which is the frequency at which there will be a hump in the

amplification characteristic if the plate resistance of the tube is too low,

the phase shift is 90°, while at still higher frequencies the phase shift

increases and reaches 180° at very high frequencies where the amplifica-

tion is zero.

When a transformer is loaded with sufficient resistance across the

secondary to prevent series resonance, as is the case with an output

transformer, the amplification and phase-shift characteristics are then

of the same character as with resistance coupling. The phase shift is zero

in the mid-range of frequencies and reaches ±90° only at extreme fre-

quencies where the output drops to zero (see Fig. 159).

The phase-shift characteristics of other types of amplifiers can be

worked out as desired. In general, where the coupling arrangement
employs a simple combination of resistance and reactance elements with-

out series resonance, the maximum phase shift will be + 90° and this will

occur only at extremes of frequency where the amplification becomes zero.

However, in circuits where series resonance occurs, phase shifts up to

±180° are possible at extreme frequencies where the amplification

becomes zero, and the amplification can be quite large with phase shifts

exceeding 90°.

Phase shifts in the feedback network are important since these

have as much effect on the amplifier as the phase of A/3. Hence, if the

feedback circuit is not a resistance network, its phase characteristics

must be considered.

It is apparent from these phase-shift characteristics that, when a

resistance feedback network is employed (i.e., /3 with no phase shift), no
trouble from oscillations need be expected when only a single-stage ampli-

fier is involved. This is because, even with an interstage transformer,

the phase cannot shift 180° from the normal value without the amplifica-

tion and hence A/3 dropping to zero. When only resistance, impedance,

or output-transformer coupled stages are involved, oscillation troubles

are not encountered even with two stages because, as the maximum
possible phase shift per stage is 90°, the over-all phase will reach 180°
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only at zero or infinite frequency, where the amplification and hence Ap
are zero.

When more than two stages of amplification are involved, oscillations

can always be expected unless the feedback factor Ap is small, or unless

the amplifier is especially designed. Thus, if three identical resistance-

coupled stages are involved, reference to Fig. 95 shows that the total

phase shift will reach 180° ( = 60° per stage) at frequencies where the

amplification per stage has dropped to 0.50 of its mid-range value.

Hence, to avoid oscillations with such a three-stage amplifier, the value

of Aft in the mid-frequency range must be less than 8 in order to make Ap
less than unity at frequencies where the phase shift becomes 180°. If

greater values of feedback factor Ap are desired under such conditions,

one" of the stages must be designed to have a very wide frequency range

so that this stage produces negligible phase shift compared with the

remaining stages. Thus, if one desires Ap = 100, then reference to

Fig. 95 shows that at frequencies so far from the mid-range region that

Ap has dropped to unity (i.e. frequencies for which the amplification per

stage has dropped to 0.1 of the mid-range value) the total phase shift is.

2 X 84.25° = 168.5°. Hence the remaining stage must not have a

phase shift exceeding 11.5° for the same frequency range, and so must be

designed with a correspondingly wide frequency range. These same

principles can be applied to the design of amplifiers with four or more

stages and to amplifiers having interstage transformers.

Practical Feedback Amplifiers.—A number of typical audio-frequency

amplifier arrangements employing feedback are shown in Fig. 143. 1 In

the circuits at c, d, e, and /, the feedback voltage is proportional to the

output voltages and so causes the latter to be stabilized. In contrast

with this, the circuits at a, 6, and g make use of the current in the bias

impedance of the output tube to develop the feedback voltage, so that,

if the bias impedance is a resistance, the feedback action tends to stabilize

the current in the output circuit rather than the voltage across it. Thus,

when the output is a resistance-capacity network, the shunt capacity Cs

causes the output voltage to drop off at high frequencies for constant a-c

current in the plate circuit, and the coupling condenser Ce causes a similar

falling off at low frequencies. Feedback action hence does not improve

the frequency response of these circuits even though amplitude distortion

is reduced. The falling off at high and low frequencies can, however,

be greatly diminished by shunting the cathode resistor by a condenser C2

to reduce the negative feedback at high frequencies, and by shunting by

an inductance L2 to reduce the negative feedback at low frequencies, as

shown dotted in parts a, b, and g. By proper choice of these reactive

1 A more detailed discussion of these circuits, together with descriptions of addi-

tional circuits is given by Terman, ibid.
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elements the response can be made substantially flat over a much larger

frequency range than would otherwise be possible. Circuits a, b, and g

are not suitable when the output circuit contains an output transformer

because there is no resulting improvement in frequency response, and the

stabilization tends to make the magnetizing current of the transformer

sinusoidal and so actually produces amplitude distortion in the output

voltage.

Single stage circuits Cb)

—II-
\

——>—

v

:R

!?!'£f*ff{'as

~1r
fcs

Ct 2 Y^fi
L4 fee .i

—

—i—>.

%&&$?* C^Smai, capacity to compensate for Zs ^vZfdZ^
Rs

= Voltage dropping resistor for screen (Rs» R2)

Input

Kvf '• H Bypass condensers

Feedback voltage developedhere

(e)
_ Two stage circuits

—II T »-

* -j Feedback >-vw

Shunt feed voltageckve/opxty
nere

Three stage ci rcuits

Load

Feedbade vo/tage.

developed here

ff)

Feedback voltage developedhere

(g)

Shuntresistance forreducingphase
shift andtendency fo oscillate

Load

-Feedback voltage
developedhem Feedback voltage developedhere

Fig. 143.—Circuit diagrams of typical feed back amplifiers.

When the bias resistor of pentode tubes is used for feedback purposes,

it is essential that the suppressor grid be connected directly to cathode

instead of to ground, that the screen potential be supplied through a series

resistor, and that the screen be by-passed to the cathode by a condenser.

The by-passing to the cathode is necessary, for otherwise the feedback

voltage will be applied to the suppressor and screen, while the series

resistor in the screen circuit (marked Rs in Fig. 143) is required to prevent

the screen by-pass condenser from likewise by-passing the bias resistor

to ground through the power supply.
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In the circuits of e, g, and h there is a multiple feedback since, in

addition to the main feedback from output to input, the omission of

by-pass condensers from the cathode-biasing resistors also introduces

feedback in the individual stages. In the circuit b the arrangement is

such that the grid bias is not affected by the choice of R2 . In order to

do this, C is designed to be a by-pass to ground while #1 is an isolating

resistor for a-c voltages and should be much larger than R2 . The circuit

at h involves a bridge arrangement such that feedback can take place

without introducing the possibility of direct-energy transfer between

input and output circuits.

1,000 10,000

Frequency in Cycles

Fig. 144.—Amplification characteristic of feedback amplifier, showing effect of different

amounts of feedback upon frequency distortion and constancy of amplification.

The feedback factor can be readily calculated for the cases shown in

Fig. 143. Thus at c, d, and / the fraction of the output voltage that is

fed back to the input is R2/(Ri + R*), while in a and e the fraction

in the middle range of frequencies is R2/Req , where Req is the resistance

formed by grid-leak and coupling resistance in parallel.

The characteristics of a typical amplifier with negative feedback

are shown in Fig. 144, which very clearly demonstrates the enormous

improvement in uniformity of frequency response and in stability of

gain with respect to variations in electrode voltages, which result from

the proper use of negative feedback. This particular amplifier employed

the circuit of Fig. 1436 and was provided with suitable values of L2 and

C2 to give a uniform frequency response.

The feedback principle is of practical value under many circumstances.

Thus it is widely used to reduce amplitude and cross-modulation effects

in power amplifiers, particularly when pentode and beam tubes are used.

The improvement in frequency response and the reduction in phase shift

which feedback makes possible can also be used to advantage in amplifiers

intended for television and laboratory purposes. The stability of the

amplification which results from the proper use of feedback is particularly
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useful in laboratory measuring equipment, since with large values of Afi
the amplification will stay constant with changes in electrode voltages,
tube replacements, etc., to about the same extent that an ordinary direct-

current voltmeter will maintain its calibration.

A modified form of negative feedback is used in some -radio trans-
mitters. This is described further in Sec. 105.

53. Behavior of Vacuum Tubes at Ultra-high Frequencies. 1—In all

the discussion that has so far been devoted to amplification it has been
assumed that the time required for an electron to travel from the cathode
to the plate is negligible compared with the length of time represented
by a cycle, so that one could consider that the effect of changes in electrode
voltages on the current were instantaneous. At very high frequencies
this assumption is no longer permissible.

The result of a finite time for the transit of the electrons modifies
the tube characteristics in a number of important respects. In particu-
lar, the tube constants such as the amplification factor, mutual conduct-
ance (or transconductance), and the plate resistance become vector
quantities with a magnitude and a phase that vary with frequency.
The mutual conductance or transconductance, for example, lags in

phase because the finite transit time causes changes in the plate current
to lag behind changes in grid voltage, and the absolute magnitude of the
mutual conductance is also modified slightly. The amplification factor
tends to decrease in magnitude and to have an increasingly large phase
angle as the frequency increases, while the plate resistance likewise
depends upon the frequency.

Analysis shows that the usual equivalent circuits of the amplifier
tube still hold provided the amplification factor, mutual conductance,
and plate resistance are given the appropriate values (including both
magnitude and phase) which take into account the effect of the finite

transit time.

The finite transit time also causes power to be consumed by the
grid of the tube even when the grid is biased negatively and attracts
no electrons. This comes about as a result of the interchange of energy
between the signal voltage acting on the grid and the electrons traveling
to the plate, and it is of such a character as to absorb power from the
signal voltage. The amount of power lost in this way can be expressed
in terms of an equivalent resistance shunted between the grid and cathode
electrodes of the tube. Analysis shows that this equivalent input

1 For further discussion of tube behavior at very high frequency see: F. B. Llewel-
lyn, Vacuum Tube Electronics at Ultra-high Frequencies, Proc. I.R.E., vol. 21, p.
1532, November, 1933; note on Vacuum Tube Electronics at Ultra-high Frequencies,
Proc. I.R.E., vol. 23, p. 112, February, 1935; Phase Angle of Vacuum Tube Trans-
conductance at Very High Frequencies, Proc. I.R.E., vol. 22, p. 947, August, 1934.
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resistance in the case of Class A amplifier tubes is given by the formula 1

1Equivalent input resistance resulting) _
from finite transit time / KGmfh- 2

(122)

where

Gm = mutual conductance of the tube

/ = frequency

r = time required for the electron to travel from the cathode to the

grid plane.

The constant K is determined by the grid and plate voltages and by

the ratio of transit times from cathode to grid plane and grid plane to

anode. Consideration of the relations in-

volved in Eq. (122) shows that the input

resistance is directly proportional to the

square root of the electrode voltages and

inversely proportional to the square of the

linear dimension of the tube.

The mechanism whereby there is loss in

the grid circuit even when the grid is biased

sufficiently negative SO that it attracts no Fig. 145.—Diagram illustrating

. t , . i t , i £ n effect of transit time on grid losses.
electrons can be understood by the follow- At the instant showI1) the grid

ing reasoning:2 Consider a triode with a potential is increasing and there

. , i • i • • i is a consequent disproportionate
negative grid Upon which IS superimposed number of electrons between grid

a Small alternating Voltage, as shown in and cathode (shown by density of

-rr i ,i i» t\ • ii <• e xi i dots) so that a current flows into
Fig. 145. During the portion ol the cycle the grid

when the instantaneous grid potential is

becoming less negative, the number of electrons flowing to the plate is

increasing, but the electron density is proportionately greater on

the cathode side of the grid than on the anode side since the finite

transit time delays the arrival of the electrons at the .plate. The

grid under such conditions draws current as a result of the electrostatic

charges which the excess of approaching over receding electrons induces

on the grid structure. Somewhat later in the cycle, when the instantane-

ous grid voltage is decreasing, the opposite situation exists, as there is

1 For a theoretical derivation of Eq. (122), together with a formula for calculating

the constant K, see D. O. North, Analysis of the Effects of Space Charge on Grid

Impedance, Proc. I.R.E., vol. 24, p. 108, January, 1936.

For an experimental verification of Eq. (122), see W. R. Ferris, Input Resistance

of Vacuum Tubes as Ultra-high Frequency Amplifiers, Proc. I.R.E., vol. 24, p. 82,

January, 1936. In a discussion of this latter paper, J. G. Chaffee gives experimental

data on vacuum-tube amplifiers biased to cut-off, which indicates that under these

conditions the input resistance is inversely proportional to the first power of the

frequency rather than the second power.
2 This is due to W. R. Ferris, loc. cit.
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now a disproportionately small number of electrons approaching the

grid from the cathode in relation to the number receding from the grid

toward the anode. This comes about because of the finite transit time

which prevents the electrons from reaching the plate instantly. The
net result of this excess of receding electrons is to cause current to flow

out of the grid. The magnitude of this current flowing in and out

of the grid as a result of the finite transit time is proportional to the

number of electrons involved {i.e., to the mutual conductance), to the

signal voltage applied to the grid, to the transit time, and to the frequency.

From the above discussion it might be thought that the effect of the

finite transit time would be merely to introduce a reactive grid current.

This is only partially true, however, because the phase of this alternating

current flowing to the grid is not quite in quadrature with the signal

voltage applied to the grid. Consider the instant when the grid potential

is at its least negative value (maximum positive value of applied voltage).

Because of the finite transit time there is still a disproportionately

large number of electrons on the cathode side of the grid as compared with

those on the anode side. There is hence still current flowing into the

grid at the crest of the cycle, thereby giving the grid current a component

that represents power loss. The phase displacement between the

maximum of signal voltage and the moment of zero grid current is pro-

portional to the product of frequency and transit time, i.e., to the number

of electrical degrees represented by the time it takes an electron to travel

from the cathode to the grid plane. Since this number of electrical

degrees is small, and the phase angle of the grid current is proportional

to /t, and the grid resistance is inversely proportional to Gmpr2
.

The grid loss occasioned by finite transit time is negligible with

standard tubes at broadcast frequencies, but becomes increasingly

important at higher frequencies. Thus measurements upon a typical

Type 57 pentode show that at 1000 kc the input resistance is approxi-

mately 21 megohms, but, since the input resistance is inversely propor-

tional to the square of the frequency, at 30 mc it becomes approximately

23,000 ohms and at 100 mc is only 2100 ohms! As a result, the maximum
possible amplification obtainable from a 57 tube at 30 mc is approxi-

mately 15, and the amplification falls to less than unity at about 100 mc.

Small dimensions are a great help in raising the input resistance at

high frequencies. Thus the "acorn" tubes have dimensions approxi-

mately one-fourth to one-fifth those of standard tubes, and accordingly

have input resistances about 20 times as high at the same frequency,

or have an input resistance at least as high as that of a standard tube

at a frequency four to five times as great. Increasing the electrode

potentials also helps somewhat but dissipation in the tube limits the

maximum permissible voltages.
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54. Miscellaneous. Equalization of Amplifier Gain.—Where several

stages of amplification are employed' in cascade, the way in which the

amplification of the individual stages varies with.frequency is not particu-

larly important as long as the individual stages combine to give the

desired over-all result. Thus an excessive falling off of the high-fre-

quency response of one stage can be compensated for by introducing a

corresponding high-frequency peak in another stage of amplification,

as illustrated in Fig. 146. This possibility of compensating for the

deficiencies in over-all frequency response of a number of stages by

modifying the characteristics of only one of the stages simplifies greatly

the problem of obtaining a desired result. In particular, it avoids the

cost and trouble involved in attempting to make each individual stage

perfect within itself.

Characteristic
of 1st stage

S~

Characteristic
of 2nd stage

Overall
characteristic

r "\

Frequency & Frequency ^ Frequency

Fig. 146.—Curves illustrating how the deficiencies in the frequency response of one

stage of an amplifier may be compensated for by the characteristic of another stage to give

a uniform over-all response.

Use of Decibels to Express Relative Amplification.—The variation

of amplification with frequency in audio-frequency amplifiers is often

expressed in decibels referred to some arbitrary level taken as zero

decibels. The significance of such curves can be understood by con-

sidering what a decibel means. The decibel is a unit for expressing a

power ratio and is given by the relation

Decibels = db = 10 log™ p
2

(123)

The decibel has no other significance; if it is to be used in expressing

relative amplification, it therefore signifies power output as a function of

frequency with respect to some arbitrary power. Thus, if the output

voltage varies with frequency as shown in Fig. 147a, one might replot

this curve in decibels by assuming some arbitrary power as the standard.

This might, for instance, be the power output obtained at 400 cycles.

The power output at any other frequency is then proportional to (E/E40o)
2

where E is the voltage output at the frequency in question and E4oo

is the output voltage at 400 cycles. Since the power output under these

conditions is proportional to the square of the voltage, one can rewrite

Eq. (123) as follows for this particular case:

db -10 log,,g- 10 log,.(^*- 20 log,. (^ (124)
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It is now possible to plot a curve giving amplification in terms of decibels
as is done at Fig. 1476. The significance of the decibel curve can be
seen by considering a specific case. Thus the fact that the amplification
in Fig. 1476 is 5 db lower at 45 cycles than at 400 cycles means that the
output power at 45 cycles is 0.316 times the power at 400 cycles.

From the foregoing it is seen that anything which increases or de-
creases the amplification can have its effect expressed in terms of decibels.
Thus, if one introduces an extra stage of amplification which increases
the output voltage 20 times, then the gain in output power is (20)

2 or

c30

100 1,000 10,000
Frequency- Cycles per Second

(a)

Zero ctecibelssOutputciHOOcycles

100 ^000 10,000
Frequency- Cycles per Second

(b)

Fig. 147. Illustration of how relative gain can be expressed in decibels.

400 times, and this power ratio, when substituted in Eq. (123), is seen to
represent a power gain of 26 db.

It will be noted that the decibel is fundamentally a power unit. It
cannot be used to express voltage ratios except insofar as these voltages
are related to power ratios. If two voltages are applied to identical
resistances, then the resulting powers are, of course, proportional to
the square of the voltages; but if the voltages are applied to different
resistances, then it is necessary to take into account this fact if the
decibel unit is to be employed.

Power levels in audio-frequency amplifiers are often expressed in
decibels referred to a standard level of 6 milliwatts. Thus an output
transformer rated for service at +36-db level is capable of handling a
power output that is 36 db above 6 mw, or 24 watts. Likewise, a
microphone rated at — 50 db will deliver an output power 50 db less than
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6 mw, or 6 X 10~8 watts, when spoken into under average conditions.

If the microphone has a 200-ohm internal impedance, this power will be

developed in a load resistance of 200 ohms and represents an r.m.s.

voltage of (6 X 10~8 X 200)^ = 0.0035 volt, which can then be increased

to the desired level by the* use of an amplifier provided with a step-up

input transformer to match the grid of the first tube to the 200-ohm

microphone.

Phase Distortion.—While phase distortion is of little importance

with audio-frequency amplifiers, it is interesting to note the type of phase

shifts obtained with different types of coupling. The phase shifts for

several representative amplifiers are shown in Fig. 148, where it is seen

C 60'

100°
1,000 2,000 5,000 6,000 }0003,000 4,000

Frequency

Fig. 148.—Phase shift as a function of frequency for typical amplifiers. Since absence

of phase distortion requires that the phase-lag curve be a straight line passing through

zero or some integral multiple of tt radians at zero frequency, it is apparent that all of these

curves show phase distortion.

that all the amplifiers have some phase distortion, since the curves

of phase shift are not^traight lines passing through zero or some integral

multiple of -k radians at zero frequency. The phase distortion is ordi-

narily least for those amplifiers having the lowest frequency distortion,

and with any particular amplifier the phase distortion becomes large

at frequencies where frequency distortion is pronounced.

The phase shift is related to the time required for transmission through

the amplifier, or delay time, according to the formula

Delay time)

in seconds f

dp

da)
(125)

where is the phase shift in radians and a is 2tt times frequency. The

delay time for any frequency is hence proportional to the slope of the

phase-shift curve at that particular frequency. From Fig. 148 it is

apparent that with audio amplifiers the time delay tends to be constant

and small over the middle-frequency range of the amplifier but is greater
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o90°

at both high and low frequencies. Low frequencies give particularly-

large time delays because a fraction of a cycle phase shift represents

much more time at a low than at a high frequency;

In tuned amplifiers the phase shift varies with frequency in a manner
such as shown in Fig. 149. In the immediate vicinity of resonance the
phase shift is a linear function of frequency, but begins to be appreciably
non-linear when far enough off resonance for the phase shift to exceed
about 30°. The time delay calculated from the phase-shift curve of a
tuned amplifier in the vicinity of resonance gives the time delay that the
modulation envelope suffers. This is of the same order of magnitude

as the time delay commonly encountered

in a single stage of audio-frequency

amplification.

When several stages of amplification are

in cascade, the total phase shift and time
delay are obtained by adding the phase
shifts and time delays, respectively, of the

individual stages.

Voltage Surges in Audio-frequency Appa-
ratus.—When the cljreet current flowing

through the primary of an audio-frequency
Fig. 149.—Phase shift in typ- transformer is suddenly interrupted, there

ical tuned amplifier. Note that , • , ,. ,

the phase-shift curve is linear only are niSh surge voltages developed across the
in the immediate vicinity of transformer primary and secondary ter-
resonance. , . . .

mmals which are caused by the same action
that develops a high voltage across the field of an electrical machine
when the field current is suddenly interrupted. This voltage may
reach surprisingly large values in the case of ordinary audio-frequency
transformers because, although the current interrupted is small, the
inductance through which it flows is very great. The potentials
obtained under ordinary operating conditions are in the neighbor-
hood of several thousand volts and are often sufficient to produce short
sparks in a gap across the transformer secondary. Surges of this sort also
occur whenever a lighted tube is removed from its socket, or when stages
are switched in and out of the amplifier. The voltage developed by these
surges frequently causes the breakdown of insulation in the transformer,
with resultant microphonic effects that appear as noises in the amplifier
output. 1

1 For an extended discussion of surges in audio-frequency amplifiers, see E. H.
Fisher, Voltage, Surges in Audio-frequency Apparatus, Proc. I.R.E., vol. 17, p. 841,
May, 1929. It is shown in this paper that, if iv is the transformer primary current
that is suddenly broken, Lp the inductance of the transformer primary, and Cs the
equivalent capacity that can be considered as acting across the secondary terminals,
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Direct-current Amplifiers.—The amplification of direct-current volt-

ages (or voltages of extremely low frequency) requires a resistance

coupling between the output of one amplifier stage and the input of the

following amplifier tube without the
f
use of grid-blocking condensers.

One possible arrangement of this type is shown at Fig. 150a, in which the

voltage drop across the coupling resistance is impressed directly on.the

grid of the succeeding tube, which is provided with a grid-bias potential

sufficient to balance out the voltage drop across the coupling resistance

(a) Simple two-stage direct-current amplifier

(-) Amplified
voltage

Voltage to

be amplified

(b) Direct-current amplifier with plate of pentode
tube supplying the load resistance

Voltage to

be amplified

Fig. 150.—Direct-current amplifier circuits.

resulting from the normal plate current that passes through this resistance

and to maintain the grid slightly negative.

The voltage gain of a direct-current amplifier can be made very

large by using the plate circuit of a pentode tube as the coupling resist-

ance, as shown in Fig. 1506. Such an arrangement permits a reasonable

d-c plate current for the amplifier tube without an excessive loss of

voltage in the load, and at the same time provides a load resistance

of the order of megohms. A voltage gain of over 2000 per stage can be

readily obtained in this way for direct currents and low-frequency alter-

nating currents. 1

then the maximum voltage that will be developed across the secondary terminals is

given with good accuracy by the relation

Voltage across secondary = *p\/-^
C.

x For further information on such amplifiers, see J. M. Horton, The Use of a

Vacuum Tube as a Plate Feed Impedance, Jour. Franklin Inst., vol. 216, December,

1933.
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Direct-current amplifiers of all types tend to be troubled by slow

drifts in the d-c plate current, since any change in plate current caused

by such effects as changes in electrode potentials cannot be distinguished

from the effects produced by the direct-current voltages being amplified.

A number of balancing arrangements have been devised which overcome
this trouble, and these are described in detail in the literature. 1

Reflex Amplifiers.—A reflex amplifier is essentially an ordinary audio-

frequency amplifier to which tuned circuits have been added in such a
way that the tube can function simultaneously as a tuned radio-frequency

amplifier and as an audio-frequency amplifier. The great difference

in frequency between the audio- and radio-frequency currents is utilized

to obtain satisfactory separation between the two in the output. Reflex

amplifiers make possible a reduction in the number of tubes, but have the

disadvantage that curvature of the tube characteristics causes the

amplification of the radio frequency to be affected by the audio-frequency

amplitude, and vice versa, giving rise to cross-talk and distortion. For
these reasons reflex amplifiers are used only under special circumstances.

55. Amplitude Distortion and Cross Modulation in Amplifiers.—In an
ideal amplifier the output wave has exactly the same wave shape as the

input signal. Actual amplifiers closely approach this ideal when the

signal voltage being amplified is very small, but tend to depart from
it and thereby introduce distortion when the signal voltage is large. As
a result of this distortion, the output contains harmonics and other

spurious frequencies, there may be a lack of proportionality between the
amplitudes of the input voltage and the undistorted part of the output,
and cross-modulation may occur between different frequency components
of the signal.

When the signal is a simple sine wave, the distortion in the output
wave and the exact output voltage and power can be determined by the
use of the dynamic characteristic of the amplifier, as discussed in Sec. 56.

This is the method commonly used to determine the proper operating

conditions for minimum distortion and maximum output for voltage
amplifiers that must develop large output voltages. While quite satis-

factory for this purpose, the dynamic characteristic method is at best
only approximate, and can be applied only to resistance loads with a
sine-wave signal. A more comprehensive picture of the entire problem
of distortion and cross-modulation is obtained by expressing the tube
characteristic in terms of a power series, as explained in Sec. 37, and
using this to obtain the relation between the output and input waves.

1 A discussion of the characteristics and relative merits of a number of such balanc-
ing arrangements is given by D. B. Penick, Direct Current Amplifier Circuits for

Use with the Electrometer Tube, Rev. Scientific Instruments, vol. 6, p. 115, April, 1935.
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It was shown in Sec. 37 that, for electrode voltage such that the

instantaneous plate current never became zero, the characteristics of a

tube could be expressed in terms of the following power series

^^•+ e

i)+hMe' + if +*Me' +
i)"

+ (126)

where

eg = signal voltage applied to grid

ep
= voltage acting on plate as result of voltage drop of ip in load

impedance

Gm = mutual conductance at operating point

fx = amplification factor

ip
— plate current caused by the action of eg and ep .

The tube constants and the derivatives appearing in Eq. (126) are

evaluated at the operating point upon which the signal voltage is super-

imposed, and the convention with respect to sign made in deriving Eq.

(126) is such that a positive current is a current flowing in the same

direction as the normal d-c plate current. Equation (126) assumes either

that the amplification factor n is constant or that the load impedance is

so low compared with the plate resistance that ep/n is negligible com-

pared with e'g . The equation therefore holds reasonably well for triodes

in the normal operating range, where the amplification factor is sub-

stantially constant, and is highly accurate for pentode amplifier tubes

since pentodes normally have a very high plate resistance compared with

the load resistance.

Since the voltage ep appearing in Eq. (126) represents the voltage

arising from the current ip in flowing through the load impedance Z,

one can substitute the relation ep = — ipZ in Eq. (126). When this is

done and the series is inverted to give an explicit expression for ip ,
the

result is 1

1 The transformation from Eq. (126) to Eq. (127) is carried out as follows: The

substitution of e„ = -Zip into Eq. (126) gives

*-«-(«.- ¥)+5i &(*-¥)"+••• <m)

This gives ip as an implicit function of ip , whereas what is wanted is an explicit solu-

tion for ip of the form

ip = aieg + « 2e c
2 + a-iCg

3 + • • (129)

The inversion from Eq. (128) to Eq. (129) is accomplished by substituting the value

of iv in the form of Eq. (129) for ip in Eq. (128), and then equating the coefficients of

like powers of e
g
on both sides of the result to determine the values that the a's must
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. _ neg 1 dGm ei
2

lP ~ 75 i W iRP + Zx ' 2!/xGm d#
fl

flp + Z2

( l a 2£m 3 _ j_^ \

V3!/.
2GOT dE/ 1

nGm dEg

eie2
J+ V^

W + £ +
* • •

(127)

where

ftp = plate resistance at the operating point

Z = load impedance. The subscripts 1, 2, and 3 denote the imped-
ance offered to the first-, second-, and third-order components
of the plate current. When any one order plate current contains
components of several frequencies, the appropriate, value of Z
must be used for each component

ei = v>eg [ R
*
z J

= voltage drop produced in plate resistance by

first-order component of current

62 ~
\R + Z /2! G dlP

6 *
2 = volta&e °*rop produced across the

load impedance Z2 by the second-order component of current.

The remaining notation is as used previously. In the case of pentode
tubes Z/Rp is usually negligible, so that to the extent this is true Eq.
(127) reduces to

t, (for pentodes) = Gmeg + ^~e ff

2 + ^^|W + • • • (131)

Examination of Eq. (127), or of Eqs. (129) and (130), shows that the
actual current that flows in the plate circuit as a result of the signal
voltage eg consists of a series of components, proportional, respectively,
to the first, second, third, etc., powers of the signal voltage involved.
The total plate current is the sum of these various components plus the

have in Eq. (129) to satisfy Eq. (128). Doing this gives

/*

Rp -+- Zi

( »RP y
_ l aom \RP + zj

2\v.Gm dEg Rp +Z 2

Rp + Zz

Equation (127) now follows by substituting these values of a into Eq. (129). In
Eq. (130) the impedances Zh Zi, and Z 3 represent the impedances offered by the load
to the components cue,, a 2eg% and a 3e„3, respectively, of the plate current.

(130)
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steady d-c plate current present at the operating point when no signal

is applied to the grid.

Study of Eq. (127) shows that the various components of the plate

current can be considered as being produced by a series of equivalent

voltages acting in a circuit consisting of the plate resistance of the tube

in series with the load impedance. If the positive direction is taken as

from cathode toward plate [the opposite of the positive direction in

Eq. (127)], the equivalent voltage represented in the first term on the

right-hand side of Eq. (127) is

Equivalent voltage producing^

first-order component of plate > = — ixeg (132)

current
*

This voltage is that used in Sec. 43 in setting up the equivalent circuit

of the vacuum-tube amplifier, which now by a rigorous analysis is shown

to be the first-order approximation that results when the characteristics

of the tube are expressed in terms of a power series. The equivalent

voltage represented in the second term on the right-hand side of Eq. (127),

assuming the positive direction is from cathode toward plate, is

Equivalent voltage producing^ 1 dGm / RP \
2
.

second-order component of > = ^2UiG^d^\
ie
''RP + Z^

(133)
plate current /

1 dG

This leads to the equivalent circuit of Fig. 1516, which takes into account

second-order effects. These second-order effects represent to a first

approximation the error involved when all components except the first

are neglected. . The third term on the right-hand side of Eq. (127)

represents an equivalent voltage which, when the positive direction is

assumed to be from the cathode toward the plate, is given by

Equivalent voltage produc-| •

i d 2Gm
3 J_ dGU

ing third-order component^ - ~^\
fJL
2Gm bEg^ +

f/Gm dEgW* (134)

of plate current
*

This leads to the equivalent circuit of Fig. 151c, which takes into account

third-order effects. The third-order component of the plate current

represents to a first approximation the error involved when all com-

ponents except the first and second are neglected. The analysis could

be continued to higher order components with similar results, but this

will not be done since terms higher than the third order are not particu-

larly important.

To summarize the above, it is seen that the behavior of the amplifier

tube, including the distortion effects produced when large signal voltages
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are applied, can be determined by postulating a series of generators
acting in a circuit consisting of the plate resistance of the tube in series

with the load impedance as shown at Fig. 151d. There is one such
generator for each order effect, with the value of the generator voltage
given by the expressions indicated in Fig. 151. The only assumptions
involved in the equivalent circuits of Fig. 151 and the analysis given
above are that the plate current does not reach zero or the full saturation
value, and that the amplification factor is constant (or that the load
impedance is small compared with the plate resistance).

Application of Power-series Method to the Analysis of Distortion in
Amplifiers—-The nature of the distortions that occur in amplifiers can be

(a) Equ iva lent circuit for
first order effects

(b) Equivalent circuit for
second order effects

-/<e
3G r

2!yuGm 9E g
e
't( Jf

! 9 Gm 3

3!/i2 Gm 8E| e
'

I dSm
E 9

(c) Equivalent circuit for
third order effects

1
Z

(d) Complete equivalent circuit
taking into account first
secondhand third ordereffects

d
z
G r

3!//^ 3Ey e
' yuGmdEg

Fig. 151.—Equivalent circuits taking into account first-, second-, and third-order com-
ponents of the plate current.

determined by considering the equivalent voltages that can be considered
as acting in the plate circuit under various conditions.

The first-order component of the plate current needs no discussion
since it represents the desired part of the output wave which is free of
amplitude distortion and which has been used throughout this and the
preceding chapters.

The second-order equivalent voltage is proportional to e x
2 and can be

investigated by writing down e x as a function of time and squaring the
result. When the signal voltage e„- is a sine wave, then e x is likewise a
sine wave of the form e x = Ea sin cot. The equivalent second-order
voltage is then, by Eq. (133),

Equivalent second-

order voltage }-
dGT,

2\fxGm dEg

1 dG

Ea
2 sin 2 oit

— cos 2u>V

2\fxGm BE,
-F 2A ~ cos 2ut\

» \ 2 )
(135a)
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The right-hand side of Eq. (135a) contains two parts, one a direct-current

term and the other a second harmonic of the signal frequency. These

two are of equal amplitude and are proportional to the square of the signal

voltage. When the signal consists of the sum of two sine waves of

different frequencies, then ei is of the form ex = Ea sin ut + Eb sin vt,

and the equivalent second-order voltage becomes

Equivalent second-) 1 dGm/r, . ± , „ . jN

order voltage /
=
~2W~m lE<E-

sm ** + Eb Sm vt)

1 dGjEJ
nGm dEg\

Ea * cos 2wt+Eb
2 cos 2vt

2\ lxGm dEg\ 2

+ EaEb cos (co + v)t + EaEb cos (a - v)t) (1356)»)*)

The right-hand side of Eq. (135b) now contains a direct-current term

proportional to the square of the effective value of the signal, second-

harmonic terms of each signal frequency proportional to the square of

the parts of the signal involved, one term proportional to the product

of the amplitudes of the two components of the signal and having a

frequency that is the difference of the two frequencies, and a companion

term of the same amplitude but having a frequency that is the sum of the

frequencies of .the two parts of the signal.

The third-order equivalent voltage contains two components, one

proportional to ei
3 and the other proportional to eie2 and hence produced

by the interaction of the first- and second-order currents in the plate

circuit. When the load impedance is small compared with the plate

resistance, as in the case of pentodes, this second part of the third-order

equivalent voltage is negligible. When the signal voltage is a sine wave,

then ei is likewise a sine wave of the form ei = Ea sin wt. The first part

of the third-order equivalent voltage is then, by Eq. (134),

First part of equiva-} -. ~ 2^
lent third-order volt- > = —^ 2f xw ffi"

3 sm3 °^

age
*

=
-3TM̂ ^^ 3

(l
sin^~i sin3a,

7
(136a)

The right-hand side of Eq. (136a) contains two components, both pro-

portional to the cube of the signal voltage and having frequencies equal

to and three times the signal frequency, respectively. The first of these

components combines with the undistorted part of the output arising

from the first-order equivalent voltage, but, since this additional con-

tribution is proportional to the cube of the signal instead of the first

power, the result is a loss in proportionality between the input and output.
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When the signal voltage consists of the sum of two* sine waves, then

d is of the form ei = Ea sin cot + Eb sin vt, and the first part of the

equivalent third-order voltage is, by Eq. (134),

First part of equiva-} .. ~ 2„
lent third-order vol-? = —

», ^ tehK^«
3 sin 3

cot + 3Ea
2Eb sin

2
cot sin vt

( 3!M Crm oE g
z

tage )

+ WoEf sin cot sin 2
trt + Eb

s sin3
ttf)

Ea
s sin 3co* + #&3 sin Svt/3„, ,

3#„ 2#6\ . ,

- |#„
2#fe[sin (2w + v)t + sin (-2<o + v)t]

- |#a#6
2 [sin (« + 2»)< + sin (« - 2t>)«]> (1366)

The right-hand side of Eq. (1366) contains third-harmonic terms of

each of the signal frequencies, and also third-order combination fre-

quencies such as co + 2v and 2co '+ v. It also contains terms having the

same frequency as the signal, which combine with the undistorted part

of the output arising from the first-order equivalent voltage. These

terms, however, prevent the part of the output having the same frequency

as the signal from being proportional to the signal voltage. Further-

more, output obtained for any one component frequency of the signal

is also dependent to some extent upon the amplitude of the second

frequency component of the signal. This action is called cross-modula-

tion,and is discussed below.

Examination of Eq. (134) shows that the second part of the equivalent

third-order voltage (the part proportional to 6ie2) contains the same
frequency components as the first part, and hence merely alters the

magnitude of the third-order distortion without affecting its character.

The above discussion can be readily extended to cover the case

in which the signal voltage is a modulated wave by assuming that ei

is of the form ei = Ea sin cot = E (l + m sin yt) sin cot, in which Ea

now varies according to the modulation envelope. The first-order

component of the plate current then produces an output wave that is

an exact reproduction of the signal, just as before. The second-order

action gives rise to a direct-current term, ahd likewise a second-harmonic

carrier frequency having a modulation that is a distorted replica of the

modulation of the original signal. The third-order action gives rise to a

third-harmonic carrier also having distorted modulation, and along

with this is a component having the same carrier frequency as the signal,
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but with a distorted modulation. This latter component is the only-

higher order effect to which the resonant circuit of a tuned radio-fre-

quency amplifier responds, and it combines with the first-order output to

give an. output voltage having a distorted modulation.

When the signal consists of two modulated waves, the second-order

effects give rise to direct-current, second-harmonic, and sum and differ-

ence frequency terms in the output, but none of these are important

because an amplifier tuned to the signal frequency will not respond to

them. The third-order action is quite important, however, because, in

addition to third harmonics and third-order combination frequencies to

which the tuned output circuit will not respond, there are components

having the same frequency as the signal but with distorted modulations,

giving rise to distortion in the modulation envelopes of the output waves.

There is also cross-modulation between the two parts of the signal,

as a result of which the modulation of one carrier frequency gets trans-

ferred to some extent to the other carrier frequency. This comes about

as a result of the fact that the output on one signal component depends

upon the amplitude of the other signal component. Hence, if the latter

is a modulated wave, the output of the first component will vary with

the modulation of the second wave. The ratio of the degree of modula-

tion produced on the first wave by the modulation on the second wave

to the modulation on the second carrier for small degrees of modulation

of the latter, is termed the cross-talk factor; for amplifiers employing

pentode tubes it is
1

Cross-talk factor = 7^7- „„ Z (137)

where 222 is the crest amplitude of the carrier applied to the grid, and

whose modulation is being transferred to the other carrier frequency.

1 Equation (137) can be readily derived from Eq. (1366), neglecting the second

part of the third-order equivalent voltage because it is negligible in pentodes. It is

noted in Eq. (1366) that the cross-modulation of the Ea component on the Eb com-

1 d Gm 3Ea Eb . tit •, • rn et 11 i

ponent arises from the term
3; 2Q gjjyz —2— Sm Writ ing £« = M-Ml +

m sin yt), where E* is the carrier of the Ea voltage component reduced to the grid (note

that Ea by definition is referred to the plate circuit), then, if m is small, one has to a

j;ood approximation

Ea
2 =*>

' mW(1 + 2to sin yt)

1 d'Ki 3
Hence the above third-order term becomes ^g- -^\ 2

E**E"( 1 + 2m sin ^0 sin **

r,
» »

1

This causes the amplitude of the other (or Eb) carrier to vary by an amount j^

^{EbEJrn sin yt. This divided by Eb gives the degree of modulation produced on

the Eb carrier, and divided again by m gives the cross-talk factor.
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Summary of Effects Produced by Different Order Components of the

Plate Current.—The first-order component of the plate current represents
the current produced in the equivalent amplifier circuit described in
Sec. 43 and used in analyzing amplifier behavior. This component
represents the undistorted part of the output.

The second-order component of the plate current includes a direct-
current component, second harmonics of the signal frequencies, and sum
and difference frequencies formed by combinations of signal components
of different frequencies. The harmonic and sum and difference fre-

quencies arising from second-order action are the principal sources of
amplitude distortion in Class A audio amplifiers when operated to give
only moderate distortion. Second-order effects are not important with
tuned amplifiers because the tuned load circuit does not respond to any
of the second-order products. The second-order effects are propor-
tional to the curvature of the Ip-Eg characteristic curve of the tube at the
operating point; thus they can be minimized by operating where the
characteristic curves are most nearly linear. The second-order effects
can also be reduced by making" the load impedance high compared
with the plate resistance. This condition can be readily realized in
the case of triodes, and makes possible a reduction of the second-order
distortion to a much lower value in triodes than is possible in pentodes.

The third-order component of the plate current includes third har-
monics and third-order combination frequencies, gives rise to cross-
modulation, and produces a lack of proportionality between output and
input. The last two effects are the most important, particularly as they
represent types of behavior not produced by lower order effects. Most
of the third-order action usually results from the third derivative of the
tube's characteristic curve .(i.e., the rate of change of curvature).
Hence cross-modulation and lack of proportionality can be reduced by
restricting the operating range to regions where the curvature of the
tube characteristic is changing only slowly. This means, in general,
avoiding the region near cutoff, or using tubes with gradual cut-off
(variable-mu type). 1 Third-order effects can also be reduced by making
the load impedance to the first order currents high compared with
the plate resistance. This condition can be readily realized with triodes

1 The variable-mu tube was developed to provide a radio-frequency pentode in
which the amplification could be controlled by varying the grid bias without producing
excessive cross-talk and lack of proportionality at low values of mutual conductance.
This is accomplished by the gradual cutoff, which makes the rate of change of curva-
ture (the third derivative) much smaller at low values of plate current than is the
case with tubes having a sharp cut-off. See Stuart Ballantine and H. A. Snow, Reduc-
tion of Distortion and Cross-talk in Radio Receivers by Means of Variable-mu
Tetrodes, Proc. I.R.B., vol. 18, p. 2102, December, 1930.
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and means that triode tubes tend to give less trouble from cross-modula-
tion and lack of proportionality than do pentodes

th/Z^A **? Wf^ eVen-°rder effects *™ ^milar in character tothe second-order effects, giving rise to even harmonics, even-order com-

ml*a JT^T and direct~current terms. In like manner the
fifth and higher odd-order effects act similarly to the third order, giving

and l f

h™CS
'
°to-°*<* combination frequencies, cross talk!and lack of proportionality between input and output. These higher

slo^d Z 7w, I™' "^ much 8maUer in maSnitude than the

nt,
thl

;
d"0rder terms

'
thus they can be neglected except under

special circumstances. _
Experimental Evaluation of Second- and Third-order Coefficient, -Inorder to make quantitative calculations based upon the above analysis

it is necessary to evaluate eG*/aE, and a'G./BE* aa well as the plate

17^7,7 T ™nd™tance, etc., at the operating point. The value

LWI^'^U readlly determined experimentally.by applying to the£d of the tube a sme-wave voltage of known amplitude Tnd by noting

n the 2r ,?
ate ST' *hat r6SU,tS When the ,oad 4edance

„nd m, T "
1

negllglb'y smalL According to Eqs. (l27), (131),and {165a) one then has

dGm _ 4A7
dEg ~W (138)

where A/ is the change in d-c plate current and E is the crest value of thesignal voltage applied to the grid.

The value of d*Gm/aE,* can be determined in a similar manner byT^ v°
g a Slne WaVe °f known amP]itude and then measuringthe third-harmonic component of the plate current when the load impedance is very small. According to Eqs. (127), (131), and (136a) one then

d 2Gm 247,

dEg
* ~ ~W .

(139)

wvZ^F Cre

f/
alUe

+

°f^ third-harmoni« component of the platecurrent and E is the crest value of the signal voltage applied to the

Problems

wi,htXc«fan!^r °f a™—
'— -Hab.e fer„se

coupfed^UfierTf Ft
b

^h
e '****»?<' va

/f^^ ampHfication in a resistance-euupiea ampnner oi Fig. 93 by varying the grid-leak resistance?
b. What would be the disadvantage of controlling the amnliflcatinn „f . t

former-eoupled amphfe by varying a resistance shunW•LZS^^/'T
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. 3. a. Why is it that the amplification of a stage of radio-frequency amplification

as illustrated in Fig. 120a cannot be varied satisfactorily by connecting the grid of the

output tube to a sliding contact operating on the grid-leak resistance?

&. Discuss the problem of controlling the gain of a resistance-coupled pentode

amplifier by varying the control grid bias.

4. Sketch a detailed circuit diagram for carrying out the operations indicated ir.

Fig. 129.

5. Explain why a transformer in a shield of permalloy or similar alloy reduces the

hum pick-up as compared with a cast-iron shield.

6. a. Calculate the total noise voltage developed across a 1-megohm resistor

at 20°C. in the frequency band 40 to 12,000 cycles.

b. A condenser of 0.0001 mf is shunted across the resistor of (a). Calculate the

total noise voltage under this condition for the same frequency band.

7. What is the effective value of the noise voltage in the output of an amplifier

having an over-all voltage gain of 100,000 times, if the input resistance across the first

grid to filament is 100,000 ohms and the amplifier gives substantially constant gain

over the band 40 to 8000 cycles and very little gain outside this range?

8. In a triode resistance-coupled amplifier:

ix = 100

Rp = 125,000 ohms
Re = 250,000 ohms
Rol = 500,000 ohms
Cc = 0.01 mf
Cs — 60 ppi

Cgp = 1.7 llfxf

Cgf = 1.7 Hflf

Cpf = 3.8 M^f

Calculate the input capacity and input resistance as a function of frequency for the

frequency range 1000 to 30,000 cycles.

9. Check the results of Fig. 131 by recalculating from the circuit data given in

the figure.

10. Derive equations analogous to Eqs. (113) and (114) but for the case of over-

neutralization, using the circuit of Fig. 134 and assuming perfect coupling between the

neutralizing coil and the plate circuit inductance with a unity ratio.

11. In a two-stage resistance-coupled amplifier the second stage is identical with

the amplifier of Prob. 8, while the first stage is the same except that the effective

shunting capacity in its plate circuit is 10 nid plus the input capacity of the second

stage and that the grid-leak resistance of the second stage is shunted by the input

resistance of the second stage. With the aid of the results of Prob. 8, calculate and

plot the curve of amplification as a function of frequency for the first stage; for com-
parison, also calculate and plot the curve that would be obtained if the input admit-

tance of the second stage were zero.

12. In a particular amplifier a signal voltage of 0.01 volt applied to the grid of the

first tube causes a signal current of 5 ma to flow in the plate circuit of the output tube.

The first and last tubes receive their plate voltages from a common battery that may
have an internal resistance as high as 200 ohms. The first stage is transformer

coupled, with a turn ratio of 3 and a tube amplification factor of 13. Devise means

to prevent the feedback from affecting the amplification by more than 10 per cent for

all frequencies between 50 and 8000 cycles.
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13. A three-stage resistance-coupled amplifier is designed according to the first
column of Table VII, page 188. If these stages all receive their plate voltage from a
common source having an internal impedance consisting of a capacity of 8 mf , design
a filter system so that the common coupling will not affect the amplifi, ation by more
than approximately 10 per cent down to a frequency of 30 cycles.

14. In tuned radio-frequency amplifiers operating in very high frequency bands
it is found that the amplifier has a tendency to oscillate unless the by-pass condensers
are designed to be non-inductive, but this effect is ordinarily absent at lower fre-
quencies. Explain.

15. a. Design a single-tube feedback amplifier to have a voltage amplification
of exactly 10, using the circuit of Fig. 143c and assuming the plate-supply potential
is 250 volts.

6. Calculate and plot the amplification as a function of frequencv in the absence of
feedback, making reasonable assumptions as to tube constants and shunting capacities.

c. Repeat (6), but taking into account feedback.
d. Repeat (b) and (c) for the case where the original amplifier tube is replaced

by another tube having only 70 per cent as much mutual conductance, but otherwise
with identical characteristics.

Plot all curves on the same curve sheet.

16. Derive Eq. (121).

k™™ In
v
a particular tube the inPut resistance as a result of finite transit time is

500,000 ohms at 6 mc and normal electrode voltages.
a. What would be the input resistance at 60 mc with normal electrode voltages?
b What would be the input resistance at 60 mc if the electrode voltages were

doubled?

c. What would be the input resistance4n (a) if the tube were redesigned so that all
linear dimensions were halved.

18. A two-stage audio-frequency amplifier is required to have a substantially
constant gam down to 20 cycles at the low-frequency end. If one of the stages is the
amplifier of Fig. 93, sketch the circuit of an amplifier that could be used in the second
stage to produce the necessary equalization, and discuss the basis for adjusting this
second stage.

&

.
™°" ^0t the amPlincation curve of Fig. 93 in decibels, assuming that the gain

at 1000 cycles is taken as zero decibels.

6. What is the gain in decibels corresponding to zero decibels in a?
20. Determine and plot the time delay as a function of frequency' for the amplifier

of Fig. 93.

21. Work out the circuit of a reflex amplifier employing a pentode tube
22. Analysis of the characteristic curves of a particular triode tube shows that

at the operating point M = 10, Rp = 50,000, Gm = 200 micromhos, dGm/dE„ = 10~«
and dHZm/dEg* = -10~ 7

.

a Calculate the exact currents that will flow in the plate circuit up to and includ-
ing third-order effects, when an alternating signal potential of 2 volts crest value is
applied to the grid of the tube and the load resistance is negligible.

b. Calculate the cross-talk factor for an interfering carrier of 2 volts.



CHAPTER VII

POWER AMPLIFIERS

56. Class A Power Amplifiers Employing Triode Tubes.—In a power
amplifier the object is to develop power, in contrast with the voltage

amplifier, in which the object is to obtain as much voltage as possible.

In the Class A power amplifier the tube is operated so that the wave shape
of current in the plate circuit of the tube reproduces as nearly as possible

the wave shape of the signal voltage applied to the grid of the tube. Class

A power amplifiers employing triode tubes are used in nearly all radio

receivers, in small public-address systems, in telephone amplifiers, etc.

The problems involved in realizing the full possibilities of a triode tube
as a power amplifier can be understood by studying the voltage and
current relations existing in a tube when a large signal voltage is applied

to the grid. Consider the case of an amplifier tube having characteristics

such as given in Fig. 152, and operated at a grid-bias and plate voltage

that place the operating point at the spot marked 0. When there is no
load impedance in the plate circuit, a signal voltage applied to the grid

causes variations in plate current that fall along the Eg-Ip characteristic

curve of the tube marked a in the figure. The effect of a load impedance
is to cause the plate current to follow a line such as b, having a slope less

than that of the tube characteristic a by an amount depending upon the

load resistance. The path b is known as the dynamic characteristic

because it gives the behavior of the tube under actual working conditions,

i.e., when an alternating voltage is applied to the grid and when there is a
load impedance in the plate circuit. The dynamic characteristic does
not follow the tube characteristic a because, when a load impedance is

present, the voltage at the plate of the tube differs from the voltage
of the plate supply by the drop in the load impedance. Thus, when the
signal is on the positive half cycle, the plate current increases above
the average value, causing a voltage drop in the load resistance' which
reduces the potential actually applied to the plate to something less than
the plate voltage at the operating point, while during the negative half

of the signal cycle the plate current is less than the average value and the
voltage drop in the resistance is such as to make the instantaneous plate

voltage somewhat more than the plate voltage at the operating point.

The dynamic characteristic therefore has a slope that is less than the
slope of the static characteristic, and, in fact, has a slope that corresponds

276
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to a resistance equal to the plate resistance of the tube plus the load

resistance. The dynamic characteristic is also more nearly linear than
are the characteristic curves of the tube.

In order to minimize distortion, it is necessary to restrict the operating

range to the portion of the dynamic characteristic that is substantially

linear. The practical limiting factors are the excessive curvature

of the dynamic characteristic at low plate currents and the fact that, if

the grid is driven positive, the grid current that results tends to distort

the input wave. Trouble of the latter sort is avoided in most Class A
amplifiers by limiting the crest value of the signal voltage to a value that

does not exceed the grid bias, so that the instantaneous grid potential

^Region ofhigh
distortion

Min. allowable
plate current

Input
voltage
wave

Fig. 152.—Characteristic curves of typical power amplifier tube, showing region of high
distortion, together with dynamic characteristic for a load resistance that gives proper
operating conditions, and waves of input voltage and output current.

is never positive. The special problems involved when the grid is

intentionally driven positive are considered later. The dynamic charac-

teristic with triode tubes having a resistance load always approximates

very closely a straight line except in the region where the plate current is

small. This is illustrated by Fig. 152, in which the approximate location

of this region of high curvature (large distortion) is shaded. It is

apparent that to avoid excessive distortion the instantaneous plate

current must never fall into the shaded region.

Approximate Analysis of Relations Existing in Triode Class A Power

Amplifiers When the Grid Is Not Driven Positive.—In order to obtain the

maximum possible power output without making the instantaneous

plate current too small during the most negative part of the applied

signal and without driving the grid positive at the positive peak of the

cycle, it is necessary to maintain a very careful balance between grid

bias, load impedance, plate-supply voltage, and plate resistance.
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While an exact mathematical treatment of the relations existing in the

power tube is complicated by the curvature in the dynamic characteristic,

it is possible to determine, with an accuracy that is sufficient for most

practical purposes, the proper operating conditions and the undistorted

power output that can be expected from a power tube, by considering

that the curves showing the relation between grid voltage and plate

current are straight lines for values of plate current greater than the

shaded region of Fig. 152. Such a characteristic, an example of which

Fig. 153.—Idealized characteristic curves used to determine proper operating conditions

for power amplifier, together with idealized dynamic characteristics for the proper load

resistance and for load resistances greater and less than the value giving maximum power
output.

is shown in Fig. 153, is subject to simple mathematical treatment and

at the same time does not differ very greatly from the actual characteris-

tic. With this approximation the proper grid bias with a resistance load

is given by the equation 1

1 This equation, together with those that follow, can be derived in the following

manner based on the idealized characteristic curves of Fig. 153. At the instant the

signal is at its negative crest, the instantaneous plate current should be the minimum
allowable value. In order to accomplish this, the instantaneous grid and plate

potentials eg and ep must satisfy the relation

Eq
(140)

If E, is the crest signal voltage, then, at the moment when the plate current is at its

minimum, eg = —Ec
— Es . At the same time ep is the plate supply voltage minus

the voltage drop in the load; as the drop is „— '„
> then, when the signal is at its

negative crest, ep = Eb + J? \'*, £ Substituting these in Eq. (140) gives



Sec. 56] POWER AMPLIFIERS 279

Proper negative grid bias of power tube = (
—

)(
ff

h
»„ ) (144)

where

EB = plate voltage at operating point

Eo = plate voltage required to develop the minimum allowable

plate current, assuming the grid-bias voltage to be zero

Rp = plate resistance of tube at operating point

Rl = load resistance

li = amplification factor of tube.

This value of grid bias locates the operating point so that a sine-wave

signal voltage reaches the limits of zero instantaneous grid voltage on

the positive half cycle and minimum allowable plate current on the

negative half cycle simultaneously, and so places the operating point

where the power output is the maximum that can be obtained. The

proper value of grid bias becomes more negative as the load resistance

and the plate-supply voltage become greater.

E
°
+ e

°(rl + rp)
= ~^7

(141)

Eb — Ea

When E, = Ec , this reduces to Eq. (144).

The power output developed in the load is equal to half the square of the crest

voltage developed across the load divided by the load resistance, and, as the crest

voltage across the load is nEaRh/(Rp + Rl), then

Power output -
2(£f+£)'

(MS.)

This reduces to Eq. (146a) when Es = Ef. and the value of Ec given by Eq. (144) is

substituted for Es .

The plate efficiency is the ratio of output power as given by Eq. (142a) to the

direct-current power supplied to the tube by the source of plate voltage. This input

power is EBIo, where 7 is the d-c current at the operating point. If the ratio of

minimum plate current reached during the cycle to the plate current at the operating

point is denoted by * (i.e., <& = Imm/Io), then

/o(l " *) = **"
Rp + Rl

The input power then becomes

r, T
imEsEb

The ratio of output to input is then

(1 - $)(«„ + Rl)

vEsRl(1 - #)"*« - «X+«j (143o)

When Es
= Ec and the value of Ec from Eq. (144) is used, the result is Eq. (149a).

Alternative expressions for power output and efficiency are obtained by noting
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Equation (144) can be rewritten to give the load resistance that should

be used with a given grid bias, with the result that

Load resistance to be • _ „ _ ^>

used with grid bias E, (EB - E \ _

Ec _ -i

Ec

(145)

In this equation the signs are chosen so that Ec in the equation is positive

when the bias is negative. The effect of varying the load resistance

when the grid bias is fixed is shown by dynamic characteristics a, b,

and c of Fig. (153). Characteristic a is for the value of resistance

called for by Eq. (145) and has a slope such that the operating point

is exactly midway between the point where the dynamic characteristic

enters the region of high distortion that exists with low plate currents

and the point where the grid becomes positive. Curve b shows the

dynamic characteristic when the load resistance is higher than the

value called for by Eq. (145), and it is apparent that in this case the grid

will go positive with a signal that does not carry the operating point to

anywhere near the minimum allowable plate current. Similarly curve c

is a dynamic characteristic for a lower load resistance than is called for

by Eq. (145), and it is seen that a sine-wave signal having an amplitude

sufficient to carry the grid to zero potential during one half cycle will

cause the operating point to extend into the high-distortion region during

the other half cycle. The full possibilities of the power tube for the

particular grid bias shown are therefore realized only in case a. A

grid bias that is either higher or lower than that called for by Eq. (144)

has much the same effect as varying the load resistance, since the proper

load resistance varies with the bias.

that the alternating current in the load is (To - /mm) = (^ - Io), while the alter-

nating voltage, across the load is (EB - E^) = (E^ - EB), where E^ and 1^ are

the minimum instantaneous values reached by the plate potential and plate current

and #max and /ma* are the maximum instantaneous values of plate potential and plate

current, respectively. Hence

(Eb — Emin)(Io — Imm) C1 4.97)1
Power output = -

^

__ s
(i?max — ^min) (/max ~ -tmin) (142c)

8

Efficiency _ l(
t -*s)(l -*f)

<H»>

l/Em&x — -ffimin\/Zmax ~ Zmin \ fl43c)

'A 'E~B A Io J

These alternative forms are particularly useful in dealing with pentodes and in cir-

cumstances where the grid is driven positive.



Sec. 56] POWER AMPLIFIERS 281

The undistorted power output that can be obtained from a power
amplifier adjusted to the proper grid bias for the load resistance being

used is given by the equations

Undistorted power output) _ (V v s„ Rl siar \

with proper grid bias /
" ^B ~ Ao)

2(RL + 2RPY
(146c°

= H&B - Enudtfo - Irin) (1466)

= M(^" #min)(/ma* ~ /mi.) (146c)

where

Emin and 7min = minimum instantaneous plate voltage and current,

respectively

£mM and Jmax = maximum instantaneous values of these same
quantities

EB and J = plate voltage and plate current, respectively, at

the operating point.

It is to be noted that Eq. (146c) gives the exact power output, even taking

into account the curvature of the dynamic characteristic, provided only

even harmonics are produced, as seen from Eq. (151e).

The load resistance which gives the maximum possible undistorted

power output that can be obtained from the tube at a given plate voltage

is obtained by differentiating Eq. (146a) with respect to load resistance,

equating the result to zero, and solving for load resistance. This opera-

tion shows that the maximum undistorted power output is obtained with a

load resistance that equals twice the plate resistance of the tube. Substituting

these relations in Eq. (144) shows that the grid bias for this load resistance

should be

(Grid bias when RL = 2RP) = ^(
Eb ~ E°

\ (147)

Substitution in Eq. (146a) shows that, when the load resistance is twice

the plate resistance, the undistorted power output is

(EB — Eo) 2

Maximum possible undistorted power output = -—r^~—— (148)
LbKp

The power that the plate-supply voltage must furnish to the tube is

equal to the product of plate voltage and plate current at the operating

point, and is unchanged by the presence of a signal (assuming that the

characteristic curves of the tube are straight lines). When no signal

is applied to the grid of the tube, all this energy is dissipated at the

plate and appears as heat that must be radiated, while in the presence

of a signal the plate loss is reduced by an amount equal to the amplifier

output. The ratio of the maximum power output that can be obtained

from a tube to the power that must be supplied to the plate from the
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voltage-supply source is called the plate efficiency and, when the grid

bias has the value called for by Eq. (144), is

.p. ,
ffl

• _ maximum power output _ Rl v
power supplied to plate 2(RL + 2RP)

(^ttX1 -!;) (M9o)

= K1 - §fX1 - 7T

)

(1496)

i,-"mai JJl-nnn) {.* max * miiij f14.Q/A

82?b/o

The notation is the same as previously used. Equation (149c) is particu-

larly important as it gives the exact plate efficiency even when the

dynamic characteristic is curved, provided the output contains no odd

harmonics and provided the plate current J at the operating point is

taken in Eq. (149c) to be the actual d-c plate current present when the

signal is applied, i.e., the sum of the "rectified" plate current given by

Eq. (151a) or Eq. (152a) and the plate current when no signal is applied.

The plate efficiency of a Class A amplifier has a maximum possible

value of 50 per cent, but, with tubes operating at plate potentials of

200 to 300 volts and a load resistance approximately twice the plate

resistance, the practical efficiency is seen by Eq. (149a) to be of the order

of 15 to 20 per cent when reasonable values of Imm/Io and E /EB are

selected. This low efficiency comes about as a result of the fact that the

maximum plate current i^ flows when the plate potential is at its

minimum £,

min (as seen from Fig. 152). Hence, when the plate current is

high in proportion to the plate-supply voltage, E^JEB will necessarily

be large. Higher efficiencies, ranging above 30 per cent, can be realized

in tubes requiring a high supply voltage in proportion to the rated plate

current, since then the desired maximum plate current can be drawn

with a value of E^ that is a smaller fraction of the supply voltage EB

(or, what is the same thing, load resistances greater than twice the plate

resistance can be used).

Methods of Adjusting Power Amplifiers.—Class A amplifiers may be

adjusted in one of several different ways, depending upon the objective

desired, It has already been shown that, in order to obtain the maxi-

mum possible power output without driving the grid positive during the

positive half cycles of the signal and without making the instantaneous

plate current less than a fixed value during the negative half cycles, the

load resistance should be equal to twice the plate resistance. This is the

adjustment usually employed in small power tubes such as those used

in radio receivers where the plate-supply voltage EB is low (250 volts or

less).
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When the plate-supply voltage exceeds 250 to 300 volts, as is the
case with all large power tubes, it is seldom permissible to operate the
tube under conditions corresponding to a load resistance equal to twice
the plate resistance because this calls for a grid bias that will ordinarily
make the plate current exceed the rated value. Under these conditions
the allowable plate dissipation is the limiting factor and determines the
grid bias that must be employed. This bias is more negative than that
called for to obtain the maximum possible power output, and therefore
it requires a load impedance greater than twice the plate resistance, as
is seen from Eq. (145).

The maximum output in proportion to the signal voltage applied
to the grid of the tube is obtained when the load resistance equals the
plate resistance. Amplifiers are seldom adjusted for this condition,
however, because higher values of load resistance give more undistOrted
output from the tube, and at the same time require less direct-current
plate power. These factors are more important than the slight saving
in input signal obtained by making the load and plate resistances equal.

Determination of Exact Dynamic Characteristic and the Calculation
of Distortion.*—The discussion given above is approximate in that it

assumes the dynamic characteristic is a straight line over the operating
range. A more exact analysis of amplifier performance including the
amount of distortion to be expected can be obtained by using. the exact
dynamic characteristic to take into account the curvature of the tube
characteristics. The procedure for deriving the actual dynamic char-
acteristic is as follows: One point on the dynamic characteristic is the
operating point (i.e., the point corresponding to the plate voltage and
grid bias that exist with no signal), where the plate voltage and plate
current can be represented Jby Ev

' and Ip', respectively. Other points
can be determined for a load resistance R L by noting that the plate cur-
rent Ip" at which the dynamic characteristic crosses the Ep-Ip static
curve for a plate voltage of Ep

" is given by the relation

Rl(Ip" - Ip') = \EP
' - Ep") (150)

This is equivalent to stating that the Voltage drop produced in the load
resistance by the difference between the plate current at the operating
point and the plate current at the point in question is the amount by
which the plate voltage at the point in question differs from the plate
voltage at the operating point. By use of Eq. (150) the dynamic charac-

1 Discussions of the dynamic characteristic and its use in determining distortion
are given by E. W. Kellogg, Design of Non-distorting Power Amplifiers, Trans.
A.I.E.E., vol. 44, p. 302, 1925; J. C. Warner and A. V. Loughren, The Output Charac-
teristics of Amplifier Tubes, Proc. I.R.E., vol. 14, p. 735, December, 1926.
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teristic can be calculated point by point for a resistance load, with a

result such as is shown in Fig. 152.

The dynamic characteristic gives the relationship between the actual

plate current and the voltage applied to the grid, and so can be used

to determine the wave shape of the amplifier output, as shown in Fig. 152.

In triode Class A amplifiers operated so that the grid does not go positive

and so that the minimum instantaneous plate current does not reach

zero, the distortion that is produced when a sine-wave voltage is applied

to the grid consists primarily of a second harmonic component of plate

current plus a direct-current (or "rectified") component that causes the

average plate current to increase when the signal is applied. These

components, as well as the fundamental frequency output can be deter-

mined from a knowledge of the instantaneous plate current when the

applied voltage is at zero, maximum and minimum according to the

formulas

Direct-current component = A =-^ jp (151a)

Fundamental = A x =
7max ~ 7min (1516)

Second harmonic = A 2 = -^ j^ (151c)

Second harmonic A 2 /max + Imm — 2/

Fundamental A\ 2(Imax — Imm)

_, .
, Al 2R L (^max — Imm)

2RL _
Power output = —~— = ^

(151d)

(fc max -" minJ \* »" * ">"*/
(\5Xe)

Plate efficiency r= OF ,} ,

L
, n (151/)

The notation is as indicated in Fig. 152, and as in Eq. (146).

When third- and fourth-harmonic components can be expected in

the output, as will be the case with pentodes and with badly overloaded

triodes, one can determine the components by obtaining from the

dynamic characteristic the instantaneous plate current when the applied

voltage wave is at zero, maximum, and minimum, and at 0.707 of the

maximum and minimum values, as shown in Fig. 152. Then 1

^(/max + Imm) + 1 2 + h ~ 2Ji>
Direct-current component = A =

j

(152a)

1 See G. S. C. Lucas, Distortion in Valve Characteristics, Exp. Wireless and Wire-

less Eng., vol, 8, p. 595, November, 1931.
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Fundamental = A x
= VW2 - h) + I™* - /min

(1526)

Second harmonic = A 2 = /m" +^ ~ 2/o
(152c)

Third harmonic = A 3 =
/max ~ /m

g
~ 2Al

(152d)

Fourth harmonic = 4 4 =
2A

° ~ U ~ /a + 27°
(152e)

A 2 J?

Power output = *

(152/)

Plate efficiency = 3^+^ (15ty)

By the use of these formulas it is possible to get the exact performance,

including the power output and the distortion for any operating point

and any load resistance.

In using Eqs. (151) and (152) one needs only the plate current at

certain critical parts of the cycle, and does not require the entire dynamic
characteristic. These critical points can be obtained most readily by
the construction shown in Fig. 154 rather than by plotting out the entire

characteristic as in Fig. 152. Here a line called the load line is drawn

JtL n
through the operating point and the point Ep = 0, Ip = „- + to, as

shown in Fig. 154. Consideration shows that, as the grid potential is

varied by the signal, the instantaneous plate current and plate voltage

must vary along this load line, with the point for any particular signal

voltage on the grid being where the load line intersects the corresponding

grid potential line.

The dynamic characteristic is very helpful in analyzing distortion,

but it can be used only when the signal is a simple sine wave and the load

is a resistance. Furthermore, in the derivation of the dynamic charac-

teristic it was assumed that the load offered the same resistance to all

components contained in the output current. Under practical condi-

tions the load is very nearly the same for all alternating components,

but the d-c current is usually by-passed around the load resistance

through a transformer primary and so produces no voltage drop in the

load. This causes the direct-current voltage actually appearing at the

plate of the tube to be the same when the signal voltage is applied as

when there is no signal, whereas, according to the dynamic characteristic

the direct-current voltage should be reduced slightly. This effect is

commonly neglected, although it must be taken into account if maximum
accuracy is to be obtained.
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When the load impedance has a reactive component, the dynamic
characteristic becomes an ellipse as shown in Fig. 155. The analysis

by the dynamic characteristic then becomes so involved, even when the

tube characteristics are assumed to be straight lines, as to have little

practical value. 1

Fig. 154.-

Plcrte Voltage

-Load line drawn on Ep-Ip characteristic curves, showing critical points used in

Eqs. (151) and (152) to determine distortion.

-90 -80 -70 -60 30 -20 -10-50 -40
Grid Vol+S

Fig. 155.—Dynamic characteristics for load impedances of varying power factors but
constant magnitude, showing how the reactive loads cause the characteristic to open up
into ellipses that extend to a lower value of plate current than are reached with the same
signal when the load is a resistance.

The limitations of the dynamic characteristics can be avoided by
using the power-series method of analyzing the behavior of the power
amplifier, as discussed in Sec. 55. In this way it is possible to determine

the exact behavior with any type of load and with complex signal volt-

1 For an analysis of power amplifiers with reactive loads, see Manfred von Ardenne,

On the Theory of Power Amplification, Proc. I.R.E., vol. 16, p. 193, February, J928.
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The disadvantage of the power-series method is that it requires

a knowledge of the second and higher order derivatives of the tube charac-

teristic, and these can be obtained only from laboratory tests. In

contrast with this, the dynamic characteristic method of analysis requires

merely a set of characteristic curves such as published by every tube

maker.

It will be noted that, when a signal is applied to a power amplifier,

a d-c "rectified" current is produced which adds to the normal plate

current. This added direct current increases the direct-current power

supplied to the tube when a signal is applied and therefore must be taken

into account in accurate calculations of efficiency. It also shifts the

grid bias in self-bias arrangements,

which must therefore be propor-

tioned with this effect in mind.

It can be shown from the power-

series method of analysis that, when
the distortion is primarily of the

second order (as is the case with

triodes), the' amount of second-

order distortion is related to the

"rectified" d-c plate current.

Thus, when the signal is a sine

wave, Eq. (135a) shows that the

equivalent voltage producing the

"rectified" direct current is the

same as • the crest alternating-

current second-harmonic voltage,

which can be considered as acting in the plate circuit to produce the

second-order effects. If the "rectified" current is A/ and the load imped-

ance to direct current is negligible, then the equivalent direct current and

crest second-harmonic voltages that can be considered as acting in the

plate circuit are RPAI. The equivalent signal voltage is jiEs , so that

RPAP„„ A7

-60 -40 "20 . +10
Grid Voltage -Volts

Fig. 156.—Characteristic curves of power-
amplifier tube, with dynamic characteristic

extending into positive grid region.

the percentage of second-harmonic distortion is
M#.

100 =
GmEs

and

can be readily obtained by observing changes in plate current with a

direct-current meter.

Class A Power Amplifiers Operated So That the Grid Is Driven Positive.

The dynamic characteristic of ordinary tubes is found to be substantially

linear up to grid voltages that are appreciably positive, as shown in Fig.

156, and by taking advantage of this it is possible to increase the plate

efficiency and power output obtainable from a given tube. The improve-

ment in plate efficiency comes about as a result of the fact that, when the

grid is driven positive, the desired maximum plate current can be drawn
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with a much lower plate potential Emin than if the grid is not positive.
Since the operating point and hence the plate power input can be the
same when the grid is driven positive as when it is not, the higher effi-

ciency increases the power output correspondingly. With small tubes
which must be operated with a load resistance approximately twicfe the
plate resistance with negative grid operation, positive grid operation will
make it possible to increase the plate efficiency to about 35 per cent, and
so roughly doubles the undistorted power output.

When the grid of the power tube is driven positive, it is necessary to
adjust the grid bias and load impedance so as to maintain a proper balance
with respect to the plate-supply voltage, plate resistance, amount the
grid is driven positive, and the minimum allowable instantaneous plate
current. When the restriction that Es equals Ec in Eqs. (144) to (146)
and (149) is removed, one has: 1

Proper negative grid bias for

load resistance RL
1 = (Eb - E \( R L + Rp \

j \ M )\Rl + 2RJ

Load resistance to be used)

with grid bias Ec j

EC + EG

RP

Rl + 2RP

Undistorted power output) Rl
with nrnnfir o-riH hicc t - K^b — &o + M^Gm )^htt5—i~
with proper grid bias /

x " ~" '
f~~ t'iW 2{RL + 2RP)

2

= Y2 {EB - E^ilv - 7min)
l^mai -"min/ \-* max J- min/

RiPlate efficiency = maximum Po^r output =
power supplied to plate 2(RL + 2RP)

X

Eb Eb

K'-feX'-T?)
V-^max ~ ^min \//max ~ /min \

8\ E. A /„ )

'){' - tt)

(153a)

(1636)

(154a)

(1546)

(154c)

(155a)

(1556)

(155c)

The notation is the same as in Eqs. (141) to (149), with the addition that
EGmax is the amount the grid is driven positive (^ equals crest value of
signal voltage minus grid bias) and is not to be confused with the maxi-
mum instantaneous plate potential #ma% . It is to be noted that Eq.
(154c) gives the correct output when even harmonic distortion is present

1 The derivation of these equations is readily obtained from the analysis given
in the footnote on page 278.
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[compare with Eq. (151e)], and that Eq. (155c) likewise is correct inihe

presence of even harmonic distortion provided the current I in the

equation is interpreted to be the sum of the rectified current A given by

Eq. (151a) plus the current actually at the operating point when no

signal is applied.

The disadvantage of driving the grid positive is that this causes grid

current to flow at the positive peaks of the exciting voltage, flattening

these peaks and thereby introducing distortion. The factors involved

in this distortion can be understood by using Thevenin's theorem to

represent the exciting source as a generator of potential Es having an

internal impedance Zs, where Es is the voltage that would appear at the

grid terminals if the grid drew no current and Zs is the impedance that

the grid of the tube sees when looking toward the exciting voltage. If

the instantaneous grid current at the peak when the grid is most positive

is Alg , then the voltage drop in the generator impedance is ZsAIg and

the actual exciting voltage at the peak of the cycle is {Es — ZsAlg)

instead of the undistorted value of Es . It is therefore apparent that, in

order to keep the distortion small, the voltage drop ZsAlg must be made

small compared with the crest exciting voltage Es by making the source

impedance Z8 low or by not driving the grid far enough positive to draw

much grid current, or both. Assuming that grid current flows for less

than one-fourth of the cycle, it can be found from Eq. (152) that the

distortion of the driving voltage produced by the flattening of the positive

peaks is:

Second harmonic ZsAlg ZsAlg

Fundamental ~" ±ES
- ZsAlg 4E8

Third harmonic _ ZsAlg ZsAlg

Fundamental IE, — ZsAlg
~ IE*

Fourth harmonic _ ZsAlg ZsAIg

Fundamental 8ES
- 2ZsAlg

~ 8Ea

(156.)

The phase of the second harmonic is such as to tend to cancel the second

harmonic generated by the curvature of the dynamic characteristic. An
idea of the amount of flattening permissible can be gained by noting that,

if the voltage drop produced by the grid-current in flowing through the

source impedance is 20 per cent of the crest signal voltage, second- and

third-harmonic components are each 5 per cent and the fourth is 2.5 per

cent.

Tubes in which the grid is driven positive are preferably operated from

transformer-coupled amplifiers having a low voltage step-up, or even a

step-down, so that the impedance of the source as viewed by the grid of the

power tube will be low. The low transformation ratio reduces the voltage

gain of the driving amplifier, and this together with the distortion of the
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exciting voltage is the price paid for the increased output. Resistance
coupling to a grid which is to be driven positive is not desirable (unless the
grid leak is replaced by a choke as in Fig. 114) .because the grid current in
flowing through the grid leak produces a bias on the grid of the power tube.

.
The proper use of negative feedback (s6e Sec. 52) is of considerable

assistance in reducing distortion of the driving voltage as a result of
grid current.

Tubes for Power Amplification.—The type of tube best suited for power
amplification differs in its characteristics from the tube best adapted
to voltage amplification. Since the plate efficiency of an ideal tube,
as given in Eqs. (149) and (155), depends only upon the ratio of load to
plate resistance and not upon the plate voltage or current, it is apparent
that the undistorted output available from a power tube is approximately
proportional to the plate power. This means that a tube having a high
power capacity must be operated at a high plate voltage or at a high
plate current, or both.

In the smaller power tubes, such as those employed in radio receivers,
the plate voltage available is limited by practical requirements to 250.to

300 volts, and a large power output can be obtained only by increasing
the plate current at this fixed plate voltage. This calls for a cathode
with high electron emission and an amplification factor that is low
enough to enable the limited plate voltage to produce the relatively strong
electrostatic field in the vicinity of the cathode which is needed to draw the
large space current. The usual operating condition under such circum-
stances is with a load resistance approximately twice the plate resistance.
A tube with a low amplification factor requires a large grid bias, as indi-
cated by Eq. (144), and this means that a large signal voltage must be
applied to the grid to develop the full output of the tube. This disad-
vantage represents the price paid to obtain a large power output with a
limited plate voltage.

In large power tubes, particularly those operating at plate potentials of
500 volts and higher, the tubes are designed to operate with a much higher
ratio of plate voltage to plate current than are low-voltage tubes, and the
limiting factor in operation becomes plate dissipation. With such tubes,
the grid bias is fixed by the allowable plate current, and the load impedance
is selected accordingly, with load resistances greater than twice the plate
resistance normally required. The result is higher plate efficiency than
with lower voltage power tubes and also less exciting voltage because the
high plate voltage and low plate current permit the use of a higher
amplification factor.

The characteristics of typical Class A power-amplifier tubes of the
sizes used in radio receivers and small public-address systems are tabulated
in Table VIII. All these tubes are characterized by a high electron
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emission, low amplification factor, and, except in the case of the 2A3, an

optimum operating condition corresponding to a load resistance approxi-

mately twice plate resistance. The tubes included in Table VIII are

(a) Actual circuit of power tube with
output transformer

(c) Practical equivalent circuit reduced
to unity turn ratio

R, L, n
2 L2 n

2
R4

RP<
i 3 n 2

l? $ itLpSj n kl| nE L

'/«es

(b) Exact equivalent circuit of power
tube ana transformer .

.—.£*-
R. L,

RP ;

-/ze s

(d) Simplified equivalent circuit accurate
for middle range of frequencies

LI

:n 2 R2

H—*~

|n
z
RL n'EL=es

-

i_

/in*RL

Rp + R'L

(e) Simplified equivalent circuit

accurate for low frequencies

Rp= |

RP
+RC

:

(f) Simplified equivalent circuit accurate

for high frequencies

L',=L,+n
2
L2

Jn
2
R L

J
Mn

2
RL l I

(U

fi = amplification factor of tube

Rp = plate resistance of tube (in a push-pull

amplifier Rp is twice the plate resistance

of one tube;
R, = d-c resistance of primary winding

Rp= Rp+R,= effective plate resistance

R2= d-c resistance of secondary winding

RL= load resistance

Rl= effective load resistance reduced to

unity turn ratio

R = RL'Rp7(RL
/+ R'p)

-resistanceformedby

Rp'and R^in parallel

R' = Rl'
+^p'= sum of effective load and

effective plate resistances

Rh= resistance representing hysteresis loss

Rg^ resistance representing eddy-current
loss

n = step down voltage ratio= ratio of

primary to secondary turns

Fig. 157.^Actual circuit of power
equivalent circuits used

Lp
= primary inductance with appropriate d-c

saturation

L, = leakage inductance of primary winding

Li = leakage inductance of secondary winding

L,' = L| + n
2
L2

= total leakage inductance reduced

to unity turn ratio

Cm= capacity between primary and secondary
windings of transformer

Cs
'= Secondary distributed capacity

Cp
'= Capacity in shunt with primary (tube plus

transformer capacity)

X = w L p
= reactance of transformer primary

inductance

X' - oj L'i
= reactance of transformer leakage

inductance

es = in put voltage

E L
= output voltage

amplifier with output transformer, together with

in determining the frequency response.

triodes, double-grid tubes, triple-grid tubes, and pentodes. The double-

and triple-grid tubes can be connected as Class A triode amplifiers by using

the inner grid as the control electrode and connecting the remaining grid

or grids to the plate. Pentode tubes are considered in Sec. 58. Data on

large triode tubes used as Class A amplifiers in large public-address
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systems and in radio transmitters are given in Table IX. These tubes

are characterized by a high plate voltage in proportion to plate cuirent

and a relatively high amplification factor. The proper operating point is

determined by the allowable dissipation, and normal operation is with a

load resistance considerably greater than twice the plate resistance.

57. Output Transformers in Class A Amplifiers.—The load impedance

is usually coupled to the tube of a Class A power amplifier by means of a

transformer as shown in Fig. 157a. This arrangement avoids passing the

d-c plate current through the load impedance, and also makes it possible

by the use of the proper turn ratio to make any load present the desired

impedance to the tube.

50

40

30

20

9- 10

R = r rirr arv r°sis tcin rp -356.5 ohms
l?2 = secondary resistance -1.21 ohms
Rp = plate resistance - 1,700 ohms

"R

L

L

L
- loaa res/srance* loonms

p
'= primary inductance =11.1 henries

,'= equivalent leakage inductance = 21 Ulen "ies

r = tcjrn

II

ratio (siep -tio\vn "OHo) ='5.8

llll
10 10,000100 1,000

Frequency in Cycles per Second

Fig. 158.—Way in which the amplification varies with frequency in a typical power ampli-
fier with output transformer.

The use of an output transformer causes the output of the amplifier to

fall off at high and low frequencies in the manner shown in Fig. 158. The
falling off at low frequencies is caused by the inductance of the transformer

primary, while the falling off at high frequencies is caused by the leakage

inductance.

Equivalent Circuits of Amplifier with Output Transformer, and Analysis

of the Frequency-response Characteristics.^—A quantitative analysis of

the frequency-response characteristic of an output transformer can be

made by setting up the equivalent circuit of the amplifier tube. The
exact equivalent circuit is shown in Fig. 1576. This can be reduced under

ordinary conditions to the practical equivalent circuit of Fig. 157c by
taking advantage of the facts that the eddy current and hysteresis losses

are usually quite low and that the electrostatic capacities of the trans-

former can be neglected because of the relatively low plate and load

resistances with which they are associated. Further simplification of the

equivalent circuit of the transformer is possible by considering restricted

ranges of frequencies at one time.

1 This discussion follows that in F. E. Terman and R. R. Ingebretsen, Output

Transformer Response, Electronics, vol. 9, p. 30, January, 1936.
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In the middle range of frequencies the reactance of the primary
inductance is so much greater than the plate and load resistances as to
have negligible shunting effect, whereas the frequency is still low enough
so that the reactance of the leakage inductance is relatively small. Under
these conditions, the equivalent circuit reduces to the network of resist-
ances shown in Fig. 157d. Analysis of the voltage and current relations
of this circuit gives

nnRLE, = e ( mRh \\rp
' + rl'J

(157)

The notation is shown in Fig. 157.

100.2 0.5

X . Reactance of leakage inductance
X_ Reactance of primary inductance ,._ , ^ l„,^„, , t,v,^UMC ,i,„u^, u,n,e
R Resistance formed by Rp and R L in parallel R'" Resistance formed by RJ>and Rj'n series

Fig. 159.-TJniverSal amplification curve, showing the way in which the amplification of anoutput transformer falls off at high and low frequencies.

" At low frequencies the shunting effect of the primary inductance must
be considered, so that the equivalent circuit takes the form shown in
Fig. 157e. Analysis of the voltage and current relations of this circuit
shows that at low frequencies

EL = e
( finRL \W + RL

f

)a/i + (R/xy (158)

It is to be noted that the falling off in response at low frequencies depends
only upon the ratio X/R, where X is the reactance of the primary induc-
tance and R is the resistanceof the effective plate resistance shunted by the
effective load resistance. The way in which the relative amplification
depends upon X/R is plotted in Fig. 159, which can be used to determine

^V°7n J"

eqUenCy reSponse
-

II is t0 be not^ tha^ ^e output voltage falls
off to 70.7 per cent of its middle-frequency range value when the frequency is
such that the reactance of the primary inductance equals the resistance
Jormed by the effective plate resistance Rp

' in parallel with the effective load
resistance RL'.
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At high frequencies the shunting effect of the primary inductance can

be neglected, but the leakage reactance must be considered, so that the

equivalent circuit then takes the form shown at Fig. 157/. Analysis of

this circuit shows that at high frequencies

*- - iRffk)vrrwm (159)

It is to be noted that the falling off in response at high frequencies is

determined by X'/R', where X' is the reactance of the leakage inductance

and R' is the sum of the effective load and plate resistances. The relation

between the relative high-frequency response and X'/R' is plotted in

Fig. 159, which can be used to determine the way in which the response

falls off at high frequencies. It will be observed that the output voltage at high

frequencies falls to 70.7 per cent of its value in the middle range offrequencies

when the frequency is such that the reactance of the leakage inductance is

equal to the resistance formed by the effective plate resistance RJ and the

effective load resistance Ri! in series.

A consideration of the above equations and Fig. 159 shows that, in

order to obtain good reproduction at low frequencies, the transformer

should have a high primary inductance, while, in order to maintain the

response to high frequencies, the transformer should at the same time have

a low leakage inductance. With any given load and plate resistances, the

ratio of highest to lowest frequency satisfactorily reproduced is determined

by the ratio of leakage to primary inductance, which can be conveniently

termed the leakage coefficient. On the other hand, with a given plate

resistance and a given transformer, increasing the load resistance will

greatly improve the high-frequency response while adversely affecting to a

slight extent the response at low frequencies. These effects are illustrated

in Fig. 160, which shows the results that can be expected when the primary
inductance, the leakage inductance, and the load resistance are varied in

turn.
>

Transformation Ratio and Transformer Efficiency.—It is well-known

that placing a load impedance ZL on the secondary side of a transformer is

equivalent to placing another impedance n2ZL across the primary termi-

nals, where n is the ratio of primary to secondary turns. When trans-

former coupling is employed with a power amplifier, the usual practice

is to make the turn ratio such that the equivalent primary impedance
n2R L is equal to the load resistance with which the power tube is designed

to operate. This procedure is exactly correct in the case of an ideal

transformer having zero primary and secondary copper resistance and
it is approximately correct with practical transformers having copper

losses.
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The output transformer always delivers less energy to the load than is

developed by the tube as a result of power losses in the transformer.

Most of the transformer loss is caused by the resistance of the windings

since flux densities are usually so low that the core losses are negligible.
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Fig. 160.—Effect on the frequency-response characteristic of varying the circuit constants

of an output transformer.

To the extent that the wire resistance accounts for all the transformer

dissipation, reference to Fig. Ibid gives

power delivered to load _
Transformer efficiency =

power delivered to transformer

1 + fli + n2R 2

n2R L

(160)

Practical efficiencies are of the order of 80 per cent.
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Measurement of Transformer Characteristics.—The essential character-
istics of an output transformer are the primary inductance, the leakage
inductance reduced to unity turn ratio, the turn ratio, and the copper-loss

resistances also reduced to unity turn ratio. The primary inductance that
is effective is the incremental inductance discussed in Sec. 6; this is the
value obtained with the appropriate direct-current saturation in the core

and with relatively low alternating flux density. The leakage inductance
reduced to unity turn ratio can be determined by short-circuiting the
secondary of the transformer and measuring the equivalent inductance
appearing across the primary terminals. This inductance depends
upon flux paths that are largely in air, and so is unaffected by direct-

current saturation, alternating flux density, etc. The resistances of the

(a) Actual circuit

Shunt-feed choke,

(b) Equivalent circuit (c) Equivalent circuit when blocking
fie condenser has negligible reactance

Fig. 161.—Output transformer with shunt feed, together with equivalent circuit.

windings can be measured on a Wheatstone bridge and the turn ratio can
be obtained either from the manufacturer or by applying a known voltage

to the primary and reading the resulting open-circuit secondary voltage

with a vacuum-tube voltmeter.

Transformers with Shunt Feed.—The shunt-feed arrangement illus-

trated in Fig. 161a is often used in order to avoid passing the d-c plate

current through the primary winding of the transformer. This eliminates

direct-current saturation of the core, thereby increasing the incremental

inductance of the primary and making it permissible to reduce the wire

size in the transformer primary.

The equivalent circuit of the shunt-fed output transformer is shown in

Fig. 161&. If the blocking condenser Cc is large enough to be a virtual

short circuit, as is usually the case, this reduces to Fig. 161c, which
is seen to be essentially the same as the equivalent circuit of an ordinary

transformer-coupled amplifier if the effective primary inductance is taken

as the actual inductance of the transformer primary in parallel with the
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shunt-feed choke. By making this change, Eqs. (157), (158), and (159)
can be used, and no new analysis is necessary.

The use of shunt feed makes possible considerable improvement in

frequency response, and also in the case of very large tubes may reduce
the cost of obtaining a given response characteristic. The shunt-feed

inductance contributes nothing to the leakage, and so can be made
physically large enough to have a high incremental inductance. At the
same time, removing the direct current from the primary of the trans-

former makes it possible to reduce the air gap in the transformer core,

which increases the primary inductance without changing the leakage, or

makes it possible to obtain a given primary inductance with less leakage
inductance.

Shunt feed must be employed with output transformers having high-

permeability alloy cores, since the incremental permeability of all such
alloys is greatly reduced with even small direct-current magnetization.

Power Rating of Output Transformers.—The maximum current that an
output transformer can carry is determined by the heating of the windings,
while the maximum voltage that can be applied is limited by the permissi-

ble flux density in the core. These two factors operating together deter-

mine the power rating of the output transformer.

If the alternating flux density in the core is high, the inductance
varies during the cycle because of the non-linear character of the magneti-
zation curve. The relationship between the applied voltage and the flux

density depends on the frequency and core cross section according to the
well-known equation

Effective value of]

applied voltage <
" iA»NBA * 10^ <160>

where

N = number of turns

/ = frequency
* B = flux density in the core, in lines per unit area

A — net area of the core.

It is apparent that the voltage which can be applied for a given permissi-

ble flux density is proportional to the frequency, so that the voltage limit

occurs at the lowest frequencies to be amplified. The permissible flux

density depends upon the amount of distortion that can be tolerated, the
characteristics of the iron, the length of the air gap (large air gap reduces
non-linearity of the inductance and permits higher flux densities), and
the circuits associated with the transformer. It is commonly found that,

with commercial output transformers operated within their power rating,

appreciable distortion will occur at frequencies that the transformer
amplifies satisfactorily.
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58. Class A Power Amplifiers Using Pentode and Beam Tubes.—
Class A power amplifiers using pentode tubes require special consideration

because the plate current of a pentode is substantially independent of plate

voltage except at low plate voltages. As a consequence, the dynamic

characteristic is as shown in Fig. 162, and follows the characteristic curves

of the tube irrespective of the load resistance except when the plate

voltage becomes low. As compared with the corresponding characteristic

of a triode shown in Fig. 152, the pentode dynamic characteristic has much
greater curvature, and, instead of becoming straighter as the load resist-

ance is made high, develops an inflection point and becomes more curved.

The plate current of a pentode at the operating point should be as

large as the tube rating will permit, and the screen voltage should be such

-20 -15

Grid Volts
Fig. 162.—Dynamic characteristic of pentode power amplifier for several values of load

resistance.

that, when the grid potential has an instantaneous value corresponding

to the negative crest of the signal, the plate current will have the mini-

mum allowable value. The usual tube is designed so that the proper

screen potential equals the rated plate voltage. The proper grid bias is

midway between the grid bias at which the plate current becomes so

small that the dynamic characteristic has excessive curvature and the

grid potential (either zero or positive as the case may be) at which it is

desired to terminate the other end of the portion of the dynamic charac-

teristic that is utilized. The difference I — Imia between the plate

current at the operating point and the minimum allowable plate current

represents the crest value of the alternating current flowing through the

load impedance when the signal voltage equals the grid bias. The load

resistance should be such that with this alternating current the minimum
potential EB — Rl(Io ~ Imin) reached by the plate is the value at which

excessive reverse curvature begins (see Fig. 162). This gives
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Proper load resistance for pen-\ _ _ EB — EmiD

tode power amplifier /
~ L ~ I - Jmin

(161 ^

where 2?min is the minimum allowable plate potential when the instan-
taneous grid potential is zero if the grid is not to go positive, or at the
appropriate positive grid voltage if grid current is to be drawn. The
power output is the square of the effective current times the load resist-

ance, and so is approximately,

Power output of) = (Z - I^YRl = (h - ImiD)(EB - E^)
power pentode / ' 2 2

\-"imk -"min/ \J-mo3. i- min/
(162)

The input power is EBIo, so that

Plate efficiency of

power pentode }
" K1 - TfX1 - t=) <163>

These equations are analogous to Eqs. (146), (149), (154), and (155), and
apply irrespective of whether or not there is grid current. If the screen-
grid current is taken into account, the effective efficiency is somewhat less,

perhaps 80 per cent of that calculated from Eq. (163).

In practical tubes, ImiD/I and E^/Eb have values between 0.15

and 0.20 under proper operating conditions. The proper load resistance

is hence approximately EB/I (i.e., the ratio of d-c plate voltage to d-c
plate current), and is much less than the plate resistance, while the plate
efficiency is about 35 per cent when the screen current is neglected and
about 30 per cent when the screen current is taken into account. This
relatively high plate efficiency results from the fact that the plate can
draw a large current when at a relatively low potential because the elec-

trons are drawn from the space charge by the screen grid, and the plate

need be only sufficiently positive to collect all the electrons that approach
it.

Pentode power tubes ordinarily require a smaller driving voltage than
triode power tubes. This is because in triodes the amplification factor

must be low to enable the plate to draw a large current when at a low
potential, whereas in the pentode the amplification factor

fj.sg can be higher

because the screen grid is always at a relatively high voltage.

The distortion in a pentode power amplifier and also the exact value of

the undistorted part of the power output can be accurately determined for

resistance loads by using Eq. (152) in conjunction with a load line drawn
upon the Ep-Ip characteristic curves of the tube as shown in Fig. 163.

These lines pass through the operating point and intersect the zero-plate-
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voltage axis at a current of 7 + EB/RL and the zero-current axis at a
voltage of EB + IoRl, where I is the current at the operating point,
EB is the plate-supply voltage, and RL is the load resistance.

The price paid for the greater efficiency and sensitivity of the pentode
is greatly increased distortion, which is much worse than with triodes, as is

apparent from the curvature of the dynamic characteristics shown in
Fig. 162. 1 The distortion furthermore includes considerable third har-
monic, so that a push-pull arrangement will not help much. The dis-

tortion is quite sensitive to load impedance, increasing rapidly as the load
impedance is increased. As a result, the pentode is used only where

200 300 400
Plate Vol+s

Fig. 163.—Load lines for pentode power amplifier of Fig. 162.

economy is much more important than perfection of performance, or
unless negative feedback is employed to reduce the distortion.

Tubes used as pentode power amplifiers must be capable of dissipating
appreciable power at the plate, and they are normally designed to operate
with a screen-grid potential approximately equal to the plate voltage.
The electrostatic shielding between control grid and plate need not be
particularly high, and very commonly a certain amount of stray direct
coupling is present. The characteristics of typical commercial pentode
power-amplifier tubes are given in Table VIII.

Beam Tubes.—The beam tube has characteristic curves similar to
those of a pentode. Consequently amplifiers employing beam tubes are
designed and analyzed exactly as though pentode tubes were being used,
and the same general considerations hold in both cases. The only
difference is that in beam tubes there is an abrupt rather than gradual
transition between the region where the plate current is substantially
independent of plate voltage and the region where the plate current is

determined primarily by plate voltage, as discussed in Sec. 33a. This
reduces the tendency to produce third-harmonic distortion which is

1 This high distortion of pentodes is further emphasized by experimental results
such as those presented by J. M. Glessner, Performance of Output Pentodes, Proc.
I.R.E., vol. 19, p. 1391, August, 1931.



Sec. 59] POWER AMPLIFIERS 305

characteristic of the pentode, while retaining the advantages of high
efficiency and small driving voltage. The second-harmonic distortion in
the beam tube is relatively high, but can be eliminated by the use of a
push-pull connection. If, in addition, negative feedback is used to
reduce the harmonic output, the distortion of a power amplifier employ-
ing beam tubes can be made very small.

59. Push-pull Class A and Class AB Amplifiers.—In the push-pull
amplifier two tubes are arranged as shown in Fig. 164. The grids are

Push-pull input
transformer.

a- Push-pull circuit

Tube No. I Push-pulloutput
transformer

Input
+ I

Tube No. 2

J

Load
Imped-
ance

b- Output wave form of individual tubes

• Out-put tube No.l

^Output tube No.2

C-Vfaveformjn load impedance d- Equivalent circuit
after combining ou+putottwo

.tubes

Fig. 164.—Circuit diagram of push-pull amplifier, together with equivalent circuit, and
wave shapes produced, showing how the push-pull connection makes the positive and
negative halves of the output wave have the same shape even though this is not true of
the outputs of the individual tubes. The result is that the output wave contains no even
harmonics, and hence suffers less distortion than do the outputs of the individual tubes.

excited with equal voltages 180° out of phase, and the outputs of the two
tubes are combined by means of an output transformer having a center
tap. The advantages of the push-pull connection, assuming identical
tubes, are:

1. No direct-current saturation in the core of the output transformer. (The
direct currents in the two halves of the primary magnetize the core in opposite direc-
tions, and so produce zero resultant magnetization.)

2. There is no current of signal frequency flowing through the source of plate
power. This means the push-pull power amplifier produces no regeneration even
when there is a plate impedance common to the power and other stages; it also means
that no by-pass condenser is required across cathode-biasing resistor.
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3. Alternating-current-hum voltages present in the source of plate power produce

no hum in the output because the hum currents flowing in the two halves of the

primary balance each other.

4. There is less distortion for the same power output per tube, or more power

output per tube for the same distortion, as a result of cancellation of all even har-

monics and even-order combination frequencies.

These advantages are so important that a push-pull amplifier using two

small tubes is nearly always used in preference to a single larger tube

capable of developing the same total power output.

The reason for the elimination of the even harmonics in the push-pull

amplifier can be understood by reference to Fig. 164. Assuming that the

amplifier is sufficiently overloaded so that some distortion occurs, the indi-

vidual tubes develop output waves as shown in Fig. 1646. The sum of

these waves, which represents the amplified output, is shown in Fig. 164c;

when the two tubes have identical characteristics, the sum will have

positive and negative half cycles that differ in sign but not in shape;

thus it contains only odd harmonics. This similarity in the shapes of the

positive and negative half cycles in the combined output results from the

fact that at points one-half cycle apart the tubes have merely interchanged

functions, i.e., at the later time tube 2 is operating under exactly the same

conditions as was tube 1 a half .cycle earlier, and vice versa. A more

complete analysis based upon the power-series method shows that not

only are the even-order harmonics eliminated, but also all even-order

combination frequencies, particularly the sum and difference frequencies.

This comes about because second, fourth, and other even-order terms

produce current components in the plate circuit having a phase unchanged

by reversing the exciting voltage of the tube. The even-order effects are

hence of the same phase in both tubes and therefore subtract in the trans-

former secondary, whereas the odd-order effects add.

ClassAB Push-pull Amplifiers.—The elimination of the even harmonics

by the push-pull arrangement makes it possible to extend the operating

range into the shaded region of Fig. 152, which represents high distortion

with single-tube operation. This can be carried to the point where the

plate current is actually cut off for a small portion of each' cycle without

causing excessive distortion. This increases the power output obtainable,

particularly when the grid is driven positive, and results in plate efficien-

cies that range from 40 to 50 per cent. A push-pull amplifier operating in

this way is termed a Class AB amplifier.

The Class AB amplifier has a large "rectified" plate current when the

full signal voltage is applied. This is an advantage since it permits the

power input to the plate to be increased in the presence of an applied

voltage to a value exceeding the allowable input with no signal. Thus if

the "rectified" current equals the no-signal current and the plate efficiency
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approaches 50 per cent, the power output obtainable in Class AB opera-
tion is approximately equal to the allowable plate dissipation instead of
being only 15 to 40 per cent of this as in single-tube operation. The large
increase in plate current caused by the signal in a Class AB amplifier,
however, makes it impossible to realize the full possibilities of the tube
when self-bias is used, since, if the bias keeps the plate current within an
allowable value for no applied signal, the bias will be too negative when
the " rectified" current flows.

(b) Wave shapes

Plafe current- TubeI

P/afe current- TubeII

Current in load (I,

Fig. 165.—Composite characteristic curves of push-pull amplifier with load lines for
composite characteristic, together with current waves for the individual tubes.

Analysis of Push-pull Amplifiers and Circuit Arrangements—The
exact analysis of push-pull amplifiers can be carried out with the aid of
equivalent circuits and dynamic characteristics. The equivalent circuit
of a push-pull amplifier is shown in Fig. 164c?, and is seen to be equivalent
to two tubes in series. The output transformer is hence proportioned
to operate out of an effective plate resistance twice that of a single tube,
and, if the push-pull tubes are operated under the same conditions as
single tubes would be, the proper load impedance from plate to plate
terminals is twice that which would be used with a single tube. An
accurate analysis for determining best load impedance, proper grid bias,
plate efficiency, and distortion requires the use of a composite dynamic
characteristic of the push-pull combination, such as shown in Fig. 165.

'

1 For further details of this method, see B. J. Thompson/Graphical Determination
of Performance of Push-pull Audio Amplifiers, Proc. I.R.E., vol. 21, p. 591, April, 1933.
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Here the Ep-Ip curves of the individual tubes are placed back to back,

as shown, with the common operating plate voltage superimposed. The

composite characteristic curves are then derived by averaging the plate

current for grid-potential curves corresponding to the same applied

signal voltage, as shown. Thus the curves for the operating grid poten-

tial (Ee
= 60 in Fig. 165) are averaged because they correspond to no

signal being applied; but when the signal is 20 volts on one tube, it is

— 20 volts on the other, and one averages the grid curve for —40 volts on

one tube with the curve for -80 volts on the other tube, etc. The

resulting derived curves represent the relation between plate-cathode

voltage (which is one-half the plate-to-plate voltage) and the difference

between the currents to the two anodes (which is twice the a-c current in

a plate-to-plate load resistance).

The power output and distortion can be obtained in the usual way

from load lines drawn on this diagram. These load lines must pass

through the point on the composite characteristic corresponding to the

operating plate and grid voltages, and they have a slope corresponding to

one-fourth of the plate-to-plate load resistance. To obtain the plate

efficiency, it is necessary to know the d-c plate current existing in the

presence of a signal. This depends on the shape of the plate-current wave

of the individual tube, which can be derived by obtaining the plate

voltage for any given instantaneous grid voltage, using the load line

drawn on the composite characteristic, and then, from this and the

characteristic curve of the individual tubes, finding the resulting plate

current. Waves obtained in this way are shown in Fig. 1656, while

the dotted lines on Fig. 165a give the way in which the plate current of the

individual tube varies with the instantaneous grid potential during opera-

tion (i.e., the dotted lines are in effect load lines for the individual tube).

The usual method of driving a push-pull amplifier is by the use of a

center-tapped transformer operating from a triode tube, as shown in

Fig. 164. It is possible, however, to avoid the transformer by the use

of a " phase reversing" tube to excite the second push-pull tube with a

voltage equal in magnitude but opposite in phase to the exciting voltage

of the first tube, as shown in Fig. 166. When the grids of a push-pull

amplifier are driven positive, it is necessary that the internal impedance

of the exciting voltage be low to avoid excessive distortion, exactly as

discussed for positive-grid operation of a single-tube amplifier in Sec. 56.

It is also necessary to provide a path from grid to cathode having low

direct-current resistance so that the grid current will not produce appre-

ciable bias. This means that in circuits such as that of Fig. 166 the

grid leaks must be replaced by chokes if the grids are to be driven positive.

The input and output transformers used with push-pull circuits are

commonly ordinary interstage and output transformers, respectively,
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btwln^
lltte/irect"<« saturation, since only the differencebetween the plate currents of the two tubes produces magnetization inthe transformer core. As a result the core of the output transformer can

Phase
reversing
tube '

No+e :- When push-pull grids are to be drivenpositive
Kqianrf Rg i 'mustbe replaced by chokes

Forproper operation :

Rc = R c
'

Rel=Rgl'

R, so /<W|e,|=|e
2

|

Fig. 166,-Push-pull amplifier excited with the aid of a phase-reversing tube.

be assembled with the smallest feasible air gap, thereby making possible
a high primary inductance in proportion to leakage inductance

fehunt feed is sometimes employed in push-pull amplifiers using largetubes m order to eliminate the d-c current from the primary of the
transformer and hence to allow the use of smaller wire for the primarywinding than would otherwise be permissible. Shunt feed is also
required when the core of the transformer is of high-permeability alloy,
because such alloys will have their magnetic properties permanentlydamaged by severe magnetization such as could occur if one of the
tubes accidentally burned out.

60. Class B Audio-frequency Power Amplifiers.^-The Class B audio-
frequency amplifier is a push-pull amplifier in which the tubes are biased
approximately to cutoff. Operated in this manner, one of the tubes
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amplifies the positive half cycles of the signal voltage while the other

amplifies the negative half cycles, with the output transformer combining

these in the output as shown in Fig. 167. Such an amplifier is char-

acterized by a high plate efficiency and, when the grid is driven positive,

as is normally the case, by an unusually high output in proportion to the

size of the tube.

Load

id) Circuit

Tube No.I

r\ r\ r\
Tube No.2

(b) Plate current in individual tubes

(c) Output in transformer secondary

Fig. 167.—Circuit diagram of Class B amplifier, together with oscillograms showing
how the half sine-wave pulses of plate current in the individual tubes combine to produce
the output.

The output power, plate efficiency, and proper load resistance in

a Class B amplifier can be determined with an accuracy sufficient for

ordinary purposes by assuming that the characteristic curves of the tube

are straight lines as shown in Fig. 1686. Analysis based upon this

simplifying assumption shows that 1

1 These equations are derived as follows: Since the plate-current pulse of each

individual tube flows through only one-half of the transformer primary, the combined

output of the two tubes is equivalent to an alternating current having a crest value

/max/2 flowing through the entire transformer primary. If R& is the equivalent load

resistance between primary terminals of the output transformer, the alternating drop

produced between plate and cathode of a single tube is one-half the voltage drop of the

current 7max/2 in the resistance RL or Ei/max/4. The minimum instantaneous plate

potential is

Kljl maxEn Eb

Solving this for Rl results in Eq. (164). The power output is one-half the square of

the load current times the load resistance, or

Power output = —
q
2^

Equation (165) results when RL is eliminated by the use of Eq. (164). The d-c plate
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Proper load resistance)

from plate to plate /

Power output from)

two tubes /

Mi E.

,{EB E*

Plate efficiency = j
_ W\ _ Eaan\

A EB J

(164)

(165)

(166)

Here /„„« is the peak plate current of the individual tube, Emia is the

minimum ^instantaneous plate potential reached during the cycle, and

n 8
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Fig. 168.—Actual and idealized characteristic curves involved in Class B amplifier,
the case of the actual curves the projected cutoff bias is indicated for E\, = 300.

In

Eb is the plate-supply voltage. It will be noted that the maximum
possible efficiency is ir/4, or 78.5 per cent, and that the closeness with

which the actual efficiency approaches this theoretical maximum is

determined by the ratio E^/Eb.

current drawn by the individual tube, assuming a sine-wave half cycle of current, is

Imax/ir, so that the total d-c plate current of the two tubes is 2/max/ir and the power

input is 2/maxi?B/ir, Dividing the output by this input gives the plate efficiency as in

Eq. (166),
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The amplitude distortion present in the output of a Class B amplifier

depends upon the departure of the tube characteristics from straight

lines and can be determined most readily by making use of composite

characteristic curves of the push-pull combination derived from the

characteristic curves of the individual tubes, as shown in Fig. 165 and

discussed above. Study of the distortion based upon composite char-

acteristic curves of the Class B amplifier shows that the best bias to

employ is that which corresponds roughly to the cut-off bias that would

be obtained if the main part of the characteristic curves were projected

as straight lines as in Fig. 168a. When this adjustment is employed

and when the two tubes have identical characteristics, the output is

substantially distortionless as long as the minimum instantaneous plate

potential exceeds the maximum positive potential reached by the grid.

It is to be noted that, when the bias is the "projected cut-off" value,

one has substantially the same conditions existing as were used in

deriving Eqs. (164), (165), and (166) except for the fact that the plate

efficiency is reduced slightly by the presence of a small plate current

when no signal is applied.

The frequency response of a Class B audio amplifier is determined

by the characteristics of the output transformer in much the same way

as for a Class A power amplifier. There is a falling off at low frequencies

as a result of low primary impedance at low frequencies and a falling off

at high frequencies as a result of leakage inductance. An exact analysis

is involved, however, because the currents flowing through the two halves

of the primary are not continuous. 1

Tubes used for Class B amplifiers operating at plate voltages of about

400 or less are usually designed with a high amplification factor such that

"projected cut-off" is approximated by zero bias. In some cases dual-

grid tubes with characteristics as in Fig. 169 and discussed in Sec. 36 are

employed, while in other cases "twin triodes," consisting of two high-mu

triode power tubes in a single envelope, are used. In some of these twin-

triode tubes the amplification factor is not particularly high, so that the

zero bias current is large and the amplifier operation approaches Class AB
rather than true Class B operation. When very large output powers

are required, as in the case of high-level modulation of radio transmitters,

the same types of tubes are employed for Class B audio-frequency

amplification as for Class C radio-frequency amplifiers, and a suitable

negative bias is required.

1 For a discussion of factors determining the amplitude and frequency distortion

in a Class B amplifier, see True McLean, An Analysis of Distortion in Class B Audio

Amplifiers, Proc.J.R.E., vol. 24, p. 487, March, 1936; A.P.T. Sah, Quasi Transients

in Class B Audio-frequency Push-pull Amplifiers, Proc, I.R.E., vol. 24, p. 1522,

November, 1936,
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The plate current of a Class B amplifier varies with the signal, so
that for best results the plate-supply system should have good voltage
regulation. This is particularly true when the operating point is not
zero grid bias, since then variations in the supply voltage seriously alter
the effective operating point. 1

The driving stage for a Class B amplifier must be designed to have
a low internal impedance in order to minimize the distortion resulting
from the grid current, as discussed

,

in Sec. 56. The usual driving

arrangement consists of a triode

power amplifier having an output
transformer with a low turn ratio,

commonly a step-down. The
driver stage of Class B amplifiers

employing dual-grid tubes com-
monly employs a similar dual-grid
tube connected as a triode.

The fundamental operating
parameters of a Class B amplifier

are the maximum grid potential

^nm and the minimum plate poten-
tial Emia reached during the cycle.

These two voltages acting simulta-
neously upon the tube electrodes

produce a peak plate current /max
determined by the tube characteris-

tics. The proper load resistance is

then given by Eq. (164). If the
load resistance is higher than this, E,
vice versa.

. 120 160 200 240 280 320 360 400
Plate Voltage, Volts

40 80 120 160 200 240 280 320 360400~ Plate Voltage, Volts

Fig. 169.—Characteristic curves of
Type 46 dual-grid tube connected for Class
B operation. The figures on curves are
grid voltages.

, ^u. will be lower than assumed, and
The power output and plate efficiency can be determined

from Eqs. (165) and (166), respectively, for known values of /_ and E
lhe maximum possible power output without excessive distortion and also
the maximum possible plate efficiency occur when the maximum grid and
minimum plate potentials are approximately equal, but this condition
causes the grid current to be large and hence calls for a correspondingly
high driving power. For most practical requirements it is more satisfac-
tory to operate with a minimum plate potential E^ considerably greater
than the maximum positive grid potential E^, since this results in an
appreciable reduction in grid current, as is apparent from Fig. 169, and

i A method of compensating for the regulation in plate and grid voltages of large
Class B amplifiers is described by R. J. Rockwell and G. F. Platts, Automatic Com-
pensation for Class B Bias and Plate Voltage Regulation, Proc. I.R.E. vol 24 p 553
April, 1936. ' '
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reduces the driving power correspondingly. In actual operation with

practical Class B amplifiers, it is necessary to compromise between such

factors as freedom from distortion, amount of driving power required,

power output, efficiency, etc. The best compromises for smaller tubes are

tabulated by the manufacturers of tubes, but must be worked out in

each individual case with large tubes. 1

Compared with Class A power amplifiers, the Class B arrangement

has the advantage of higher plate efficiency and negligible power loss

when no signal voltage is applied, but possesses the disadvantages that,

in order to insure low distortion, it is absolutely necessary that the

desired operating conditions be very closely realized. In particular,

the two tubes must be very closely balanced, since a difference of 10 per

cent in the plate currents will produce 5 per cent second-harmomc dis-

tortion; it is also very necessary that the load resistance have the proper

value for all frequencies and that the exciting voltage applied to the grids

have the proper amplitude. As a consequence Class B audio amplifiers

are extensively used in radio transmitters, where the equipment is

operated under the continuous supervision of trained personnel, but they

are not favored for radio receivers, small public address systems, etc.

61. Class C Tuned Amplifiers.—The Class C tuned amplifier differs

from an ordinary tuned amplifier in that the bias is made greater than

the cutoff value corresponding to the plate-supply voltage, so that, when

a signal is applied, the plate current flows in pulses that last for less

than half a cycle. The Class C amplifier is characterized by high plate

efficiency and is used to develop radio-frequency power when a propor-

tionality between input and output voltages is not required.

Voltage, Current, and Impedance Relations in Class C Amplifiers.

The voltage and current relations of a Class C amplifier can be under-

stood by considering oscillograms such as those of Fig. 170. The voltage

actually applied to the grid electrode of the tube consists of the grid

bias Ec plus the exciting voltage Es . The relations are normally such

that at the crest of the cycle the grid is driven appreciably positive and

consequently draws some grid current. The voltage actually appearing

at the plate of the tube consists of the battery voltage Eb minus the

voltage drop EL in the plate load impedance; thus it has the wave shape

shown in Fig. 170b. The phase relations are such that the minimum

instantaneous plate potential E^ occurs at the same part of the cycle

as the maximum grid potential Emax . The alternating components

of the plate and grid voltages are also always sinusoidal since they are

developed across sharply resonant circuits.

i Such analyses for typical water-cooled tubes are given by I. E. Mouromtseff and

H. N. Kozanowski, Comparative Analysis of Water-cooled Tubes as Class B Audio

Amplifiers, Proc. I.R.E., vol. 23, p. 1224, October, 1935.
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The plate and grid currents that flow at any instant are the result

and tLT y:

d
ff

0n .°ff; Plate and ^d potentials at that instant,and they can be determined from these potentials with the aid of a set ofcomplete characteristic curves of the tube. The plate current is inthe form of an impulse flowing for something less than half a cycle Thegrid current flows only when the grid is positive, and it is usually sharply

(a) Circuit (not including the neutralizing
arrangement)

Output

(f) Grid current

{ \ -Average I
p
+ Ig

Average Ip

y\ y {Average I
g

(g) Power relations in
the plate circuit

Totalinputpower
^\-" Useful outputpower

"Power loss atp/afe

(h) Power relations in
the grid circuit

r
''"Totaldrivingpower

' ,'- Power lost in bias
-.-Power loss atgrid

Pig. 170.—Voltage, current, and power relations of typical Class C amplifier.

peaked. In some cases the grid current will reverse and be negative
tor a portion of the time as a result of secondary emission. The sum
Up + l a) of plate and grid currents represents the total space current
flowing away from the filament and always has its peak .at the instantwhen the grid and plate potentials are E^ and Emia , respectively,
as shown at Fig. 170d. The average value of the plate-current pulse
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over a complete cycle represents the direct current that will be drawn

from the source of plate power. The average value of the grid-current

pulse over a complete cycle is likewise the d-c grid current which will

be observed if a direct-current instrument is placed in the grid circuit.

The impedance that the load must supply to obtain proper adjust-

ment is whatever impedance must be placed in series with the plate

electrode of the tube to develop the desired alternating plate voltage

with the power output represented by the plate-current pulses. The

magnitude of this impedance can be controlled by varying the coupling

of the load to the plate tuned circuit or by varying the portion of the

tuned circuit connected in series with the plate circuit.

Power Relations.—The power delivered to the amplifier by the plate-

supply voltage at any instant is the product of instantaneous plate

current and the supply voltage, and so varies in the same way as does

the instantaneous plate current, as shown in Fig. 1700. Part of this

input power is delivered to the tuned circuit and represents useful output,

while the remainder is dissipated at the plate electrode of the tube. At

any instant the division of the total energy between tuned circuit and

tube is in proportion to the voltage drops across these parts of the circuit.

Thus the plate loss at any instant is equal to the product of instantaneous

plate current and instantaneous plate voltage, and so is shown by the

shaded area of Fig. 170g, while the unshaded part of the total power

area represents the energy delivered to the tuned circuit and available for

producing useful output. The average input, output, and plate loss

are given by averaging the instantaneous values of Fig. 170g over a

full cycle.

The high efficiency of the Class C amplifier is a result of the fact that

the plate current is allowed to flow only when the instantaneous voltage

drop across the tube is low, i.e., energy is delivered to the amplifier only

when the largest portion of this energy will be absorbed by the tuned

circuit. Since the voltage drop across the tube is low only during a small

part of the cycle, it is found that the plate efficiency which can be realized

is greater the smaller the fraction of the cycle during which the current

flows; if the duration of current flow is very small, the efficiency can

approach 100 per cent. However, making the duration of current flow

very small reduces the input power and consequently the power output,

even though the output obtained is developed at a high efficiency.

Hence in practical work it is necessary to compromise between high

efficiency and high output. Usual conditions correspond to current

pulses lasting for 120 to 150°, corresponding to practical efficiencies of

the order of 80 to 60 per cent.

The power required to drive the grid positive in a Class C amplifier

comes from the exciting voltage. At any moment the driving power is
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equal to the product of instantaneous exciting voltage and instantaneous
grid current; thus it varies during the cycle as shown in Fig. 170h. Part
of this driving power represents energy dissipated at the grid electrode

in the form of heat, while the remainder represents energy delivered to-

the bias battery (or, in the case of grid-leak bias, energy dissipated in the
grid-leak resistance). Since the grid current flows at or nearly at

the crest of the cycle of the exciting voltage, the average driving power
over the cycle is very nearly equal to the product of crest exciting voltage
and the d-c grid current. 1

It is to be noted that secondary emission at the grid reduces the
driving power by reducing the grid current, but does not reduce the power
dissipation at the grid. This is because, when a primary electron collides

with the grid and produces a secondary electron that goes to the plate,

energy is dissipated at the grid even though there is no effect on the grid

current or grid driving power. Hence in the presence of secondary
emission the total grid loss is greater than that calculated on the basis of

grid voltage and grid current.

Fundamental Factors Involved in the Design and Operation of Class C
Amplifiers.—The fundamental factors controlling the behavior of a
Class C amplifier are the maximum space current Im reached during the
cycle (or, what is very nearly the same thing, the peak plate current),

the minimum instantaneous plate potential Emin , the maximum instan-

taneous grid potential Emax, the number of electrical degrees during
which the plate current flows, and the plate-supply voltage Eb . These
are illustrated in Fig. 170. The load impedance is not a fundamental
factor since it is dependent upon the above quantities.

The maximum permissible value of peak space current Im is deter-

mined by the electron emission that the filament is capable of producing.
With tungsten filaments it is common practice to make Im very nearly
the full emission from the filament. In the case of thoriated-tungsten

filaments the deterioration during life is such that factors of safety of

three to seven are common, with the exact value depending upon how
thoroughly the tube has been evacuated. The characteristics of oxide-

coated filaments vary so much that still higher factors of safety must be
employed with them.

The values of maximum instantaneous grid potential £„„, and mini-

mum instantaneous plate potential Emin must be such that with these

potentials applied to the grid and plate electrodes, respectively, the
resulting space current will be the proper value of Im . Possible combina-

1 Experimental data indicate that the actual power is usually not over 10 per cent
less than the result given by this simple rule. See H. P. Thomas, The Determination
of Grid Driving Power in Radio-frequency Power Amplifiers, Proc. I.R.E., vol. 21,

p. 1134, August, 1933.
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tions of values required to draw any particular peak space current can be

determined from complete characteristic curves of the tube. 1

While there are many combinations of grid and plate voltages that

will draw the same space current, it is desired to make Emia as low as

practicable in order to reduce the plate losses, but at the same time the

minimum plate voltage Emia must equal or exceed the maximum grid

potential E^ or the grid electrode will draw an excessive current. Exces-

sive grid current is to be avoided because it reduces the output power

and increases the driving power. When low driving power is important,

it is desirable to make ^Jmin somewhat greater than Emex ,
since in this

way the grid current and hence the driving power are considerably

reduced, although at the expense of lowered plate efficiency.

With a given peak space current Im , maximum grid potential E^,
and minimum plate potential E^, the angle of current flow determines

the plate efficiency, the power input, and power output. A large value

of increases the output power, makes the plate dissipation greater, and

lowers the efficiency. This is because the extra input obtained by increas-

ing represents current flowing during portions of the cycle when the

instantaneous plate voltage is relatively high.

The value of the grid bias for an angle of flow is

Grid bias -*.-* + (*L. + Z±\ Zl
e

/%m d67)
ix \ (x /l — cos (0/A)

where EmBJL , Emin , and Eh have the same definitions as above, and // is

the amplification factor of the tube. 2 It will be noted from this equation

that the grid bias required increases as the angle of flow is reduced and

that excessively large bias voltages are required for values of much

less than 90°.

The signal voltage required to excite a Class C amplifier has a crest

value equal to Ec + Emta , and so depends upon the angle of current flow,

1 If complete characteristic curves of the tube are not available, it is possible to

make an approximate determination of suitable combinations of -Emin and EmaK by

extrapolating characteristic curves covering only the negative grid region. This is

accomplished by plotting (/„ + Ig) as a function of (

E

g + —?
) upon logarithmic

paper as in Fig. 84. A nearly straight line will be obtained as seen from Eqs. (77)

and (78), and this can be extrapolated to the desired total space current Im.

2 This equation follows from the fact that at the instant the plate current stops

flowing the signal and load voltages are 0/2 degrees from their crest values, so that

at this instant the effective anode voltage is

Eb - (Eb - .gmin ) cos (6/2) _ Ec + (Em&x + Ec) cos (0/2)

and this must equal zero.
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being greater as is decreased. This increase in signal required as the

angle of flow is reduced causes the driving power that the exciting voltage

must supply to increase as the angle of flow is reduced and to become

excessive at angles much less than 90°.

The plate-supply voltage Eb is of considerable importance in deter-

mining the output power and plate efficiency, since increasing the plate-

supply voltage increases the voltage drop across the load in proportion

(a) Plate Voltage

t

*

\ • //

Emin.

(b) Grid Voltage

A

-Z^r A /
/ h \

(c) Total Space Current

(d) Plate Current

(e) Grid Current

(f) Power Relations in the
Plate Circuit

(g) Power Relations in the
Grid Circuit

z^jTotal inputpower

Useful outputpower

(zzzz=^Powerlose atplate

.oTotaldrivingpower
C$L'Powerlostin bias

^Powerbss atgrid

Fig. 171.—Effect of the minimum plate potential in a Class C amplifier. The solid curves

are for the same conditions as in Fig. 170.

to the voltage drop across the plate of the tube for the same minimum
plate voltage E^. Hence, with given values of and Emin , increasing

the plate-supply voltage will increase the power output greatly while

increasing the plate dissipation only slightly. The grid driving power

will also be increased somewhat as the plate voltage is made higher,

since according to Eq. (167) the grid bias required for a given angle of

flow is dependent upon the plate voltage.

Oscillograms showing how the above factors affect the behavior of a

Class C amplifier are illustrated in Figs. 171 to 174. Thus Fig. 171

brings out clearly how increasing the minimum plate potential while
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keeping the peak space current, angle of flow, etc., the same reduces the

grid driving power. Likewise Fig. 172 shows the importance of the angle

of current flow in determining the output power, driving power, and plate

loss, while Fig. 173 illustrates the great increase in output power with

only a small increase in plate dissipation, which results from increasing

the plate-supply voltage while keeping the angle of flow, Emin , etc.,

unchanged. Finally Fig. 174 shows what happens when the peak space

current Im is varied by changing the excitation conditions, and it illus-

(a) Plate
voltage /'? \

Eb

i_ Emin.

(b) Grid voltage

j.<t
>
":Kn

Emax.

7 * *^\

(c) Total space
current

lLjl

(d) Plate current

(e) Grid current

(f) Power relations
in the plate
arcuit

(g) Power relations
in the grid
circuit

if Total'inputpower
Useful outputpower
"Power loss atplate

r^/Total driving power

'Power lostin bias

t-'Power loss atgrid

Fig. 172.—Curves showing the effect of the angle of flow in a Class C amplifier,

curves are for the same conditions as Fig. 170.

The dotted

trates the loss in output with little improvement in efficiency which
results when the full emission is not utilized.

Circuit Arrangements.—The plate-tuned circuit, commonly called

the "tank" circuit, of a Class C amplifier is usually directly coupled as

shown in Fig. 175a or is arranged with shunt feed as in Fig. 175&. The
latter arrangement has the advantage that the coil and condenser are at

ground potential for direct-current voltages, but, since the shunt-feed

choke is effectively in parallel with the tuning coil, this choke must be a

high inductance if it is not to carry an undue proportion of the circulating
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current of the resonant circuit. The load to which the output power is

delivered may be directly, inductively, or capacitively coupled to the
tank circuit (see Fig. 175). Push-pull circuits must be symmetrical on
either side of the center tap in order to preserve the balance between the
two tubes.

With single tubes, neutralization can be accomplished by one of the
systems shown in Fig. 133, while in push-pull amplifiers the cross-
neutralization system of Fig. 175c is used.

(a) Plate /T\
voltage,' p \

/ X: \

(e) Grid current
.ZX.

(f ) Power relations
in the plate
circuit

Total inputpower
Useful outputpower

i&~~Power lossatplate

(g) Power relations
in the grid
circuit

'Total drivingpower

Fig. 173.

/^r-Power lost in bias

Jckzi-Power loss atgrid
-Effect of changing the plate-supply voltage in a Class C amplifier,

curves are for the same conditions as in Fig. 170.

The dotted

The grid bias can be obtained from batteries or a direct-current
generator, as illustrated in Fig. 175a, or by means of the grid leak and
grid condenser, as shown in Fig. 1756. In some instances combinations
of both methods are used. In the grid-leak method advantage is taken
of the fact that the d-c grid current produces a negative bias when passed
through a resistance in series with the grid circuit. The magnitude of
the bias obtained is equal to the product of d-c grid current and grid-leak
resistance, and for a given value of E^ it is controlled by the grid-leak
resistance. The grid leak must be by-passed to radio-frequency volt-
ages by a condenser appreciably larger than the input capacity of the
tube, and also large enough to act as an effective by-pass for the resistance
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Fig. 174.—Effect of varying the peak space current Im in a Class C amplifier. The dotted
curves are for the same conditions as Fig. 170.
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Fig. 175.—Typical circuit arrangements for Class C amplifiers.
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used. The grid-leak arrangement has the advantage of simplicity and

the fact that it tends to be self-adjusting with respect to maximum grid

potential E^. Thus small changes in signal voltage, which would

produce large changes in E^ with a fixed bias, do not do so with the

grid leak because any tendency to change E^ produces a large effect

on the grid current which tends to change the grid bias in such a way as

to maintain E^ nearly constant. The disadvantage of the grid-leak

arrangement is that, when the exciting voltage is removed, the grid bias

is lost. If the resulting high plate current will damage the tube, it is

necessary to use either a fixed bias or a combination of grid-leak and

fixed bias as shown in Fig. 175d or a combination of grid-leak bias and self-

bias. When there is a possibility that the grid current will reverse

polarity as a result of secondary emission at the grid, as is the case with

most water-cooled tubes, grid-leak bias cannot be employed unless a

grid-rectifier tube, as illustrated in Fig. 188, is used to prevent the total

grid current from becoming negative.

Calculation of Class C Amplifier Performance; Exact Method. 1—The
exact performance of a Class C amplifier, when the plate-supply voltage

Eb , minimum plate voltage Emin ,
maximum grid potential E^, and

angle of flow (or Ec or Es) are given, can be determined by utilizing

complete characteristic curves to derive plate-current, grid-current,

plate-loss, etc., curves as illustrated in Fig. 170. The first step in the

procedure is to calculate the instantaneous plate and grid potentials

at various points of the cycle according to the relations:

Instantaneous plate voltage = ep = Eb - (Eb — E^) cos (168)

Instantaneous grid) = ^ =
(^ + E^ CQS ^ _ Ec (169)

potential J

where /3 is the number of electrical degrees from the crest of the cycle

at which ep and eg are to be evaluated and where the remaining notation

is as before. From these values of instantaneous plate and grid

voltages it is possible to plot the corresponding plate and grid currents

from complete characteristic curves of the tube, and then to derive the

instantaneous plate loss, instantaneous output, instantaneous driving

power, etc. Average values can be obtained most readily by plotting

curves of the instantaneous values and averaging the results over a full

cycle either by using a planimeter or by counting squares to determine

the areas involved. 2 The above procedure gives the exact results that

1 For further information see D. C. Prince, Vacuum Tubes as Power Oscillators,

Proc. I.R.E., vol. 11, pp. 275, 405, 527, June, August, and October, 1923.

2 An alternative procedure for carrying out the averaging process mathematically

without drawing the curves is described by D. C. Prince, loc. cit.
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can be expected, but it has the disadvantage of being laborious and of
requiring a complete set of characteristic curves.

Calculation of Class C Amplifier Performance; Approximate Method. 1—
An approximate calculation of Class C amplifier performance can be
obtained without point-by-point calculations by taking advantage of
the fact that the total space current (Ip + Ig) can be expressed rather
accurately by Eq. (77), which is repeated below.

Total space current = Ip + I, = k(^ + eX (170)

Here ep and eg are the instantaneous plate and grid potentials respectively,
M is the amplification factor of the tube (assumed constant), & is a con-
stant, and a is another constant normally having a value very close to %.
To the extent that Eq. (170) holds, the pulses of plate current in a
Class C amplifier have a definite form in which the direct-current and
fundamental-frequency components are functions only of the angle of
flow 6, the peak value Im of the space current, and the exponent a.
This relationship has been worked out and is presented in Fig. 176
for values of a between 1 and 2. 2

The direct-current component of the total space current divides
between the grid and plate electrodes; therefore, to determine the d-c
plate current, it is necessary to estimate the d-c grid current. When
-Ew = E^, the d-c grid current may range up to about 20 per cent
of the total space current, but will be less if there is much secondary
electron emission at the grid or if the minimum plate potential exceeds
the maximum grid voltage.

The fundamental alternating-current component of the total space
current is likewise divided between grid and plate electrodes, with the
amount going to the grid very nearly equal to twice the d-c grid current.
This comes about because most of the grid current flows during the very
crest of the cycle, and it can be shown that this represents an alternating

wiu
Th

^!
f°UOWS the methods outlined in the following papers: F. E. Terrnan and

Wilber C. Roake, Calculation and Design of Class C Amplifiers, Proc IRE vol
24, p 620, April, 1936; F. E. Terman and J. H. Ferns, The Calculation of Class C
Amplifier and Harmonic Generator Performance of Screen Grid and Similar Tubes
Proc.I.R.E., vol. 22, p. 359, March, 1934.

For other methods of approximate analysis, see W. L. Everitt, Optimum Operat-
ing Condition for Class C Amplifiers, Proc. I.R.E., vol. 22, p. 152, February 1934-
Burton F. Miller, Analysis of Class B and Class C Amplifiers, Proc IRE vol 23'

p. 496, May, 1935; A. P. T. Sah, The Performance Characteristics of Linear Triode
Amplifiers, Science Repts. Nat. Tsing Hua Univ., Peiping, China, vol. 2 pn 49 83
April and July, 1933. ' '

2 The method of deriving this curve, including analysis of the pulses for fractional
values of a, is given by Terman and Roake, loc. cit.
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component that is twice the direct-current value of the grid current. 1

The alternating component of the plate current is hence the alternating-

current component of the total space current as obtained from Fig. 176

minus twice the d-c grid current. The power input to the Class C
amplifier is now the product of battery voltage and d-c plate current, or

Power input = Eb X he (171«)

where he is the d-c plate current. Likewise the power delivered to the
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load is equal to half the product of a-c plate current and alternating-

current voltage developed across the load, or

(Eb — Emin)Ii
Power output (1716)

where Ii is the crest value of the fundamental-frequency component

of the plate current. The plate dissipation is the difference between

these two powers, and the efficiency is their ratio.

The required load impedance is

Eb — -GminLoad impedance between!
plate and cathode

j h (172a)

The grid driving power is then approximately equal to the d-c grid

current as estimated above times the crest value of the exciting voltage,

as previously explained.

1 See F. E. Terman and J. H. Ferns, loc. cit.
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The only approximations involved in the method of analyzing Class C
amplifiers outlined above are the uncertainty regarding the exact amount
of grid current and the assumption that the exponent a in Eq. (170) is

constant. The necessity of making a guess as to the grid current does

not introduce appreciable error, however, since the grid current is always
a small proportion of the total space current. Also, in practice a is

found to be very close to % over the essential part of the tube char-

acteristic, provided saturation by insufficient emission is not approached.

The only practical circumstance where such saturation is found is with

tungsten-filament tubes operated so the total space currents are very
close to the peak emission available. Even then the error that results

is not particularly great, and it alters both power input and power output
in about the same proportion, so that the predicted plate efficiency will

still be almost exactly correct.

Design of the "Tank" Circuit.—The tuned circuit connected between
the cathode and plate of the Class C amplifier, commonly called the tank

circuit, must supply the proper impedance and must not consume an
undue proportion of a power output of the amplifier. The efficiency

of the tank circuit is the proportion of the total power delivered to this

circuit by the tube that is transferred to the load, and it depends upon
the actual loss resistance of the tuned circuit compared with the resistance

that is coupled into the tuned circuit by the load. Thus, if the tuned
circuit in the absence of load has Q = 100, but has Q = 10 in the presence

of the load, the efficiency of the tank circuit is (100 - 10)/100 = 0.90.

From the point of view of efficiency, it is desirable that the effective Q
of the tank circuit, taking into account the load, be as low as possible,

with the actual Q of the circuit, in the absence of load, being as high as is

practicable. However, there is a limit to the extent that one can reduce

the effective Q, since the lower the circuit Q, the larger will be the har-

monic voltages developed across the tank circuit and hence the greater

the harmonic energy delivered to the load. Also, if the effective Q
is too low, it will be found that the tuning capacity which gives maximum
voltage across the tank circuit does not cause the circuit to present a

unity-power-factor impedance to the tube. This effect is partly a
result of the harmonic voltages developed across the tank circuit and
is partly due to the behavior of parallel resonant circuits having low Q,
as discussed in Sec. 14. Practical experience indicates that, if the

effective Q of the tank circuit exceeds 10 to 12, the maximum impedance
will be obtained almost simultaneously with unity power factor.

With the proper tank circuit Q determined by the above considera-

tions, it is then possible to calculate the required value of a>L, knowing
the necessary load impedance, and from this to determine the inductance

and capacity required. From these and a knowledge of the power



Sec. 61] POWER AMPLIFIERS 327

output, the peak voltage developed across the tuning condenser can be

calculated by the relation

Effective voltage across) _ ^/p^n (1726)
tank circuit )

where
p = power in watts delivered to tank circuit

uL = reactance of inductive branch of tank circuit

Qet{
= effective Q of tank circuit, taking into account the effect of

the coupled load resistance.

Design and Adjustment.—The design of a Class C amplifier can be

systematically worked out on paper according to the following steps:

First—Select the peak space current Im on the basis of the electron

emission of which the filament is capable, using a suitable factor of safety

as discussed above.

Second.—Select a suitable combination of maximum grid potential

^ and minimum plate potential #min which will draw this total space

current. This is preferably done with the aid of complete characteristic

curves of the tube, but it can, when necessary, be carried out by extrapola-

tion, as explained in the footnote on page 318. The minimum plate

voltage must not be less than the maximum grid potential, and, if low

driving power is important, the minimum plate potential should be

appreciably larger than the maximum grid potential, although still

relatively small compared with the plate-supply voltage.

Third.—Decide upon a suitable angle of flow 0, making a reasonable

compromise between the high efficiency, small output, and large driving

power obtained with small angles of flow and the large output, small

driving power, and low efficiency with large angles. Under most circum-

stances the angle of flow will lie between 120 and 150°.

Fourth.—Calculate the grid bias by the use of Eq* (167), which also

determines the signal voltage required since the crest signal voltage is

Ec + -^max- .

Fifth.—Determine the d-c plate current, d-c grid current, plate

dissipation, power output, efficiency, grid driving power, etc., either by

the exact or by the approximate methods.

Sixth.—Examine the results obtained to see if they are satisfactory.

If not, revise the design and recalculate the performance.

Seventh.—Estimate the proper Q for the tank circuit, keeping in

mind that the effective Q must be at least 10 and that higher values will

reduce the harmonic.energy delivered to the load but will cause a larger

proportion of the output to be dissipated in the tank circuit. With the

Q fixed in this way, it is possible to calculate the inductance and capacity

required to tune to the desired frequency and develop the required

impedance.
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The design procedure and the details involved in calculating the
performance by the approximate method can be understood with the
aid of the following example:

Example.—A Class C amplifier is to be designed employing a Type 800 tube oper-
ating at 1000 volts plate potential and having characteristic curves as given in Fig. 75.

The peak emission Im will be taken as 407 ma, which is arrived at by assuming an
electron emission of 100 ma per watt of filament power and a factor of safety of 6.
A suitable combination of Emas_ and E^n for drawing this current without excessive
driving power is E^ = 150, #max = 120. With Im, #max, and Emin determined,
the next step is the selection of a suitable angle of flow, which will be taken as 140° as
a reasonable compromise between efficiency and output. On the assumption that
a equals %, Fig. 176 gives the direct-current and fundamental-frequency components
of the total space current as 0.22 and 0.39, respectively, of the peak space current Im .

The direct-current component of the total space current is hence 407 X 0.22 =
89.5 ma, arid the crest fundamental-frequency component of the total space current is

407 X 0.39 = 159 ma, crest value. It is now necessary to make allowance for the
part of the total space current diverted to the grid. Assuming that the d-c grid
current is 15 per cent of the total d-c current, the d-c grid current will be 13.5 ma.
The d-c plate current will hence be 89.5 - 13.5 = 76.0 ma, and the fundamental-
frequency component of the plate current is, similarly, 159 - 2 X 13.5 = 132 ma,
crest value. The power input to the plate circuit is the product of the d-c plate
current and the plate-supply voltage, or 1000 X 0.076 = 76 watts, while the power
output is half the product of crest a-c plate current and crest alternating voltage
across the load, and so is 0.132(1000 - 150) /2 = 56.1 watts. The plate loss is

76 - 56.1 = 19.9 watts, and the efficiency is 5
^f 6 = 73.7 per cent. The grid bias

required as calculated by Eq. (167) is found to be 134 volts. The crest alternating-
current driving voltage is (E„ + Em&x) or 254 volts, and the grid driving power is to
a first approximation 254 X 0.0135 = 3.4 watts. The load impedance that is

required is the ratio of alternating-current voltage (Eb - E^) to the alternating-
current component of the plate current, and so is (1000 — 150) /0. 132 = 6430 ohms.

The accuracy of the above approximate analysis is indicated by the
following comparison with an exact point-by-point analysis:

By approximate

analysis using

Fig. 176

By exact

point-by-point

calculation

D-c plate current 76 ma
13 . 5 ma •

132 ma
76.0 watts

56 . 1 watts

19.9 watts

73 . 7 per cent

74 3 mn
D-c grid current 13 4 mn
A-c plate current 131 mn
Power input 74 . 3 watts

55 . 8 watts

18.6 watts

75 . 2 per cent

Power output

Plate loss

Plate efficiency

Q
If the tank circuit is directly coupled as in Fig. 175a and if an effective

of 12 is chosen, uLQ = ZL and coL = 643 9< 2 = 536 ohms. The
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corresponding inductance and capacity can then be calculated for any

frequency.

Practical Adjustment of Class C Amplifiers.—The adjustment of

Class C amplifiers to realize the design conditions is usually carried

out by a cut-and-try process using the d-c grid current, the d-c plate

current, and the output power as guides.

The procedure to be followed depends somewhat upon whether the

bias is developed by a grid leak or by a fixed source. With a fixed bias,

the adjustment after setting the bias consists in first tuning the tank

circuit to resonance by adjusting for minimum plate current with a

moderate exciting voltage, and then adjusting the exciting voltage and

effective load impedance by trial until the expected d-c plate current and

output power are obtained without excessive grid current. The pro-

cedure can be simplified by keeping in mind that the total space current

Ip + Ig depends primarily on the maximum grid potential Emax and

hence upon the excitation, while with a given excitation the minimum
plate potential depends upon the load impedance, and hence the ratio of

grid current to plate current is less the higher the impedance in the plate

circuit of the tube. The adjustment procedure hence involves coupling

the load to the tank circuit a reasonable amount, after which the excita-

tion is varied until the total space current approximates the expected

value. The effective load impedance is then varied by changing the

coupling of the load to the tank circuit until a point is found where

decreasing the coupling to the load slightly (i.e., increasing the load

impedance) causes the grid current to become excessive. The power

output, power input, and grid current are then noted, and the entire

procedure is repeated over and over again until the desired operating

conditions are obtained. In carrying out the adjustments it is necessary

to pay attention to the plate dissipation (i.e., difference between power

input and power output), particularly in the early stages, since there is

always danger of damaging the tube by accidentally overheating the

electrodes.

When the bias is obtained from a grid-leak resistance, added com-

plications result from the fact that the bias and hence the maximum
grid potential depend upon the grid current and grid-leak resistance.

The best procedure is to start with the grid-leak resistance that is required

to produce the desired grid bias with the estimated grid current, and then

to follow out the procedure outlined above to obtain the best operating

point. The actual grid bias that results is then calculated from a knowl-

edge of the grid-leak resistance and the grid current ; if it is not the desired

value, the grid-leak resistance is altered as necessary and the process is

repeated until the grid bias, space current, power output, and power
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input approximate the calculated values and the grid current is not

excessive.

The cut and try involved in the above procedures can be practically

eliminated by the use of a peak vacuum-tube voltmeter, such as illus-

trated in Fig. 177, to read directly the amount the grid is driven positive.

This makes use of a diode tube, preferably an 879 or similar tube capable

of standing a high voltage and having a relatively low electrode capacity.

The anode of the diode is connected directly to the grid of the Class C
amplifier, while the cathode is biased positively with respect to the

amplifier cathode by the potentiometer P until the milliammeter M
just begins to show current. Under this condition the cathode potential

^___^ is substantially equal to the most positive
Rectifier tube-. ^ g potentiai reached by the rectifier anode, so

4~ that the voltmeter V then reads Emax directly. 1

1 With the exciting conditions adjusted to the

j
desired value, it is a relatively simple matter

„,___,, to adjust the load impedance until the plate
Fig. 177.—Peak voltmeter J

,

arranged to determine the current, power output, and plate efficiency
maximum positive grid poten- approximate the expected values.

When making adjustments on a Class C
amplifier, it is desirable to check the tuning repeatedly, particularly after

each change in the load coupling. With triodes this is done by adjusting

the tuning condenser for minimum plate current. This condition nor-

mally corresponds to maximum load impedance (i.e., to the lowest

possible -E^), maximum grid current, and a unity-power-factor load. It

also gives the maximum possible power output unless the effective Q of

the tank circuit is so low that the points of unity power factor and
maximum impedance do not coincide.

Neutralization can be accomplished by turning off the filament voltage

of the tube (but leaving the tube in place) and applying the exciting

voltage. The neutralizing condenser is then adjusted until tuning the

tank circuit through resonance has no effect on the d-c plate and grid

currents of the exciting stage, or until there is no voltage or current in

the tank circuit of the unlighted tube.

Class C Amplifiers Employing Screen-grid Pentode Tubes.—Screen-grid

and pentode tubes can be operated as Class C amplifiers by making the
grid bias greater than the cut-off value corresponding to the screen-grid

potential. The performance obtained is then similar to that of triode

Class C amplifiers, but with the advantage that no neutralization is

1 For further information concerning such peak voltmeters and also for information
describing trough meters that will read the minimum plate potential E^n, see F. E.
Terman, "Measurements in Radio Engineering," 1st ed., pp. 27-29, McGraw-Hill
Book Company, Inc.
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required. The tubes are expensive in the larger air-cooled sizes, however,

and are not available in water-cooled tubes.

The analysis, calculation of performance, and design are the same

with screen-grid and pentode tubes as with triodes except for minor

modifications introduced by the screen grid. In particular, the relation

between the grid bias and angle of flow is

^ + Ema* cos I ^
Gridbia,^c ^VcoS W2r (173)

where Esg is the screen-grid potential and /xs„ is as defined by Eq. (66).

In selecting operating conditions it is essential that the maximum grid

potential Ema3.
should not exceed the screen-grid potential, and with

screen-grid tubes the minimum plate potential E^ must also equal or

exceed the screen-grid potential. Otherwise the situation is the same

as with triodes, and the analysis can be carried out with either point-by-

point calculations or the approximate method based upon the curves of

Fig. 176.

!

In adjusting screen-grid and pentode Class C amplifiers, it is some-

times found that the plate potential has so little effect on the plate current

that it is impossible to tune the tank circuit by adjusting for minimum

plate current. Under such circumstances the tuning adjustment can be

made to give maximum current in the load.

62. Characteristics of Tubes Suitable for Use in Class C Amplifiers.—
When the amount of power to be generated by a Class C amplifier does

not exceed a few watts, it is possible to employ the ordinary small vacuum

tubes commonly used in radio receivers; but larger tubes are required for

greater powers. The amount of power that a tube can handle is deter-

mined by the plate voltage that may be applied to the tube with safety,

by the electron emission of the cathode, and by the amount of power that

can be dissipated within the tube without overheating.

Filament Size.—The filament must have sufficient electron emission

to develop the required value of peak space current Im throughout the

life of the tube. In the case of tungsten filaments, the allowable Im

is taken as being practically the full emission of the filament. With

thoriated-tungsten emitters the initial emission is normally between

three and seven times the required peak emission to allow for deteriora-

tion during the life of the tube. Oxide-coated filaments require still

larger factors of safety.

Voltage Requirements.—The voltage that is applied to the plate of a

Class C amplifier consists of the direct-current plate-supply potential plus

1 The details of such an analysis are given by Terman and Ferns, loc. cit.
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an alternating component that has a crest value nearly equal to the direct-
current voltage, so that during operation the instantaneous voltage
between plate and cathode varies from nearly zero to nearly twice the
plate-supply potential. The voltage that can be applied safely to the
plate is limited by the plate-cathode insulation and the degree of vacuum
existing within the tube, and, in order to withstand potentials ranging
from 1000 to 20,000 volts, it is necessary that extreme care be taken
in the design and construction of the tube.

In tubes generating alternating current of very high frequencies,
i.e., above 3000 kc, the alternating component of the plate potential
produces large dielectric losses in the glass walls because of the very
high frequency and the relatively high temperature of the glass during
operation of the tube. The result is that, when a tube is operated at a
high plate voltage and is generating very high frequencies, there is a
tendency for the dielectric losses in the glass to produce local overheating
that may soften the glass and destroy the vacuum. 1 Vacuum tubes
which are to operate with very high plate voltage must therefore provide
ample plate insulation and be arranged to minimize the dielectric stress
in the glass walls. Even with the best designs it is usually necessary to
use a lower plate voltage when operating at extremely high frequencies
than when operating at low or moderate frequencies.

Heat Energy to Be Dissipated.—The plate power supplied to a tube
is equal to the product of plate-supply voltage and average plate current
and so is limited by the direct-current plate voltage that may be used
without danger of a breakdown and by the allowable d-c plate current.
A certain fraction of this power supplied to the plate, usually more than
half, is delivered to the resonant circuit in the form of alternating-current
energy, while the remainder appears at the plate in the form of heat which
the plate must be capable of radiating to the walls of the tube without
becoming excessively hot. There is also a somewhat smaller power loss
at the grid which the grid must be capable of radiating without reaching
an excessive temperature. The total power dissipated inside the tube
consists of these grid and plate losses plus the power used in heating the
cathode, and it must be carried away through the envelope of the tube.
Tubes generating 1 kw or less of alternating-current power can transfer
the energy loss in the tube to the surrounding air with glass walls of
reasonable size, but, since glass softens at relatively low temperatures,
the amount of energy that can be radiated per unit area of glass surface
is low, and larger tubes would have to be enclosed in glass bulbs of pro-
hibitive size. The cooling of tubes with glass walls is ordinarily obtained

1 A discussion of punctures resulting from dielectric losses in the glass walls of the
tube is to be found in the article by Yujiro Kusunose, Puncture Damage through the
Glass Wall of a Transmitting Vacuum Tube, Proc. I.R.E., vol. 15, p. 431, May, 1927
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by allowing free circulation of air, although in the largest sizes a forced

draft supplied by a fan is sometimes employed.

A large proportion of the energy dissipated in tubes having glass

bulbs is produced at the plate, which must therefore be capable of radiat-

ing without damage all the heat generated at its surface plus that fraction

of the filament-heating power which the filament radiates to the plate.

In order to facilitate this radiation of energy from the plate to the glass

walls of the tube, it is desirable to blacken the plate to increase the rate

of heat radiation and to use a material that will stand relatively high

temperatures. In some types of tubes the plates are actually at a dull

red heat when operating under normal conditions.

Water-cooled Tubes.—In tubes having power ratings in excess of 1 kw,

the problem of carrying away the energy dissipated in the tube has

been solved by using water-cooled plates. Such tubes can be made in

several ways. One type of construction is shown in Fig. 178 and employs

a cylindrical copper plate which is dropped into a water jacket through

which cooling water is circulated. The plate serves as part of the wall

of the tube and also acts as an anode; since it is in direct contact with

the cooling water, many kilowatts can be dissipated at the plate with-

out an appreciable rise in temperature. Another type of construc-

tion that has been commercially successful encloses the tube with a glass

bulb but employs a hollow plate through which water is circulated by
means of pipes sealed through the glass. The most important feature

of these water-cooled tubes is the metal-to-glass seal, which can be made
in a number of ways: 1

While water-cooled plates effectively eliminate the problem of dis-

sipating the energy developed at the plate, there is still the energy dis-

sipated at the grid of the tube, which, while much less than that developed

at the plate, is so great in large tubes as to cause the grid to operate at

a red heat under normal conditions; it may even heat the grid to a

temperature at which thermionic emission of electrons takes place.

Tubes with water-cooled grids have been devised and, while not now in

commercial use, will probably be employed when ratings in excess of

several hundred kilowatts are reached.

Emitters.—The electron emitter used in high-power tubes operating

at high plate voltages is practically always a tungsten filament, while

oxide-coated and thoriated-tungsten filaments, though having a high

thermionic efficiency, are employed only in the smaller tubes. This is

because of the effects produced by the gas molecules left in the tube after

1 There are a number of ways of sealing metal to glass, some of which have been

known for many years. For a description of a type of seal that has been extensively

used in water-cooled tubes see William G. Housekeeper, The Art of Sealing Base

Metals through Glass, Trans. A.I.E.E., vol. 42, p. 870, June, 1923.
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evacuation, as explained in Sec. 26. Gas is particularly troublesome in

tubes having oxide-coated filaments and makes it impractical to use

such emitters when the plate voltage exceeds about 1500 volts.

The amount of power consumed in heating the cathode of a high-

power vacuum tube is very largo because the required electron emission

is great. Data on the cathode-heating power of a number of typical

tubes designed for oscillator purposes are to lie found in Table IX, which
shows that the cat bode power is in excess of 1 kw in the Largest tubes.

Filament
ieads —'-

-Filament lectcfs^.

\ Clamp supporting
x

^
gria structure

\

COMPLETE
TUBE

Without water
jacket

Pio. 17s. A water-cooled type of vacuum tube having n power rating nf 20,000 watts
output when acting as iui oscillator. The anode is made in the form of n copper cylinder
which is cooled l>y lmmersioii in ;i water jacket.

In large tubes it is customary to place a resistance in series with the

filament wben the filament circuit is first closed in order to limit the

rush of current that would otherwise flow because of the low resistance

of the cold filament. Without this starting resistance, the initial current

in large tubes would burn out fuses and might even damage the lead

wires passing through the glass seal.

Construction and Hating of Tubes.—One of the most difficult problems

encountered in the manufacture 1 of high-voltage high-power tubes is the

production of the vacuum. The air originally in the tube can be readily
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pumped out, but the removal of the gas that is occluded in the metal

and glass parts of the tube that are in contact with the vacuum is not a

simple matter. Such solid materials will absorb large quantities of gas,

which clings very tenaciously and can be removed only by the application

of heat. The pumping procedure is carried out with the entire tube in

an oven heated to a temperature just below the softening point of the

glass in order to remove as much as possible of the gas occluded in the

glass parts. Finally, while the tube is still on the pump, the metal parts

are brought to temperatures above those that would be produced during

normal operation. By taking these precautions it is possible to produce

a suitable vacuum with a reasonable certainty that it will be maintained

throughout the operating life of the tube. The difficulty of obtaining such

a vacuum can be understood when it is realized that the large water-

cooled tubes require continuous pumping for approximately 24 hr. to

remove the occluded gas.

Materials suitable for the plate and grid electrodes of high-power

vacuum tubes are few in number because of the high temperatures to

which these electrodes may be subjected during operation. The grid

is generally of tungsten because of the refractory nature and high mechan-

ical strength of this material, while molybdenum is also sometimes used.

The plates of air-cooled tubes are generally made of molybdenum,

although graphite is coming into increasing use. Tantalum is occa-

sionally used for the plates of po^er tubes and has the desirable property

of absorbing gas in a certain range of temperatures. Tantalum plates

thus help maintain the vacuum by "cleaning up" any gas that may
be given out by the metal and glass parts during operation. The plates

of water-cooled tubes do not have to meet any special requirements inas-

much as the,operating temperature is low. Copper is generally employed

because of its high thermal conductivity, but other materials can be

used. 1
>
; ;','.. •

The amplification factors of power tubes do not differ greatly from

those of ordinary receiving tubes, although the tendency is to use some-

what higher values because of the much greater plate voltages involved.

The plate resistance of large tubes is somewhat lower than for small tubes

having similar amplification factors, but the differences are not striking

since the increased size of the tube increases the spacing as well as the

electrode area. The chief distinguishing features of high-power tubes

as compared with small receiving tubes are the very high voltages that

the tubes can stand, the large space currents that they are capable of pro-

ducing, and their ability to dissipate large power losses. The principal

characteristics of a representative series of power tubes are given in

1 For further discussion of anode materials, see E. E. Spitzer, Anode Materials for

High-vacuum Tubes, Elec. Eng., vol. 54, p. 1246, November, 1935.
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Table IX (Sec. 56), and a number of the same tubes are shown in Figs.

L79 ami 180. It will be noted that the size of the glass bulb of the air-

cooled tubes La proportional to the power rating and that, while the low-

power tubes employ a type of construction similar to I hat used in receiving

tubes, the tubes intended for service at high voltages are arranged so

' flSwcfit tube
< (especially

.'
i' designed
•¥ foruse erf.

very high
frequences)

>'

20Kw, water
cooled tube

250 watt tube

Fig. 179. Typical oscillator tubes having rated power outputs ranging from 7]4 U
20,001) watts. Nolo thai the surface area of the glass huihs in the air-cooled tubes i

proportional to the power rating and that in the larger tubes (i.e., those requiring higi
plate voltages) the plate leads arc brought out through separate seals remote from the gri<
and filament seals.

that the plate connection enters the tube through a special seal remote
from the grid and cathode connections in order to make the insulation

strength as great as possible. In many tubes the grid connection is

also brought out through a separate seal, which has the advantage of

reducing the electrode capacities and increasing the insulation strength

still more.
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Power tubes are rated on the basis of power output under conserva-

tive operating conditions. Thus a 50-watt tube will develop at least

50 watts of radio-frequency output under ordinary conditions. In

most cases, particularly with small tubes, ratings are purely conven-

tional, being made on the basis of an anode efficiency of 50 per cent, with

a conservative figure taken as the allowable plate loss. Hence a 75-watt

lube has a nominal allowable plate loss of 75 watts but can be operated

safely with a 100-watt loss, and so at a plate efficiency of 67 per cent it

will develop 200 watts of radio-frequency output.

A number of special problems are involved in power tubes intended

fo be used at very high frequencies.

In addition to the necessity of avoiding

excessive dielectric loss in the glass

walls of the tube, tubes intended for

high-frequency service must have low

interelectrode capacities in order to

allow for external tuning capacity in

the resonant circuits. To obtain this

low capacity, the electrode areas must

be small and the spacing greater than

usual, while the different electrodes are

preferably mounted from different

presses. The 75-watt tube of Fig. 170

is an example of a tube embodying

these constructional features. The

grid and plate lead-in wires of tubes

used at very high frequencies must be

capable of carrying heavy currents,

because at the frequencies involved the capacity currents flowing to the

grid and plate may reach many amperes even though the interelectrode

capacities are small.

In power tubes intended to operate at ultra-high frequencies, it is

necessary to keep the transit time of the electrons low, as well as to

reduce lead inductance and interelectrode capacity. These requirements

make it desirable to reduce the physical size, but doing so also reduces

the allowable plate dissipation and hence the power rating. The result

is that, a I though considerable progress is being made, the final solution

of the ultra-high-frequency power-tube problem does not appear to have

been reached. 1

Screengrid
connection

Connec

tortp tor
tingplate

Fig. 180,—Photograph of screen-grid

power tube having a rating of 500 watts
output when operating as a Class B
amplifier.

1 For an extensive discussion of developments in the field of ultra-high-frequency

power tubes, see M. J. Kelly and A. L. Samuel, Vacuum Tubes as High-frequency

Oscillators, Elec. Eng., vol. 53, p. 1504, November, 1934.
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63. Harmonic Generators.—By taking advantage of the fact that the

pulses of plate current have appreciable harmonic content, a class C
amplifier can be used to generate output power that is a harmonic of the

signal voltage applied to the control grid. It is merely necessary to

tune the tank circuit to the desired harmonic and adjust the angle of

flow to a value that is favorable for generating the harmonic involved.

(a) Plate voltage

(f) Power relations in

the plate circuit

^--Average Ip+Ig

^Average In

^.Average Ig

'Totalinputpower
j\~(/sefu'I'output'power

Power /oss atplate

(g) Power relations in

the grid circuit

-Totaldrivingpower

\-Power lostin bias

VPower lost atgrid
/>N\ electrode

Fig. 181.—Voltage, current, and power relations of typical Class C harmonic generator.
Note the similarity to the curves of Fig. 170.

Harmonic generators of this character are frequently used in radio trans-

mitters and for other communication purposes.

Oscillograms showing voltage, current, and power relations in a
typical harmonic generator are shown in Fig. 181; they are seen to be
almost identical with the corresponding oscillograms of Fig. 170 for a
Class C amplifier. The significant factors are still the maximum grid

potential Em&x , the minimum plate potential E^, etc., and the con-

siderations involved in the design and adjustment are essentially the
same as in the case of a Class C amplifier except for the fact that, since
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the harmonic content of the plate-current pulses depends upon the angle

of flow, it is necessary to choose this angle rather carefully in relation

to the harmonic to be generated. From the point of view of reasonable

output at good efficiency, the best angle of flow is 180/n electrical degrees

based upon the fundamental frequency, where n is the harmonic to be
generated. The output is increased slightly to a maximum when the

angle is about 50 per cent greater, or 270/n electrical degrees, but this is

accompanied by a disproportionate increase in input power and so

corresponds to a decidedly lower plate efficiency. The angle of flow can
then be increased still further to about 360/w electrical degrees before the

loss in output becomes excessive, although the efficiency drops rapidly

as the angle of flow is increased. It is often desirable to make the angle

of flow exceed 180/w and even approach 360/n in spite of the resulting

loss in plate efficiency, because the larger the angle of flow, the smaller

will be the grid bias and hence the less the driving power required. ' The
only precaution that must be taken is to make sure that the allowable

plate dissipation is not exceeded.

The power output obtainable from a harmonic generator is almost
exactly inversely proportional to the order of the harmonic. A properly
adjusted second-harmonic generator develops about 60 to 70 per cent

as much output as is normally obtained from the same tube operating as

a Class C amplifier, so that for third-, fourth-, and fifth-harmonic genera-
tion the corresponding percentages are roughly 40, 30, and 25, respec-

tively. This represents appreciable output on high-order harmonics,
but, because of the large driving power required when the angle of plate-

current flow is small, harmonic generators in commercial radio equip-
ment are usually designed to generate the second harmonic, with the
third or fourth harmonic occasionally employed.

Analysis of Harmonic Generator Performance.—The analysis of Class C
harmonic generators is carried out in much the same manner as the

analysis of Class C amplifiers. The maximum instantaneous grid voltage

Emax ,
the minimum instantaneous plate voltage #min , the peak space

current Im ,
and the angle of flow are determined as in the case of Class C

amplifiers except for modifications resulting from the considerations

outlined above. The bias voltage required for a given set of operating
conditions is given by the relation

Grid bias = Ee =
Eb[1 ~ cos ^'^ + E^ cos ^/2 > +

n[l - cos (0/2)]
^

jgma* cos (0/2)

1 - cos (6/2)
l '*'

The notation is the same as in Eq. (167), with the addition that n is

the order of harmonic involved. With Emin , Emax , Eb , 0, grid bias, and
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the signal voltage determined, oscillograms of plate and grid currents,

instantaneous grid and plate losses, power input, etc., can be drawn
from complete characteristic curves of the tube exactly as in the case of a
Class C amplifier.

An alternative method of analysis which is relatively simple and
gives results sufficiently accurate for design purposes is based on the

fact that the pulse of total space current for a given Emax , EmiD , Eb , and d

has practically the same shape in the harmonic generator as in the case of a
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Fig. 182.—Curves giving relation of direct-current and harmonic components of the
space-current pulse as a function of angle of flow 9 (in electrical degrees of fundamental fre-
quency) , and the peak amplitude Im .

(

Class C amplifier.
,
The error involved in making this assumption is

ordinarily only a few per cent and so can be neglected. The same
approximate method of analysis that was used with Class C amplifiers

can then be applied to harmonic generators, the only difference being that
one is now interested in the harmonic content of the plate-current pulse
and total space current instead of the fundamental frequency component.
Curves giving the second-, third-, fourth-, and fifth-harmonic ampli-
tudes in the space-current pulse as a function of angle of flow for different

values of the exponent a in Eq. (170) are given in Fig. 182. The applica-
tion of the approximate method of analysis to the case of a Class C
amplifier can be understood by the following example:

Example.—A second-harmonic generator will be designed using the same Type 800
tube employed in the Class C amplifier example and operating at a plate potential of

1000 volts.
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The same values of Im , i£min , and Emax as used in the Class C case can be used,

namely", 407 ma, 150 volts, and 120 volts, respectively. The proper angle of flow can
be taken as 18% = 90°, and reference to Fig. 182 shows that the factor for second

harmonic with 6 = 90° and % is 0.236, and for the direct-current term is 0.146.

This makes the direct-current component of the total space current 59.5 ma and the

second-harmonic component 96.0 ma. Assuming the d-c grid current to be 15 per cent

of the total space current, or 9.0 ma, gives 59.5 — 9 = 50.5 ma as the dirept-current

component of the plate current and 96.0 — (2 X 9.0) = 78 ma as the second-harmonic

component of the plate current. The power supplied by the plate battery is 1000 X
0.0505 = 50.5 watts, and the power delivered to the load is (1000 - 150)0.078/2 =
33 watts. Hence the plate efficiency is 66 per cent and the plate loss 17.5 watts. The
required load impedance between plate and cathode is (1000 — 150)/0.078 = 10,900

ohms. Substitution in Eq. (174) shows the proper grid bias is 517 volts and the grid

exciting voltage is 517 + 120 = 637 volts. The grid driving power is approximately

637 X 0.009 = 5.7 watts.

The accuracy of the above analysis is indicated by the following

comparison with results obtained by an exact point-by-point analysis.

D-c plate current.

D-c grid current .

.

A-c plate current

.

Power input

Power output ....

Plate loss

Plate efficiency. .

.

Approximate

analysis using

Fig. 182

50 . 5 ma
9.0 ma

78 ma
50 . 5 watts

33 watts

17.5 watts

66 per cent

Exact

point-by-point

analysis

51 . 1 ma
8.5 ma

81 . 6 ma
51.1 watts

34 . 7 watts

16 . 4 watts

68 per cent

Blocking condenser

Input errif.

(fundamental
frequency)

Grid bias
Output or toad

impedance

Fig. 183.—Basic circuit of grid-distortion
harmonic generator.

Harmonic Generation by Grid-circuit Distortion.—Another possible

method of harmonic generation makes use of the non-linear relationship

between the grid current and grid

voltage to distort the wave shape of

the voltage applied to the grid of

the tube and thereby to produce

harmonics. The fundamental cir-

cuit arrangement of a harmonic

generator of this type is illustrated

in Fig. 183, in which Zg is an imped-
ance placed in series with the grid circuit and designed to offer a high

impedance to the desired harmonic components of the grid current which
flows when the grid is driven positive at the peak of each cycle. Such
harmonic generators are capable of developing comparatively large out-

puts on high-order harmonics, or can be designed to generate a small

output on a large number of harmonics simultaneously. 1

1 For further discussion see F. E. Terman, D. E. Chambers, and E. H. Fisher,

Harmonic Generation by Means of Grid Circuit Distortion, Trans. A.I.E.E., vol. 50,

p. 811, June, 1931.



342 RADIO ENGINEERING [Chap. VII

1000

800

P 600

.400

200

64. Linear Amplifiers.—The linear amplifier is a Class C amplifier

modified by adjusting to make the output voltage proportional to the

exciting voltage. Such amplifiers are used extensively in the amplifica-

tion of modulated waves since they preserve the modulation without

distortion.

The linearity of a linear amplifier can be determined by plotting a

curve of output voltage as a function of exciting voltage, as in Fig. 184.

If the characteristic curves of the tube were straight lines up to the point

where the maximum grid potential exceeded the minimum plate potential,

the linear amplifier would be operated with a bias equal. to the cut-off

value for the plate-supply potential. The plate-current pulses would

then be half-sine waves having an

amplitude proportional to the excit-

ing voltage, and the amplifier would

be perfectly linear up to the flatten-

ing off that would occur when the

maximum grid potential became

greater than the minimum plate

potential. The actual characteristic

curves of a tube are curved, with the

result that, if the bias is the cut-off

value, the relationship between out-

put and exciting voltages tends to be
Curves showing linearity of linear

nonlinear as shown by b of Fig. 184.
?r for different bias conditions. > J D

. .

This curvature of the characteristic

can be virtually eliminated by biasing the linear amplifier to slightly

less than cut-off, giving the result shown by a in Fig. 184. This proper

bias is approximately that obtained by extending the straight-line part

of the tube characteristic, as shown in Fig. 168a, to give a "projected

cut-off" bias.

The linearity of a linear amplifier also depends upon the load imped-

ance, being greater with load impedances that are high compared with

the average effective plate resistance. At the same time, a high load

impedance requires a smaller plate-current pulse to make the minimum

plate potential become less than the maximum grid voltage, so that the

output power over the region of linearity is reduced. The proper load

impedance is roughly that which makes the plate loss equal to or sliglitly

greater than the rated dissipation of the tube when the excitation is

sufficient to make the minimum plate potential approximately equal to

the maximum grid potential. 1 The proper load impedance is hence

1 It is permissible to make the adjustment so that the plate loss with full exciting

voltage is slightly greater than the rated value because, when the signal is a modulated

wave, the exciting voltage is at this crest value only a small fraction of the time.

Pro/
off I
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/ /< •>-cuto f bias

50

Fig. 184
amplifier

100 150 200
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250 300
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determined by assuming a reasonable 1 peak space current Im , a suitable

combination of maximum grid potential, and minimum plate potential,

and then calculating the performance either by the exact or by the

approximate method, using the angle of current flow calculated by the

following rearrangement of Eq. (167)

(175)cos l

2

JJ.Ec — Eb
1 +

In the usual case when the bias is at projected cut-off, the vakfe of 6

obtained from Eq. (175) will exceed 180° (i.e., cos ( ^ ) will De negative).

In case the right-hand side of Eq. (175) is not within therange of + 1 to — 1

,

it means that the angle of flow is either 360°

or 0.

The calculation of the 'output voltage of a

linear amplifier for a known exciting voltage

and given load impedance must be carried out

by a cut-and-try process. Eirst an estimate is

made of the alternating voltage EL which

might reasonably be expected across the load

between plate and cathode. The*minimum
plate potential is then Em{„ = Eb — EL . It is

now possible to make an exact point-hy-point

analysis starting with the assumed Emia and-

the known grid bias and exciting voltages, in
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61800

^600

6,400

6,200

6,000

$800

$600

$400

''1

-¥
ran

r/

1 / Acfualload
1 ,impedance'
Lt.—

,\. —Actual E Lr 1

)1

360 380 400 420 440 460

Value of E
u
(=E

b
-Emin.)

Fig. 185.—Determination of

this way determining the load impedance that the actual output voltage for a

would be required to give the assumed value %°™£?J7^™%£™
of EL . This will generally differ somewhat required for several assumed

from the actual load impedance, so that a new values of outimt voltage "

estimate must be made of EL, and the calculation must be repeated to

obtain a new load impedance. By repeating this process two or three

times it is possible to draw a curve such as shown in Fig. 185 and to

interpolate to obtain the output voltage El for the load impedance

actually employed.

When the relationship between the output voltage and exciting

voltage has been obtained either by calculation or experimentally, the

distortion of the modulation envelope for any desired degree of modula-
1 The allowable peak space current in the case of thoriated and oxide-coated

cathodes is the same in linear amplifiers as in Class C amplifiers, but with tungsten

cathodes the permissible value for linear amplifiers is about two-thirds the peak emis-

sion employed with Class C amplification if distortion from incipient saturation is to

be avoided.
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tion can be obtained with the aid of Eqs. (151) or (152) by knowing the

output at certain critical points on the modulation cycle, as illustrated

in Fig. 186. If the distortion is to be kept low, it is apparent that the
cre'st exciting voltage at the peak of the modulation cycle must not extend
appreciably beyond the point where the linearity curves begin to flatten

as a result of an excessively low minimum plate potential.

The plate efficiency of a linear amplifier assuming a straight-line

tube characteristic is the same as given by Eq. (166) for Class B audio
amplifiers, while, in the case of an actual tube with the bias at projected

cut-off, the efficiency is slightly less. With the maximum allowable

excitation the plate efficiencies of

linear amplifiers normally lie

between 50 and 65 per cent, while

with signals smaller than the maxi-

mum permissible value the plate

efficiency will be directly propor-

tional to the signal amplitude.

Since the carrier component of a

completely modulated wave is

exactly half .of the crest of the

modulation cycle, the efficiency of

practical linear amplifiers when the

FIG.186.-Diagram showing how linearity
^^ iS n0t modulated is around

curve can be used to determine distortion of 30 per cent, and the carrier power
modulation envelope with the aid of Eq. (151) that can be developed by a given

tube is slightly less than one-fourth
of the output power that the same tube could develop when operating as

a Class C amplifier. During the periods when the carrier is modulated,
the average efficiency increases because the average input over the
modulation cycle is the same as without modulation, but the output
power has been increased as a result of the side-band energy. 1 The
result is that the plate loss in a linear amplifier will be greatest when the
carrier is unmodulated, and, in fact, will be about the same during these

unmodulated intervals as it would be with an unmodulated exciting volt-

age having an amplitude equal to the amplitude at the peak of the

modulation cycle.

Adjustment of Linear Amplifiers.—The procedure to be followed in

adjusting linear amplifiers depends upon the circumstances and the
measuring equipment available. When ample exciting voltage can be

1 The average input is substantially independent of modulation because of the
fact that the d-c current drawn by the tube is independent of the modulation. The
modulation merely superimposes upon the d-c current alternating components that
do not represent power with respect to the source of plate voltage.
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had, the simplest procedure is to determine experimentally the relation-

ship between the output voltage and exciting voltage for different load

impedances until the best compromise is obtained between linearity and

power output. When the exciting voltage available is barely sufficient

to supply the desired carrier, it is then necessary to modulate this carrier

and to make use of a cathode-ray oscillograph or modulation meter to

determine the amount of distortion introduced in the modulation envelope

by the linear amplifier. The load impedance and the amplitude of the

modulated carrier are then varied until the best compromise is obtained

between power output and freedom from distortion.

In making adjustments on a linear amplifier, it is to be noted that the

grid current which is drawn varies greatly during the modulation cycle.

This places a variable-load impedance upon the exciter which tends to

distort the exciting voltage. This must be taken into account either by

balancing the effects produced by the variable load impedance against

other causes of non-linearity or by making the power capacity of the

exciter so great that the variation in load will have negligible effect. In

some cases a resistance is actually connected across the tank circuit to

waste a large amount of power so that the variable power consumed by

the following tube will not have much effect.

The bias for linear amplifiers must be constant irrespective of the

degree of modulation or the grid current, and it is consequently normally

obtained from a fixed source or by self-bias. Grid-leak arrangements are

not permissible under any circumstances.

Problems

1. By means of curves of the type shown in Fig. 152 or Fig. 154 demonstrate

qualitatively that, when the operating grid bias of a Class A power amplifier is made

more negative, the proper load resistance is increased.

2. A certain power tube having n = 3 and RP = 2400 ohms is to be operated

as a Class A power amplifier with EB = 350 volts. Assuming that a reasonable

value of E is 10 #s, determine the proper load resistance, proper grid bias, and

maximum undistorted power, and estimate the plate efficiency that can be expected

by assuming Ij^n/Io = 0.10.

3. When the plate potential of the tube of Prob. 2 is raised to 500 volts, it is

necessary to make the bias -120 volts to prevent excessive plate dissipation. At

this operating point the plate resistance is 2800 ohms. Calculate power output and

approximate plate efficiency. Compare the results with those of Prob. 2 and explain

the reason for the differences.

4. Using a set of Iv — Ev characteristic curves of an actual power tube, deter-

mine the following for an operating condition recommended as suitable for Class A

power amplification: (a) maximum power output; (b) second-harmonic distortion;

(c) actual plate efficiency, taking into account the "rectified" plate current.

Note: The curves are preferably a full-page blueprinted reproduction of some

actual tube. It is possible, however, to use curves given in tube manuals or the

curves of Fig. 75 if nothing better is available.



346 RADIO ENGINEERING [Chap. VII

6. Assuming that E /Eb = 0.1 and that Imin/I = 0.1, plot a curve showing plate

loSiCi resists n pp
efficiency as«a function of , . for a Class A amplifier in which the grid is

not driven positive.

6. Using a set of Ip — Eg characteristic curves of an actual power-amplifier
tube, plot a dynamic characteristic of the type shown in Fig. 152 for an operating
condition recommended by the tube manufacturer as suitable for Class A operation.

7. Assuming that EB and E are fixed and that the plate resistance is constant,

plot for a Class A power amplifier, as a function of —p— =— , curves showing:
piHiXe resistsince

(a) relative undistorted power output obtainable; (b) relative signal voltage required;
(c) relative power output for 1 volt of signal. Assume the grid is not driven positive.

8. Using a 2A3 tube as a Class A amplifier with the conditions recommended for

Eb = 250 volts (see Table VIII), calculate the following when the maximum per-
missible signal (45 volts crest) is applied: (a) a-c plate current; (6) a-c voltage devel-
oped across the load; (c) maximum and minimum instantaneous plate voltage and
currents reached during the cycle (assuming zero distortion)

; (d) power dissipated in

load; (e) plate efficiency.

9. It is to be noted from Eq. (1536) that driving the grid of a Class A amplifier
more positive causes the proper load resistance for fixed bias to become greater.'

Demonstrate qualitatively that this must be the case from dynamic characteristics
of the type shown in Figs. 152 and 156.

10. The grid of a single Class A power tube is excited from a tube having a plate
resistance of 10,000 ohms by a transformer in which the ratio of primary to secondary
turns is 2. If the crest exciting voltage desired is 60 volts and the instantaneous grid
current at the positive peak is 6 ma, calculate the second-, third-, and fourth-harmonic
distortion produced in the exciting voltage by the grid current.

11. A particular output transformer is to couple the plate circuit of a tube having
Rp = 2000 ohms to a load of 600 ohms. The transformer must offer a load impedance
of 4000 ohms to the tube and give a response that does not drop to less than 70.7 per
cent of the mid-range value between 80 and 6000 cycles*

a. Specify the required turn ratio, the largest permissible leakage inductance, and
the lowest permissible primary inductance.

b. If the efficiency is to be at least 80 per cent, specify the maximum allowable
primary and secondary resistance, assuming that the loss is divided equally between
primary and secondary.

12. An output transformer with the following constants is to be used with a push-
pull amplifier employing Type 6F6 tubes operated as Class A triode amplifiers (not
Class AB):

Primary inductance • 18 henries
Leakage inductance (referred to primary) . 20 henries
Step-down ratio 30
Resistance, primary 400 ohms
Resistance, secondary 1.2 ohms

Determine the proper load resistance that should be used, and calculate and plot the
frequency response that can be expected when this load resistance is used.

13. Using a set of Ep — Ip characteristics of an actual pentode (or beam) tube,
determine the following for a Class A operating condition recommended by the
manufacturer: (a) maximum power output; (6) second- and third-harmonic distortion;

(c) actual plate efficiency, taking into account the "rectified" plate current.
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Note: Curves are preferably a full-page blueprinted reproduction for some actual

tube, but in the absence of such curves it is possible to use Fig. 163 or characteristics

given in a tube manual. •

14. From load lines plotted on the characteristic curves of Prob. 13, plot shape of

output wave and evaluate output power for the load resistance of Prob. 13 and for

load resistances twice as great and half as great.

15. Explain why the individual tubes in a push-pull amplifier must have sub-

stantially identical characteristics if the full advantages of the push-pull connection

are to be realized.

16. From the composite curves of Fig. 165 determine the power output and the

second- and third-harmonic distortion for the three load resistances shown, when the

peak signal voltage equals the grid bias.

17. Check the operating conditions specified for Class B operation of the Type 800

tube in Table IX with the aid of Eqs. (164) to (166) and Fig. 75. Do this by starting

with the- specified load resistance and determining the crest alternating-current

voltage across the load. Then check power output and plate efficiency.

18. a. Using the characteristic curves of Fig. 169, derive a set of composite

curves for Class B operation at the point: plate voltage = 300 volts; control-grid

potential = 0. Draw load lines for plate-to-plate resistances of 3000, 5000, and

8000 ohms, and calculate power output and second and third harmonics when the

signal potential between grid and cathode is 50 volts peak.

b. Derive and sketch the shape of the plate current wave in the individual tubes,

and also the shape of the output wave.

19. Design an audio-frequency amplifier which will deliver an undistorted output

of 15 watts when operated from a microphone that has an internal impedance of

600 ohms and which develops a voltage of approximately 100 mv on open circuit.

The over-all frequency response should not vary more than 3 db over the frequency

range of 80 to 8000 cycles. The load impedance to which the output is delivered is

10 ohms. The design includes selection of tubes, circuit layout, circuit constants,

provision for volume control, specification of transformer constants, design of filter

systems to prevent regeneration, etc., as well as calculation of expected frequency

response. In order to obtain the required frequency response, it is permissible to use

equalization provided the constants and performance of the equalizer are specified.

20. Redesign the amplifier of Prob. 19 to provide sufficient negative feedback in the

power stage to reduce the distortion otherwise appearing in the output by a factor of 5.

21. Design a Class C amplifier (including tank circuit) employing a Type 852

(or other) tube (see Table IX) when* the plate voltage is 2500 and the frequency of

operation is 7500 kc. Use tube characteristics from a tube manual and calculate the

expected performance, using the approximate method. Include provisions for

neutralizing in the design.

22. In the amplifier tube used in the example of Sec. 61, calculate the performance

when the following changes are made in the design: (a) plate voltage increased to

1500 volts; (b) angle of flow changed to 90°. In each case make whatever changes in

unspecified quantities are necessary to obtain optimum performance while keeping

within the allowable plate dissipation and filament emission. Tabulate results of

this problem along with those of the example and discuss the differences observed.

23. o. If the coupling to the load in a properly adjusted Class C amplifier is removed,

the d-c plate current will decrease to a small fraction of its original value, while the

d-c grid current will increase somewhat. Explain the reasons for this.

6. If in (a) the removal of the load causes only a moderate decrease in d-c plate

current (such as 50 per cent), what does this mean?
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24. Design a screen-grid Class C amplifier using a Type 865 screen-grid tube (see

Fig. 76 and Table IX) operating at a plate potential of 625 volts and a frequency
of 4000 kc.

25. Design a harmonic generator for the fourth harmonic using the same tube
as in the example of Sec. 63, for angles of flow of (a) 45°, (b) 67^°, (c) 90°, using the
approximate method of analysis. Tabulate the results for the three cases together
with the results for the second harmonic in the example, and discuss the differences.

26. Design a harmonic generator for the second harmonic, using a Type 852 or
other assigned tube. Make calculations by the approximate method, and make use cf

data in tube manuals to get the necessary tube data.

27. Design a linear amplifier to handle a completely modulated wave using a Type
800 tube of Fig. 75. In this design use the approximate method to determine the
proper load impedance and other operating conditions. From the results calculate

the approximate carrier output obtainable, and the plate efficiency and plate losses

when the carrier is (a) unmodulated; (6) completely modulated.
28. Derive Eq. (174).

29. Calculate the linearity curve for the amplifier of Prob. 27 and from this deter-

mine the second- and third-harmonic distortion produced in the envelope of a com-
pletely modulated wave. Neglect the distortion of the exciting voltage caused by the
variable exciting power required by the linear amplifier.



CHAPTER VIII

VACUUM-TUBE OSCILLATORS

65, Vacuum-tube Oscillator Circuits.—A vacuum tube is able to

act as an oscillator because of its ability to amplify. Since the power

required by the input of an amplifier tube is much less than the amplified

output, it is possible to make the amplifier supply its input. When

<oi> Hartley Circuit-Series Feed' (b)HartleyCircuit-ShuntFised <c> Colpitts Circuit
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Fig. 187.—Typical oscillating circuits. In each case the frequency is determined by

a resonant circuit* and the arrangement is such that the tube acts as an amplifier supplying

its own input voltage.

this is done, oscillations will be generated and the tube acts as a power

converter that changes the direct-current power supplied to the plate

circuit into alternating-current energy in the amplifier output.

Any amplifier circuit that is arranged to supply its own input voltage

in the proper magnitude and phase will generate oscillations. Many
circuits can be used for this purpose, of which a number are shown in

Fig. 187. In general, the voltage fed back from the output and applied

to the grid of the tube must be approximately 180° out of phase with

the voltage existing across the load impedance in the plate circuit of

the amplifier, and must have a magnitude sufficient to produce the output

power necessary to develop the input voltage. In the Hartley and

Colpitts circuits this is accomplished by applying to the grid a portion

of the voltage developed in the resonant circuit. In the Meissner and

349
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the two feedback circuits, mutual inductances are employed, while the
tuned plate-tuned grid circuit transfers energy to the grid tuned circuit

through the grid-plate tube capacity. All the circuits shown in Fig.

187 except that at Fig. 1876 use series feed in the plate circuit, but it is

possible to employ shunt feed; in fact, the shunt feed is usually preferred

in practical cases.

The frequency at which the oscillations occur is the frequency at

which the voltage fed back from plate circuit to the grid is of exactly

the proper phase and magnitude to enable the tube to supply its own
input. In oscillators associated in some way with a resonant circuit,

as are all those of Fig. 187, the frequency of oscillation approximates
very closely the resonant frequency of this circuit.

66. Design and Adjustment of Power Oscillators. 1—Oscillators in

which the object is to produce appreciable power output are adjusted
so that the tube operates as a Class C amplifier. The only difference

insofar as voltage and current relations, calculation of performance, etc.,

are concerned is that, since the oscillator must supply its own excitation,

its output is less than that of the corresponding Class C amplifier by the
grid driving power.

The real difference between power oscillators and Class C amplifiers

is in the circuits, since the oscillator must be arranged to supply its. own
excitation and must also operate with a grid-leak bias. Furthermore,
where stability of frequency is important, additional considerations are

involved in the circuit design, as discussed in Sec. 67. In particular

the effective Q of the tank circuit must be as high as possible if frequency
stability is important, even though this involves some sacrifice in tank-

circuit efficiency.

Grid-leak bias is necessary in order to make an oscillator self-starting

and to insure stable operation under the desired voltage and current

relations. The use of a grid leak makes the oscillator self-starting

because, when the electrode voltages are first applied, the grid bias is

zero, making the plate current and hence the amplification large. Any
thermal agitation or transient voltage of the frequency of the resonant
circuit will hence be amplified and thereby start the building up of oscil-

lations. These oscillations cause the grid to draw current which biases

the grid negative as a result of the grid-leak resistance. This reduces
the d-c plate current and hence the amplification of the tube, until

ultimately an equilibrium is established at an amplitude such that the
plate current is reduced to the point where the amplification is exactly

one, i.e., where the power generated in the output is just able to sustain

1 An excellent and exhaustive treatment of vacuum-tube oscillators is to be found
in the series of articles by D. C. Prince, Vacuum Tubes as Power Oscillators, Proc.
I.R.E., vol. 11, pp. 275, 405, 527, June, August, October, 1923.
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the amplitude of oscillations required to produce this power, and where

there is no surplus remaining to cause further increase in amplitude.

This equilibrium normally occurs when the minimum plate potential is

quite small, approximating the values commonly considered desirable in

Class C amplifier operation. When a fixed grid bias is used with Class C
operation, oscillations cannot build up when the plate voltage is applied

because the grid bias is greater than cut-off.

In order to achieve stability, it is necessary that a decrease in the

amplitude of the oscillations increase the amplification, for otherwise a

minute irregularity producing a small decrease in amplitude will cause

the amplification to become less than the equilibrium value of unity.

This results in further progressive decreases in amplitude and the ulti-

mate dying out of the oscillations. The grid leak ordinarily meets the

requirement for stability because any decrease in the amplitude of oscilla-

tions also reduces the bias developed by the grid-leak arrangement,

thereby tending to maintain the same maximum grid potential even with

less excitation. In contrast with this, reduction in amplitude with fixed

bias reduces the amount the grid is driven positive, which tends to reduce

the output and produce instability.

The design of a power oscillator, as far as the operating conditions

of the tube are concerned, can be carried out on paper exactly as for a

Class C amplifier. Among other things, this determines the alternating

grid and plate voltages desired. The ratio of these fixes the relative

coupling from the tank circuit to the grid and plate circuits, while

the absolute magnitude of the couplings must be such that, with the

expected power output delivered to a tank circuit having the appropriate

effective Q, the voltages will have the proper magnitude. The details

involved are made clear by the example given below. The grid con-

denser must be large enough to have a low reactance compared with the

grid-leak resistance, and it should be at least five to ten times the grid-

cathode tube capacity. At the same time the capacity must not be so

large as to cause intermittent oscillations as discussed below. When

shunt feed is employed, the inductance of the shunt-feed choke is effec-

tively in parallel with a portion of the tank circuit; in order to keep the

circulating current and hence losses in the choke low, the choke induc-

tance should be at least five to ten times the inductance of the tank circuit.

Example.—An oscillator is to be designed to operate under the same conditions

as the Class C amplifier of Sec. 61, using a Hartley circuit having an effective Q of 50.

Assuming the grid and plate taps are to be at the ends of the tank-circuit inductance,

the total alternating voltage across the tank circuit will be the sum of the exciting and

alternating plate voltages, or 254 + 850 = 1104 volts. The filament tap is located

so that the ratio between grid and plate voltages is ^/sso- The tank-circuit induc-

tive reactance WL required is found by Eq. (172) to be (1 104/V2) 7(56 X 50) = 218

ohms for a tank-circuit power of 56 watts. From this the required tank-circuit indue-
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tance and capacity for any frequency can be calculated. The tank-circuit circulating

current is 110%is = 5.06 amp. crest. Since the grid bias required is 134 volts, with
an estimated grid current of 0.0135 amp., the grid-leak resistance can be estimated as

134/0.0135 = 10,000 ohms. The grid condenser capacity should be large enough to

be an effective short circuit to the grid-leak resistance at the operating frequency,

but not so large as to cause intermittent oscillations (see below).

If the grid and plate connections were not made to the ends of the coil, the voltage

across the tank circuit would have to be increased accordingly and a higher tank-
circuit inductance would be required to obtain the required conditions with the same
effective circuit Q. If other oscillator circuits than the Hartley had been employed,
minor modifications to this generaj. procedure would be necessary.

Adjustment of Power Oscillators.—The method to be followed in

adjusting a power oscillator depends upon the completeness with which
the paper design has been carried out. When the design has been worked
out to the point where the couplings of grid and plate electrodes to the
tank circuit have been determined, as well as the coupling required

between the load impedance and the tank circuit to give the desired Q,
and when these appropriate couplings have all been realized by means of

measurements or calculations, the adjustment is very simple. One
starts with a grid-leak resistance that will give the desired bias with
the estimated grid current, notes the grid bias actually obtained as

the oscillator operates, and readjusts the grid-leak resistance until the
desired bias is realized. The tube will then be operating under the

design conditions. . ,

*

More commonly the design is carried only to the point where the
desired operating conditions for the tube have been determined, as well

as the required tank-circuit inductance, capacity, and current. It is

then necessary to adjust the load coupling; the grid, plate, and filament

taps (or couplings) ; and the grid-leak resistance by trial until the desired

operating conditions are realized. The simplest procedure for doing
this is to place a thermocouple ammeter in series with the tank circuit,

make the coupling between the load and tank circuit small, and use a
grid-leak resistance that will give the desired bias on the basis of the
estimated grid current. The coupling between the grid and tank circuits

is then set by guesswork to a reasonable value, and the coupling from
tank to plate circuits is varied until the expected tank-circuit current is

obtained. Next, the coupling to the load is increased until the d-c
plate current is as close as possible to the expected value, after which the
input power, output power, plate efficiency, and grid bias are noted.
The coupling from tank circuit to grid circuit is then adjusted to realize

more nearly the desired conditions, keeping in mind that closer coupling
to the grid will increase the maximum grid potential but will reduce the
angle of flow, as explained below. After the best adjustment of the
grid excitation has been obtained, the plate coupling, load coupling, and
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grid coupling are readjusted in sequence over and over again, always

working toward the desired operating conditions. As these begin to be

approached, it is also necessary to change the grid-leak resistance at the

end of each sequence in order to approach the desired grid bias.

If an ammeter is not used to read the tank-circuit current, it is then

necessary to start by arbitrarily selecting a reasonable coupling between

the tank and plate circuits, after which the proper excitation, load

coupling, and grid-leak resistance are derived as above. If the final

results obtained in this way make the tank-circuit loss too great or the

effective Q of the tank circuit too low, then it is necessary to change

the coupling between tank and plate circuits and repeat the entire

adjustments.

The trial-and-error adjustment of oscillators can be systematized by

keeping in mind the fact that oscillators adjusted for reasonable efficiency

have the following characteristics: (1) The bias is determined primarily

by the exciting voltage because the grid current normally increases so

rapidly as the maximum grid potential is increased that the bias auto-

matically adjusts itself so that the grid is driven moderately but not

excessively positive. Increasing the excitation accordingly increases

the bias and reduces the angle of flow while at the same time increasing

the maximum grid potential somewhat. (2) The maximum positive grid

potential E^ is determined both by the exciting voltage and by the

grid-leak resistance, being greater as the grid-leak resistance is reduced

or as the excitation is increased. (3) The tank-circuit current is deter-

mined primarily by the coupling between the tank circuit and plate

circuit of the tube, since the tank current is normally such that the crest

alternating voltage developed between plate and cathode is just less

than the plate-supply voltage. Hence more coupling between the plate

and tank circuits reduces the tank-circuit current. (4) The minimum

plate potential E^ is determined largely by the coupling between the

load and the tank circuit, as is also the d-c plate current. Close coupling

increases the dissipation in the load for a given tank-circuit current.

This tends to reduce the amplitude of oscillations, thereby increasing the

minimum plate potential and increasing the d-c plate current which the

plate draws. (5) The grid current is determined by the exciting voltage,

grid-leak resistance, and load coupling, and for practical purposes is

fixed by the maximum grid voltage E^ and the minimum plate potential

E
Factors Controlling Amplitude of Oscillation.—The factors affecting the

amplitude of oscillation of a properly adjusted power oscillator are the

load coupling, the anode voltage, and the frequency. With proper

adjustment, equilibrium is always obtained with an amplitude such

that the minimum plate potential is small compared with the plate-supply
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voltage. This condition is maintained under widely varying conditions

because the d-c plate current is quite sensitive to changes in the minimum
plate potential E^, and hence causes large changes in power output for

small changes in amplitude of oscillations. Thus, if the plate-supply

potential is varied, the alternating plate-cathode voltage is changed
almost in proportion. Likewise, if the frequency is changed by varying
the capacity of the tank circuit, the current in the tank circuit will be
almost exactly inversely proportional to frequency because the voltage

across the tank circuit tends to be constant even if the inductive reactance
uL of the tank circuit varies with frequency.

Varying the resistance of the tuned circuit has relatively little effect

on the amplitude of the oscillations but does change the d-c plate current.

This is a result of the fact that, when the resistance of the resonant circuit

is increased, it is impossible for the oscillations to maintain their ampli-
tude, inasmuch as the original oscillating current in flowing through the
added resistance causes more energy to be consumed in the resonant
circuit than is supplied from the plate-voltage source. The result is that
immediately upon the insertion of additional resistance the amplitude
of the oscillations becomes less. This makes the minimum plate voltage
larger, increasing the amplitude of the plate-current impulses and
resulting in the resonant circuit receiving additional energy. The ampli-
tude of oscillations then assumes a new equilibrium point at which the
enlarged plate-current impulses supply sufficient energy to the resonant
circuit to maintain the oscillations with the higher resistance circuit.

Inasmuch as the amplitude of the alternating plate-cathode voltage
need decrease only a small percentage in order to increase greatly the
amplitude of the plate-current impulses, the main result of adding
resistance to the oscillating circuit is to increase the direct current drawn
from the plate-supply source, while the amplitude of the oscillations, the
grid exciting voltage, and the grid bias are affected relatively much less.

Intermittent Operation.—When a grid leak is used to develop the grid

bias, it is sometimes found that the oscillations are periodically inter-

rupted. These interruptions may be at an audible rate or they may be
at a radio frequency. They are the result of an excessively large time
constant RgCg for the grid-leak grid-condenser combination, and they
can be cured either by decreasing the grid-leak resistance or by reducing
the grid-condenser capacity, or both.

Intermittent operation arises from the fact that, when the time
constant RgCB of the leak-condenser combination is large, the bias voltage
across the leak adjusts itself slowly to sudden changes in the amplitude
of oscillation. If this rate of adjustment is so slow that oscillations can
die out before the bias voltage can change appreciably, then with sudden
changes in amplitude the action is very much as though one had a fixed
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bias; and as already explained, this leads to instability. The process
involved in intermittent operation is therefore as follows: The oscillations

first build up in amplitude to the equilibrium condition. Any slight

irregularity tending to reduce the amplitude of oscillations will then
cause the oscillations to die out because, with the large time constant
RgCg, the bias tends to remain constant, whereas, in order to prevent the
oscillations from dying out, it is necessary for the bias to reduce as
the amplitude of oscillations reduces. After cessation of oscillations the
grid condenser gradually discharges through the grid leak, reducing the
bias until the tube will again amplify. An oscillation thereupon builds
up again to the equilibrium value, to repeat the process.

Blocking.—The phenomenon of blocking appears as a sudden stop-
page of oscillations, accompanied by a reversal of grid current and an
increase of plate current to a value much higher than can be obtained with
the full direct-current supply voltage and zero grid potential. A high-
power tube is usually destroyed by blocking, since the energy dissipated
at the plate is enormous. Blocking is caused by operating conditions
that permit secondary electron emission to take place at the grid to such
an extent that the grid loses more electrons by secondary emission than
it gains from the cathode by direct flow. This causes a reversal of the
grid current, resulting in the development of a positive grid-bias voltage
by the grid leak, and consequently an excessive plate current flows. In
order that blocking may exist, it is necessary that the minimum instan-
taneous plate voltage and the maximum instantaneous grid potential
obtained during the cycle both be high and that the grid leak have a high
resistance. Blocking, when it occurs, is the result of attempting to force
the output of the oscillator by increasing the load resistance coupled into
the plate circuit. This results in a reduction in the amplitude of oscilla-

tions, which increases the minimum plate voltage. If the grid excitation
is then increased, the secondary electron emission at the grid will be
increased because of the increased positive potential reached by the grid.

.
Under unfavorable conditions this will cause the net grid current to
become less, which reduces the grid bias and makes the maximum positive
grid potential still greater, causing a further reduction in the grid current,
and so on.

In order for blocking to occur, the grid must emit secondary electrons.
In modern air-cooled tubes the grid structures have usually been so treated
that the grid current will never reverse under conditions encountered in

ordinary operation, so that blocking cannot occur in these tubes. How-
ever, with water-cooled tubes, or where very high electrode voltages are
employed, it is not always possible to construct the tube in such a way
that negative grid current can be avoided. Such tubes are therefore
susceptible to blocking, and either must be operated with considerable
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care or must be provided with a rectifier arrangement as. shown in Fig.

188, which has the resistance R adjusted so that the rectified current

always exceeds the most negative grid current obtainable. In this

way the current through the grid leak can never reverse, and all pos-

sibility of blocking is avoided.

Tubes for Power Oscillators.—The same tubes are used for power

oscillators as are employed for triode Class C power amplifiers (see Sec

62). For output powers up to about 1 kw. this means that air-cooled

tubes are used, while water-cooled tubes are

RQ
%tc7iPfedcurren!" employed where greater power is required.

^

67. Frequency and Frequency Stability

of Generated Oscillations.— The alternating

current generated by the vacuum-tube oscilla-

tor has a frequency such that the voltage

which the oscillations apply to the grid of the

tube is of exactly the proper phase to produce

Fig. 188.—Oscillator pro-
t^e oscillations that supply the required grid

£"he ^IS^o, * exciting voltage. This approximates the

negative grid current, with the res0nant frequency of the tuned circuit, but
resulting possibility of blocking. ^ ^^ ^^ .

g ^^^ influenced by

such factors as the effective Q of the tuned circuit, the electrode

voltages of the tube, the load coupling, etc.

For many requirements it is essential that the generated frequency

be as nearly constant as possible over both short and long time intervals.

The first step in achieving this is to maintain the resonant frequency

of the tank-circuit constant. Factors that can cause the resonant

frequency to change are aging, variation of inductance and capacity

with temperature, variations in the interelectrode capacity of the oscil-

lator tube as a result of changes in temperature or tube replacements, and

variations in the reactance that the load couples into the tuned circuit.

Temperature effects are particularly troublesome because the energy

dissipated in the circuit causes progressive heating that is very difficult

to compensate for. The temperature coefficient of tuned circuits

depends upon the construction, but is commonly in the range 10 to 100

parts in a million per degree centigrade.

Constancy of the resonant frequency of the tank circuit does not

insure a stable frequency, however, since the frequency actually generated

normally differs from the resonant frequency of the tuned circuit by an

amount that depends upon the resistance of the tank circuit, the load

resistance coupled into the tank circuit, and the plate-supply, bias, and

filament voltages. This can be understood by considering what would

result if the oscillations were at the resonant frequency of the tuned

circuit in some typical case. Thus take the Colpitts circuit of Fig. 189a
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and simplify by assuming that the shunt-feed choke has infinite reactance,

that the grid condenser has negligible reactance, that the grid current is

negligibly small, and that the grid-leak resistance is infinitely large. The

only factors affecting the frequency are then the tank-circuit resistance

and the coupled load resistance. This leads to the equivalent circuit of

Fig. 189&, which leads to the vector diagram of Fig. 189c when the

frequency is the resonant frequency of the tank circuit. Here —fiEgf
represents the effective voltage acting in series with the plate circuit

of the tube. Since the tank circuit offers a resistance load at its resonant

frequency, the voltage Epf across the tank circuit is in phase with — p.Egf .

The current iL flowing through the inductive branch of the tuned circuit

lags Epf by an angle a that is slightly less than 90° as a result of the

resistance in the coil and whatever load resistance is coupled into the

(a) Actual circuit

QricHeakresistance

„ 6:

,1 r^ 5f \Shunt

,m*^ %
G
oie

(c) Vector diagram for resonant
frequency oftuned circuit

Epf
a> >

-

ft Egf

(b) Equivalent circuit

,'Effectiveplate resistance

-P

(d) Vector diagram for actual
frequency ofoscillation

va° ,.&
k
Eof

Fig. 189.—Circuit of Colpitts oscillator, together with simplified circuit, and vector

diagrams showing how tank circuit resistance makes it necessary for the actual frequency

to differ slightly from the resonant frequency.

coil inductance. This current also flows through the condenser C2 and

produces the voltage Egf, which lags the current iL by 90° and is applied

to the grid of the tube. This grid voltage should be such as to produce

the voltage — fiEgf acting in series with the plate, but it fails to do so

because the frequency was assumed to be the resonant frequency of the

tank circuit.

In order for the voltage on the grid to have exactly the required

phase (i.e., for vector Egf and —pEaf to be in phase opposition), it is

necessary for the frequency of oscillation to be slightly higher than the

resonant frequency of the tuned circuit, as is the case in Fig. 189d.

The amount of this frequency deviation obviously depends upon, the

resistance of the tuned circuit, and hence will change (with a resulting

variation in frequency) as the resistance of the circuit is varied, or as the

electrode voltages on the tube alter the effective plate resistance. If,

in addition, the effect of the grid current, grid-leak resistance, grid-

condenser capacity, shunt-feed choke, etc., are taken into account, the
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situation is more complicated, but the results are of the same general

character.

It is apparent from the above discussion that the frequency stability-

will be highest when the oscillations tend naturally to occur at a frequency
that differs as little as possible from the frequency of the tuned circuit.

Under these conditions the things that affect the difference between the

actual and resonant frequency will have proportionately less effect

upon the frequency.

The most important factors contributing to the stability of frequency
with variations in electrode voltages, particularly plate supply and
filament voltages, are the effective Q of the tank circuit, the constants of

the circuits associated with the oscillator tube, and operation so that the

power output is relatively small. A high tank-circuit effective Q is

important because the frequency change required to compensate for

the phase shift resulting from a change in effective plate resistance,

etc., is inversely proportional to Q, with the result that the frequency
stability is directly proportional to the tank-circuit Q. At the same
time, use of a high tank-circuit Q has the disadvantage that it means
the load must be loosely coupled, thereby lowering the tank-circuit

efficiency and reducing the power output. This
?
together with the fact

that frequency stability is. improved by operating the tube so that the

alternating currents flowing to the grid and plate electrodes are small

(i.e., operation with low power output) means that high frequency
stability and large power output are mutually incompatible. In the

Hartley, Meissener, and other circuits in which inductive coupling is

employed, it is also helpful to use the largest possible coefficients of

coupling between the grid and plate coils of the tank circuit in order to

reduce the leakage inductances that would otherwise produce phase
shifts between the grid and plate alternating voltages.

The frequency of oscillation can be made to approach the resonant

frequency of the tuned circuit by inserting suitable reactances in series

with the grid or plate electrodes or both. 1 Analysis shows that the

impedance required is to a first approximation independent of the elec-

trode voltages of the tube, so that by the use of such compensating
reactances it is possible to make the frequency largely independent of

the tube conditions. Figure 190 shows how these impedances are

inserted under various conditions, and also gives the equations that

determine the magnitude of the reactances for the ideal case where
the effective tank circuit Q is extremely high. In this ideal case the

compensation is perfect and the frequency is absolutely independent
of tube voltages. In an actual case the compensating reactances must

1 For an excellent discussion of such oscillators, see F. B. Llewellyn, Constant-
frequency Oscillators, Proc. I.R.E., vol. 19, p. 2063, December, 1931.
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Output

(a) Neutralized electron -coupled oscillator

be adjusted by trial, and the compensation, although not perfect, still

represents a marked improvement in independence of frequency from
tube variations. It will be noted that in some cases the required react-

ance can be supplied by a suitable choice of grid condenser or plate
blocking condenser capacity.

Master-oscillator—Power amplifier and Electron-coupled Arrangements
for Realizing High Frequency Stability.—The difficulty of obtaining
appreciable power output with high frequency stability has led to the
use of master-oscillator power-amplifier arrangements. Here an oscil-

lator designed to have high frequency stability is used to excite the grid

of a Class C power amplifier. In this way the oscillator operates with
the lowest possible load and hence

under conditions that are highly
favorable for frequency stability,

while the power amplifier is utilized

to develop the output power required.

It is essential that the Class C ampli-

fier be operated so that the grid

current it draws is small. This is

because the grid current depends upon
the load impedance in the plate circuit

of the amplifier, and, if the grid cur-

rent is not small, variations in the

output circuits of the amplifier will

produce appreciable reaction upon the

oscillator. When a master-oscillator

power-amplifier arrangement is prop-
erly designed and is operated so that the tank circuit is either at

constant temperature or is compensated so that it has the same
resonant frequency over ordinary temperature ranges, a frequency sta-

bility of the order of 20 to 100 parts per million can readily be maintained.
The master oscillator and power amplifier can be combined into one

tube by using a screen-grid or pentode tube as illustrated in Fig. 191. *

Here the cathode, control grid, and screen grid are operated as a triode

oscillator with the screen serving as the ordinary anode. Only a few
electrons are intercepted by the screen, but these are enough to maintain
the oscillations. The remaining electrons, whic^ represent most of

the space current, go on to the plate and produos the power output by
flowing through the load impedance that is con/? jcted in series with the

plate electrode. This plate current is controlled by the oscillator portion

1 For further information on such oscillators, see J, B. Dow, A Recent Develop-
ment in Vacuum-tube Oscillator Circuits, Proc. I.R.E., vol. 19, p. 2095. December,
1931.

(b) Pentode electron-coupled oscillator

Fig. 191.—Electron-coupled oscillator

circuits.
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of the tube, but, since the plate current of a pentode or screen-grid tube

is independent of the plate potential (and hence of the load impedance

in the plate circuit) if the minimum plate potential is not too low, there

is no reaction between the output circuit and the oscillator section of the

tube. 1 This arrangement is called an electron-coupled circuit because

the oscillator and the output circuit are coupled by the electron stream.

In the case of screen-grid electron-coupled oscillators, increasing the

plate voltage causes the frequency to vary in one way while increasing

the screen voltage causes the frequency to vary in the opposite direction.

Hence by obtaining the screen potential from a voltage divider, as shown
-in Fig. 191a, and by locating the screen tap at the proper point (as

determined by trial), it is possible to make the frequency independent

of the plate-supply voltage.

Oscillators Employing Resonant Lines.—In this type of oscillator the

resonant circuit that controls the frequency is supplied by a resonant

transmission line by taking advantage of the fact that a transmission line

short-circuited at the receiving end and an odd number of quarter wave
lengths long acts as a parallel resonant circuit. When the frequency is

sufficiently high so that the length required is physically short, it is

possible by suitable design to obtain circuit Q's ranging from 1000 to

100,000, with values of 10,000 quite practicable under most circumstances.

The line can be of the two-wire or of the concentric-conductor type, with

the latter having the advantage of no external field and zero radiation

losses, but with the disadvantage that adjustments are more difficult.

For maximum Q the conductors must be properly proportioned with

respect to their spacings. Furthermore the maximum circuit Q is

proportional to the square root of the frequency, is independent of the

number of quarter wave lengths in the line, and is directly proportional

to the size of conductor. 2

The very high Q obtained by the use of resonant lines is a result of the

fact that this construction minimizes skin effect by arranging the surface

of the conductor parallel with the magnetic flux lines. The increase

1 In the case of screen-grid tubes it is necessary to neutralize the electrostatic

coupling between plate and the screen, as shown in Fig. 191, if reaction through

electrostatic coupling is to be avoided. The same is true of pentodes other than

radio-frequency pentodes.
2 A detailed discussion of the properties of resonant lines when used as tuned

circuits is given by F. E. Terman, Resonant Lines in Radio Circuits, Elec. Eng.,

vol. 53, p. 1046, July, 1934. In this paper it is shown that the circuit Q is given by the

relation

Q = Ayff b (176)

where

/ = frequency in cycles

b = inner radius of the outer conductor in the case of a concentric line, or the
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in Q as the frequency increases results from the fact that, although the

skin-effect resistance is proportional to the square root of frequency,

the length of line required for a quarter wave length is inversely propor-

tional to frequency, so that, as the frequency, is increased, the length

reduces faster than the skin effect increases. Resonant lines are hence

particularly suitable for use at extremely high frequencies, since then

the Q is high and the physical dimensions are small.

A practical oscillator circuit utilizing a resonant transmission line

to control the frequency is shown in Fig. 193. This is a tuned-plate

tuned-grid type of oscillator with the grid tuned circuit supplied by the

high-Q resonant line and the plate tuned circuit supplied by a conven-

tional coil and condenser arrangement to which the load is coupled.

In an arrangement of this sort the grid tuned circuit controls the fre-

quency, and, because of the extremely high Q obtained with the resonant

line, the frequency is substantially independent of ordinary variations

in supply voltages or load coupling. For maximum frequency stability

the resonant line must be loosely coupled to the grid of the tube in order

that the grid losses will be relatively small compared with the circulating

energy in the line. This is accomplished by connecting the grid to the

line at a point relatively close to the shorted end. 1

At frequencies above 10 to 20 mc the frequency stability of a reso-

nant-line oscillator is of the same order of magnitude as obtainable with

spacing between conductors in the case of a two-wire line, measured in centi-

meters

A — a constant depending upon the line proportions and given in Fig. 192.
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Pig. 192.—Value of A for use in Eq. (176). This neglects radiation from line.

1 This and other circuit arrangements developed by RCA for utilizing resonant

lines to control the frequency of power oscillator are described by C. W. Hansell,

Resonant Lines for Frequency Control, Elec. Eng., vol. 54, p. 852, August, 1935.
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Blocking ,'%£

.

condenser! ^noke
Load

Tap on'
line

Grid leak Regeneration
control

Fig. 193.—Circuit of practical

vacuum-tube oscillator employing reso-

nant line to control frequency.

crystal control if the line is provided with means to maintain the line

length constant with variations in room temperature. At the same time

the resonant line has the advantage of simplicity, since large amounts of

power can be generated by the oscillator tubes and delivered directly

to the load without the necessity of power amplifiers.

Oscillators with More Than One Resonant Frequency.—When the

electrical network associated with an oscillator tube involves more than

one tuned circuit, it may be possible

to have two frequencies of oscillation.

When these two frequencies are widely

different, as is commonly the case when

one is dealing with parasitic oscillations,

it will ordinarily be found that both

oscillations will exist simultaneously,

with the high-frequency oscillation being

modulated by the low-frequency oscilla-

tion. On the other hand, if the two

possible frequencies of oscillation are quite close together, it is usually

found that only one oscillation exists at a time, since the one that gets

established first suppresses the other.

A particularly interesting and important case involving two resonant

circuits arises when the load is supplied by a tuned circuit that is coupled

to the tank circuit of the oscillator. If the coupling between the two

tuned circuits is sufficiently close, there are two possible oscillation

frequencies corresponding to the two humps in the coupling curve dis-

cussed in Sec. 17. The particular oscillation obtained will then be a

matter of chance, and momentary stoppage of oscillations or merely

a transient may cause the frequency to jump to the other possible value.

The remedy for this situation is either to detune one of the circuits in

such a way as to discriminate against one of the possible oscillations or to

reduce the coupling to the point where the volt-amperes in the secondary

are less than the volt-amperes in the primary. This latter condition is

obtained when the coefficient of coupling between the two oscillator

circuits is less than the reciprocal of the effective Q of the secondary. 1

Frequency Range of Oscillators.—The lowest frequency obtainable

from an oscillator is limited only by the fact that, as the resonant fre-

quency of the tank circuits is lowered, there is increasing difficulty ir)

obtaining a reasonable circuit Q with reasonable physical dimensions.

Frequencies of the order of 5 to 15 cycles a second can, however, be

readily obtained with tuned circuits employing iron-cored coils.

1 Further discussion of problems involved in oscillators employing two circuits

tuned to the same frequency is given by D. C. Prince, loc. cit.
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The high-frequency limit of large tubes is set by the resonant fre-

quency obtained when the capacity of the tank circuit consists only of

the interelectrode capacity of the tube and when the inductance is the

inductance of the shortest possible leads between electrodes. In the

case of tubes physically small, such as the "acorn" tubes, the frequency

limit is so high that the low input resistance resulting from the finite

transit time is a further limit. With suitable tubes considerable power

can be readily obtained at frequencies of 150 to 300 mc, and oscillations

at frequencies exceeding 1000 mc can be obtained with "acorn" tubes.

The plate efficiency and hence power output always decrease rapidly

as the high-frequency limit of a tube is approached, and this, coupled

with the fact that tubes for generating the highest frequencies must be

physically small, means that very little power is obtainable at the highest

frequencies. 1

68. Parasitic Oscillations. 2—The term parasitic is applied to any
undesired oscillation occurring in an oscillator or power amplifier.

Such oscillations are commonly encountered when large tubes are

employed; they are to be avoided because they absorb power that would

otherwise go to generating useful output and because they also often

produce excessive voltage stresses in portions of the circuit. In addition,

parasitic oscillations will normally cause distortion in linear amplifiers,

modulators, and Class A and Class B audio amplifiers. Low-frequency

parasitic oscillations will also modulate a carrier wave either at an audio

or at a low radio frequency. A rough note from the output also nearly

always indicates parasitic oscillations.

Examples of Parasitic Oscillations.—Parasitic oscillations result from

the fact that, when the tube capacities, lead inductance, shunt-feed

chokes, etc., are all taken into account, it is usually found that several

possible modes of oscillation can exist in addition to the desired type of

operation. The nature of these parasitic circuits and the means for

preventing them from giving rise to oscillations can be understood by
considering several typical examples. Consider first the simple Class C
amplifier circuit of Fig. 194a. At very high frequencies this reduces

to the circuit of Fig. 1946, which is a tuned-plate tuned-grid oscillator

circuit with the grid and plate tuning capacities supplied by the grid-

filament and plate-filament tube capacities, respectively. The grid

inductance L\ and plate inductance L 2 are supplied by the inductance

of the leads between these two electrodes and ground through the tuning

1 For further discussion of oscillators for very high frequencies, see M. J. Kelly

and A. L. Samuel, Vacuum Tubes as High-frequency Oscillators, Elec. Eng., vol. 53,

p. 1504, November, 1934.
2 For further information see G. W. Fyler, Parasites and Instability in Radio

Transmitters, Proc. I.R.E., vol. 23, p. 985, September, 1935.
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capacities Ci and C2, which can be considered as short circuits at the
parasitic frequency. It will be noted that the neutralization is not
effective because the* coil Lp does not participate in the parasitic oscilla-
tion. Instead, the neutralizing condenser in series with the inductance
of its leads merely forms a shunt across L x to ground through C2 , modify-
ing the resonant frequency of the grid tuned circuit. The circuit shown
at Fig. 1946 will oscillate provided the plate tuned circuit offers inductive

(oi) Actual circuit

Insert choke

Insertresistance .¥

(b) Circuit of parasitic
oscillations

.Cn+ C,

Fig. 194. Typical Class C amplifier circuit, showing how high-frequency parasitk
oscillations are possible.

reactance at the resonant frequency of the grid tuned circuit. The
remedy for such parasitic oscillations is to insert either a resistance in
series with the grid or a choke coil in series with the plate, as shown in
Fig. 194a. Such a resistance is directly in series with the grid tuned
circuit, and so reduces the tendency to oscillate at the parasitic frequency.
The plate choke reduces the resonant frequency of the plate tuned circuit,
causing it to offer a capacitive reactance at the resonant frequency of

<a)Actual circuit
(b) High-frequency

parasitic circuit

\pr& ^n + Cgp

<¥[ I l

Cpf
l

(c) Low- frequency
parasitic circuit

lA
C,+ C', + C

gf *C2+C'2+Cpf

Fig. 195.—Neutralized push-pull amplifier, showing how the tubes can operate in parallel
to produce a high-frequency parasite and also a low-frequency parasite.

the grid tuned circuit, and thereby produces a non-oscillatory condition.
Neither grid resistance nor plate choke have appreciable effect on the
desired mode of operation because they are not in series with the resonant
circuits effective for normal operation.

Next consider the push-pull circuit of Fig. 195a. An arrangement
of this sort is commonly troubled with a high-frequency parasitic oscilla-
tion. At this high frequency the capacities Ch C/,' <72 , and CY are
effectively short circuits, which places the two tubes in parallel and leads
to the equivalent parasitic circuit of Fig. 1956, which is a tuned-plate
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tuned-grid arrangement, with the neutralizing capacity effectively in

parallel with the grid-plate tube capacity and so increasing the tendency

to oscillate. The inductance effective in the grid tuned circuit is the

inductance of the lead from grid to ground through the capacities C\ or

C\. The plate-circuit inductance is similarly the lead inductance, while

the tuning capacities are supplied by the tube. This type of parasitic

oscillation can be eliminated by inserting resistances in the grid circuits

next to the grids or by detuning the plate parasitic circuit by the use of

choke coils inserted in the plate leads next to the plates.

The circuit shown in Fig. 195a may also develop low-frequency

parasitic oscillations in which the grid and plate chokes participate. At
these low frequencies the grid and plate tuning inductances Lg and Lp

can be considered as short circuits, making the equivalent circuit have

the form shown at Fig. 195c, which is seen again to be a tuned-plate

tuned-grid circuit, with the grid and plate chokes now supplying the

tuning inductances. Since these chokes are large and are tuned by a

considerable capacity, the frequency of the corresponding parasitic

oscillation is commonly quite low. The remedy consists either in arrang-

ing the circuit proportions so that the plate tuned circuit is resonant to a

lower frequency than the grid tuned circuit, or, better yet, in eliminating

one of the chokes.

When tubes are connected in parallel, one can almost 'always expect

parasitic oscillations in which the two tubes operate in series. Thus
in Fig. 196a one finds that at a

(a) Actual circuit (b) Equivalent circuit very high frequency the normal

tuning capacities are essentially

short circuits; but the lead induc-

tances from grid to grid and plate

to plate in conjunction with the

Fig. 196.—Amplifier with parallel tubes, interelectrode capacities of the
showing how the tubes may act in push-pull to ,

f
, tnnprl trrid tiinpH-nlntp

produce a high-frequency parasitic oscillation,
piaue iorm a tunea-gria tUIied-piate

circuit, as illustrated in Fig. 1966,

which may produce parasitic oscillations unless grid resistors or detuning

plate inductances are employed. The neutralization has no effect

because to the parasitic oscillation the neutralizing condenser is between

points that are effectively at ground potential.

When a tube is operated so that there is sufficient secondary electron

emission at the grid to produce a negative resistance, high-frequency

oscillations of the dynatron type (see next section) may exist in the grid

circuit near the crest of each cycle of the exciting voltage even when
tuned-plate tuned-grid oscillations have been eliminated. These

oscillations are eliminated in large water-cooled tubes by a grid rectifier

such as is illustrated in Fig. 188, which neutralizes the negative resistance;
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they can usually be avoided in smaller tubes by slight changes in operat-

ing conditions.

The above examples are merely typical of what may be expected.

In actual practice it will be found that every new design of equipment has

its own peculiarities and its own special varieties of parasitic oscillations,

and the number of variations possible appears to be almost without

limit. Thus, as an illustration of the complexity of the problem, it is

sufficient to note that, in the first 500-kw broadcast transmitters devel-

oped, the final power amplifier developed approximately twelve varieties

of parasitic oscillations ranging all the way from audible to ultra-high

frequencies.

Miscellaneous Comments on Methods of Investigating and Eliminating

Parasitic Oscillations.—Parasitic oscillations can be expected as a matter

of course in any new design of power amplifier or power oscillator involv-

ing large tubes. The simplest method of investigating the presence of

parasitic oscillations in a Class C amplifier is to remove the exciting,

voltage, make the grid bias small or even zero, and operate with a plate

voltage lowered sufficiently to keep within the rated dissipation of the

tube. This insures a high mutual conductance and gives conditions

favorable for the excitation of most types of parasites. These oscilla-

tions can then be searched for by means of a neon lamp on a stick. When
the lamp is brought near a point of high voltage, it will glow, thus making

it possible to determine what parts of the circuit are involved in the

parasitic oscillation. After a parasitic oscillation has been thus located

and its frequency determined, the equivalent circuit can be deduced and

remedial means devised. It is commonly found that, upon the elimina-

tion of one parasitic oscillation, another oscillation of a different type will

appear, and that upon the elimination of this still other parasitic oscilla-

tions may start up.

Power oscillators are less troubled by parasitic oscillations than are

Class C amplifiers because the desired oscillation tends to suppress

parasitics. Nevertheless, high-frequency parasitic oscillations involving

the inductance of the grid and plate leads and the interelectrode capacities

of the tube can generally be expected with oscillators employing water-

cooled and large air-cooled tubes. These can usually be suppressed by a

resistance in series with the grid or a choke connected in the plate lead

next to the tube.

Screen-grid and pentode power amplifiers are practically immune
from most types of parasitic oscillations provided the screen grid is

really at ground potential, since then no energy transfer through the

tube is possible. However, the circuit from the screen-grid electrode

through the by-pass condenser to cathode has inductance, and, if this

circuit is not made as short as possible, the voltage drop in this inductance
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will be sufficient to prevent the screen from being at the cathode potential.

Feedback through the tube with the possibility of parasitic action will

Then be present.

Troubles from parasitic oscillations can be minimized by using simple

circuits arranged with the shortest possible leads. Neutralization sys-

tems that are symmetrical and so maintain the neutralization over a wide
frequency band are also helpful. It is also desirable to employ induc-

tive coupling to the input and output circuits of the tube rather than
capacitive or tapped inductance coupling. Shunt-feed chokes should

be avoided when feasible, and should not be employed in both grid and
plate circuits of the same tube. The remedies most commonly success-

ful in suppressing parasitic oscillations are the use of a resistance in

series with the grid lead of the tube, the use of a small inductance coil

in the plate lead next to the tube, and the use of as few radio-frequency

chokes as possible. When these methods fail, it is necessary to make a

. detailed study of the situation and to devise arrangements to satisfy the

circumstances.

69. Miscellaneous. Synchronization of Vacuum-tube Oscillators.—
Vacuum-tube oscillators have an inherent tendency to synchronize with

any other oscillation of approximately the same frequency that may be
present. The behavior of two oscillators loosely coupled together and
generating frequencies that are not widely different illustrates what can
be expected. If the two frequencies differ by only a small percentage,

they are both shifted from their normal values in such a way as to reduce

the difference. This attraction of the two frequencies becomes more
pronounced as the difference between the normal oscillating frequencies

is reduced and finally becomes so great that the oscillators pull into

synchronism. The extent to which the frequency of an oscillator can be
shifted from its normal value by the presence of currents of a slightly

different frequency will be greater as the strength of the injected currents

is increased and as the frequency stability of the oscillator is lowered. 1

It has also been found that, when currents having a frequency approxi-
mating a harmonic of the generated frequency are injected into the

oscillator circuits, there is a tendency for the generated oscillation to

synchronize its frequency with the injected currents in such a way that

a harmonic of the generated frequency is in exact synchronism with the

injected frequency. The tendency toward synchronization with a
harmonic of the generated oscillation is not so great as when both fre-

quencies are approximately the same. However, when the stability

of the oscillator whose frequency is being controlled is relatively low

1 A mathematical analysis of this phenomenon of synchronization for one particular

type of oscillating circuit is given in E. V. Appleton, Automatic Synchronization of

Triode Oscillators, Proc. Cambridge Phil. Soc, vol. 21, p. 231, 1922.
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and when the
; injected energy is relatively strong, it is not difficult to

maintain the oscillations at a frequency that is exactly one-half or one-

third of the injected frequency, and synchronization has been obtained

when the ratio of frequencies is as low as one-sixth. 1

Oscillators with More Than One Tube.—Since vacuum-tube oscillators

tend to synchronize automatically, there is no difficulty in operating two

or more tubes in parallel, and such arrangements can be used where

more power is desired than can be obtained from a single tube. How-
ever, it is usually preferable to use a single tube of larger capacity where

this is possible, because parasitic oscillations are very difficult to avoid,

when tubes are operated in parallel.

(«) PusVi-Pull Oscillator Circuit

(b)1ypiccil Symmetrical Circuit

HIHI

Fig. 197.—Typical symmetrical two-tube oscillator circuits, (a) is a push-pull circuit

of the reversed feedback type, while (6) is a symmetrical oscillator derived from the Hartley
circuit. .

• •

The most successful multi-tube arrangements are those employing

two tubes in a push-pull or some other symmetrical connection, such

as shown in Fig. 197, since with such arrangements there is less tendency

for parasitic oscillations to be produced. Symmetrically arranged

oscillators using two tubes are often employed where the frequency to be

obtained is extremely high because they permit the use of very short

connecting wires and in effect connect the electrode capacities of the

two tubes in series, which increases the highest frequency to which the

resonant circuit can be tuned.

Dynatron and Similar Oscillators Employing Negative Resistance. 2—
The negative plate-cathode resistance of a dynatron can be. used to

produce oscillations by connecting a parallel resonant circuit in series

with the negative resistance as shown in Fig. 198a. Such an arrange-

ment will oscillate provided the negative plate resistance is less than the

Synchronization between oscillations related by harmonics is discussed in the

paper by Isaac Koga, A New Frequency Transformed or Frequency Changer, Proc-

I.RE., vol. 15, p. 669, August, 1927. Also see U.S. Patent 1,527,228 issued to

Schelleng; and J. Groszkowski, Frequency Division, Proc. I.R.E., vol. 18, p. 1960,

November, 1930.
2 For further discussion see F. E. Terman, "Measurements in Radio Engineering,"

1st ed., pp. 287-290, McGraw-Hill Book Company, Inc.
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parallel resonant impedance of the tuned circuit. Also, if the grid bias

is such that the negative resistance is just barely low enough for oscilla-

tion, the frequency stability with respect to tube conditions is extremely
high and the oscillation is practically sinusoidal. Such oscillators are

sometimes used for laboratory or test oscillators, and are particularly

satisfactory when combined with automatic amplitude control so as to

maintain the tube conditions on the threshold of oscillation at all times,

as discussed below.

(a) Dynatron oscillator (b) Negative resistance
oscillator X
(-)

X- 7

Fig. 198.—Oscillators employing negative resistance supplied by a tube. .

Negative resistances obtained in other ways can be used in similar

manner to produce oscillations. Thus the oscillator of Fig. 1986 employs
the negative resistance arrangement of Fig. 83-, and has the advantage
over the dynatron in that negative resistance obtained by secondary
emission is relatively unstable at times.

Oscillators with Automatic Amplitude Control.}—The frequency
stability and wave-shape form of any common oscillator can be improved

(a) Dynatron Oscillator (b) Hartley Oscillator

Rectifier
\ rmr, L ,.v.

Rectifier

^~Filter \

Bias cafhode positively if
_ delay action is o/esirea •

Fig. 199.—Oscillators with simple amplitude control.

by using an automatic-amplitude-control arrangement to" maintain the
amplitude of oscillations constant under all conditions. This is par-
ticularly the case when the. control is adjusted so that the oscillation is

restricted to the linear part of the tube characteristic.

The amplitude control commonly takes the form of an automatic-
volume-control circuit which may or may not have delay action. Such

1 For further information on such oscillators see ibid., pp. 288-291. Also see
L. B. Arguimbau, An Oscillator Having a Linear Operating Characteristic, Proc.
I.R.E., vol. 21, p. 14, January, 1933; Janusz Groszkowski, Oscillators with Automatic
Control of the Threshold of Regenerations, Proc. I.R.E., vol. 22, p. 145, Februarv
1934. •
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circuit arrangements applied to a dynatron and a conventional Hartley

oscillator are illustrated in Fig. 199.

Resistance-stabilized Oscillators. 1—The resistance-stabilized oscillator

is widely used to. generate audio and low radio frequencies for laboratory

and similar • uses where plate efficiency can be sacrificed to frequency

stability and good .wave form. Typical' circuit arrangements are shown
in Fig. 200 and are seen to be conventional oscillator circuits with the

addition of a "feedback" resistance located between the plate of the

oscillator tube and the tuned circuit. This feedback resistance must be

high compared with the plate resistance of the tube, and it has two
primary functions. First, it makes the resistance that the tuned circuit

sees when looking toward the plate independent of the electrode voltages;

feedback .Blocking
resistance J condenser Buffer

feedback Blocking
resistance /condenser Buffer

" x " tube

fS%
-*w\

•

(a) (b)

Fig. 200.—Typical oscillator circuits provided with resistance stabilization.

and, second, it provides a means for limiting the amplitude of oscillations

to the straight-line part of the tube characteristic.

The tube in a resistance-stabilized oscillator is adjusted to operate

as a Class A amplifier, and the feedback resistance is made so high that

oscillations are just barely* able to start. Under these conditions oscilla-

tions build up until there is grid current, which introduces additional

losses that increase rapidly with further increase in amplitude. If

the feedback resistance' is so high that oscillations are barely able to

exist with no grid loss, an equilibrium will be reached at an amplitude
that drives the grid only a few volts positive. It will be noted that a
fixed grid bias, such as is obtained from a biasing resistance, is necessary

and that the grid-leak bias arrangement commonly used with power,

oscillators is not permissible.

The wave form is determined by the linearity of the tube's dynamic
characteristic over the rarige of voltage that the oscillations apply to the

grid. It is apparent that- for good wave formj the tube, when considered

as an amplifier, must be so adjusted that it will amplify without distortion

an alternating-current voltage on the grid having, a crest value slightly

1 For a more detailed discussion of this type of oscillation see ibid., pp. 283-287,
or F. E. Terman, Resistance-stabilized Oscillators, Electronics, vol. 6, p. 190, July,

1933.



372 RADIO ENGINEERING [Chap. VIII

greater than the grid bias. This means that the oscillator tube should

be operated at a grid bias which is slightly less than the bias that would

be used for Class A amplifier operation at the same plate voltage and

without grid current. ...
Best results are obtained when attention is paid to certain circuit

details. The circuit proportions" should be such that the feedback resist-

(a) Circuit of the multivibrator

3 1=\

_ Oriel voltage
! of tube No. I

f- Plate current
I of tube No. i

=r Grid voltage
oftube No.. 2

"* Plate current
-L of tube No. 2

(b) Voltage and current relations

Fig 201.—Circuit of the multivibrator, together with oscillograms, showing the

way in which the instantaneous grid potential and plate currents vary during the cycle ol

operation.

ance required is at least twice, and preferably over five times, the plate

resistance. The blocking condenser in series with the feedback resistance

must have a low reactance compared with this resistance in order to

avoid phase shifts, while the shunt-feed choke should have a reactance

that is high compared with the plate resistance of the tube for the same

reason. The frequency stability is also helped greatly by making the

coupling between plate and grid coils as close as possible.

The Multivibrator (or Relaxation Oscillator) .

J—The multivibrator is a

two-stage resistance-coupled amplifier in which the voltage, developed

i For a more detailed discussion of the multivibrator see F. E. Terman, " Measure-

ments in Radio Engineering," 1st ed., pp. 129-136, McGraw-Hill Book Company,

Inc.
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by the output of the second tube is applied to the input of the first

tube as shown in Fig. 201. Such an arrangement will oscillate because

each tube produces a phase shift of 180°, thereby causing the output of

the second tube to supply to the first tube an input voltage that has

exactly the right phase to sustain oscillations. The- usefulness of the

multivibrator arises from the fact that the wave that is generated is very

rich in harmonics and from the fact that the frequency of oscillation is

readily controlled by an injected voltage.

The operation of the multivibrator can be understood by reference

to the oscillograms shown in Fig. 2016. Oscillations are started by a

minute voltage at the grid of one of the tubes, say a positive potential

on the grid of. Tube I. This voltage is amplified by the two tubes and

reappears at the grid of the first frube to be reamplified. This action

takes place almost instantly and is repeated over and over, so that the

grid potential of Tube I rises suddenly to a positive value, while the grid

potential of Tube II just as suddenly becomes more negative than cut-off.

The immediate result is that amplification ceases, and for the moment one

tube is drawing a heavy plate current while the other tube takes no plate

current. This situation is not permanent,, however, because the leakage

through the grid-leak resistances gradually brings the grid potentials

back toward normal. When this leakage has reached the point where

amplification is just on the verge of being possible, some minute voltage

will change the potentials enough to start the amplification process in

the reverse direction, i.e., the grid of Tube I will suddenly become

negative and the grid of Tube II positive. • This actionals clearly evident

in the oscillograms and is exactly the same as the initial action except

that the relative functions of the two tubes have been interchanged.

Next the potentials on the two grids gradually die away as the result of

the action of the grid leaks, just as before, and finally reach a point

at which the cycle repeats.

The frequency of the multivibrator oscillation is determined primarily

by the grid-leak resistance and grid-condenser capacity, but it is also

influenced by the remaining circuit constants, the tube characteristics,

and the electrode voltages. The multivibrator can be adjusted to gener-

ate frequencies ranging anywhere from perhaps .1 cycle per minute to

frequencies in excess of 100,000 cycles per second. The upper limit is

the highest frequency at which satisfactory resistance-coupled amplifica-

tion is possible, while the lower limit is fixed by the leakage of the grid

condenser in relation to the condenser capacity.

Injection of an alternating voltage into the multivibrator circuit tends

to cause the latter to adjust itself to a frequency that is m/n of the injected

frequency, where m.and n are integers. It is possible in this way to

use the multivibrator to reduce frequency {i.e., to generate a subharmonic
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of the injected frequency), and it is entirely practicable to maintain the

control rigidly when n is as large as 10 and m is 1.

The principal use of the multivibrator is in the measurement of fre--

quency. The multivibrator oscillations have a wave that is rich in

harmonics, so by .using a standard frequency of known value to control

the frequency of the multivibrator it is possible to obtain many fre-

quencies related to the standard. If the fundamental frequency of

the multivibrator is controlled by the fundamental frequency or a har-

monic of the standard, the multivibrator will then produce higher

, Glass wail harmonics of the standard frequency.

^ ^ Coil /Tuned circuit On the other hand, when the fre-

Spiit Jjfyw^Vil -1- lL_±j
1 1 1 1 1 iu

quency of the' multivibrator oscilla-

tions is controlled in such a way as to

be an exact subharmonic of the

plate< X
Cathode '^SffiBS*^ To cathode-*-

Fig. 202.—Split-anode type of magne- standard frequency, the multivibrator
tron-osciiiator circuit. When the field produces frequencies that are less
strength is just greater than the critical •

value, oscillations are developed which than the standard. Ihus, when the
have the frequency of the resonant circuit, multivibrator oscillation has a funda-

mental frequency that is exactly one-tenth of the standard controlling

frequency, the harmonics of the multivibrator are exactly 1/10, 2/10,

3/10, etc., of the standard frequency, and the arrangement is in effect a

frequency-reducing system.
'

The Magnetron—-Magnetron tubes can be used to generate oscilla-

tions in several ways. One method is to utilize the magnetic field to

turn the anode current on .and off.
1 A more common arrangement

utilizes the negative resistance characteristic between the two anodes of

a split-anode magnetron, which was discussed in Sec. 36, and employs

the circuit shown in Fig. 202. Such split-anode oscillators have been

used to a limited extent at ultra-high frequencies between the frequency

region at which ordinary triodes function satisfactorily and frequencies

which are so high that electron oscillators must be employed. 2 Magne-
trons are also used to produce electron oscillations as discussed in Sec. 71.

70. Crystal Oscillator. 3—The frequency stability of an oscillator can

be made very high by replacing the usual resonant circuit with a mechan-

1 Such an oscillator is- described by Frank R. Elder, The Magnetron Amplifier

and Power Oscillator, Proc. I.R.E.,vo\. 13, p. 159, April, 1925.
2 See W. G. White, Producing Very High Frequencies by Means of the Magnetron,

Electronics, vol. 1, p. 34, April, 1930. •.

3 The literature on crystal oscillators and related piezo-electric phenomena is too

extensive to be covered with any thoroughness in a book of this type. The following

selected bibliography, in addition to the footnote references in this section, is recom-

mended to the reader desiring additional background: W. G. Cady, The Piezo-electric

Resonator, Proc. I.R.E., vol. 10, p. 83, April, 1922; Bibliography on Piezo-electricity,

Proc. I.R.E., yol. 1.6, p. 521, April, 1928; Electroelastic and Pyro-electric Phenomena,
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ically vibrating piezo-electric quartz crystal and utilizing the piezo-
electric effect to obtain the connection between the electrical circuits and
the mechanical vibrations. The pi6zo-electric material used in crystal
oscillators comes in the form of crystals which, when complete, have a
hexagonal cross section and pointed ends, as illustrated in Fig 203 *

The properties of such a crystal can be expressed in terms of three sets of
axes. The axis joining the points at the ends of the crystal is known as
the optical axis, and electrical stresses applied in this direction produce
no piezo-electric effect. The three axes X', X" , and X'" passing through
the corners of the hexagon that forms the section perpendicular to the
optical axis are known as the electrical axes, while the three axes F'Y

,
and Y"', which are perpendicular to the faces of the crystal, are

the mechanical axes.

If a flat section is cut from a quartz crystal in such a way that the
flat sides are perpendicular to an electrical axis as indicated in Fig 2046
(X or Curie cut), it is found that mechanical stresses along the F-axis
of such a section- produce electrical charges on the flat sides of the crystal
section. If the direction of these stresses is changed from tension to
compression or vice versa, the polarity of the" charges on the crystal sur-
faces is reversed. Conversely, if electrical charges are placed on the flat
sides of the crystal by applying a voltage across these faces, a mechanical
stress is produced in the direction of the F-axis. This property by
which mechanical and electrical properties are interconnected in a crystal
is known as the piezo-electric effect and is exhibited by all sections cut
from a piezo-electric crystal. Thus, if mechanical forces are applied

.

across the faces of a crystal section having its flat sides perpendicular to
a F-axis, as m Fig. 204a (which is known as the F or 30° cut), piezo-
electric charges will be developed because forces and potentials developed
in such a crystal have components across the F- and Z-axes, respectively.

fs°
C

'

J
f/5r T?

L 18
V
P -

1247
'^ 193°

;
Pi™°-^<*™ Terminology, Proc. I.R.E., vol.

18 p. 2136, December, 1930; A. Crossley, Piezo-electric CrystaUcontrolled Trans-
mitters, Proc J.M voL 15, p. 9, January, 1927; August Hund, Uses and Possibilities
of Piezo-electrxc Oscillators, Proc. I.R.E., vol. 14, p. 447, August, 1926; Note on Quartz
plates, Air-gap Effect, and Audio-frequency Generation, Proc. I.R E vol 16 p 1072
August, 1928; Summary of Piezo-electric Crystal Conference Held by IT g Navv
Department, December 3-4, 1929, Proc. I.R.E.,- vol. 18, p.. 2128, December, 1930.
Further information on the practical side of crystal cutting and grinding is to befound m Radio Amateurs' Handbook," published by the American Radio Relay
League, and m "The Radio Handbook," Pacific Radio Publishing Company. Crystal
oscillators are the invention of Dr. W. G. Cady.

> There are many crystalline substances which have piezo-electric properties, such
as Roehelle salts, tourmaline, quartz, etc, hut of these quartz is used exclusively in
crystal oscillators because of its cheapness, mechanical ruggedness, and low tempera-
ture coefficient, * «
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When an alternating voltage is applied across a quartz crystal in

such a direction that there is a component of electric stress in the direction

of an electrical axis, alternating mechanical stresses

will be produced in the direction of the Y- (or

mechanical) axis which is perpendicular to the

X-axis involved. These stresses will cause the

crystal to vibrate, and, if the frequency of

the applied alternating voltage approximates a

frequency at which mechanical resonance can

exist in the crystal, the amplitude of the vibrations

will be very large. In the vicinity of such a

resonant frequency the current that is drawn by
the crystal as a result of the vibrations is exactly

the same current that would be drawn by a series

circuit composed of resistance, inductance, and
capacity. In addition to this current representing

the vibrational chaVacteristics of the piezo-electrie

crystal, there is also a component of leading current

resulting from the electrostatic capacity between

the points of application of the exciting voltage.

Equivalent Electrical Circuit of Quartz Crystal,—
As far as the electrical circuits associated with the

vibrating crystal are concerned, the crystal can
llluatra-

\w replaced by the electrical network of Fig. 205
tion showing UM natural * °

tptarta crystal and ihc hi which Ci represents the electrostatic capacity
n-iatiot, of £e electric or between the crystal electrodes when the crystal is
X-, the mechanical or Y-,

not vibrating, and the series combination L, C,

and R represents the electrical equivalent of the

The

and the oplic.nl or .2-axes

K» the crystal structure.

The upper section shows .

a Y (or :io°i cut plate vibrational characteristics of the material. 1

while the plate in the con- inductance L is the electrical equivalent of the
(er seci ion ia A (or Curie) ,

^

cut. The third K-axis crystal mass that is effective in the vibration, C is

Y'-Y" |e ii,„ shown be-
fcfce electrical equivalent of the effective mechanical

cause the (perspective of ,

the drawing makes it co- compliance, while R represents the electrical equiva-
incide with (be ZZ-axia . lent Qf the coefficient of friction. The frequency at

which L and C are in series resonance is also the frequency of mechanical

resonance. The electrical energy drawn by the equivalent L-C-R series

1 The fact that a vibrating quartz crystal can be replaced by au equivalent electrical

network was first discovered by Dr. H. J. Ryan and his co-workers during war
researches on submarine detection carried on in 1918, but the report representing

(his work has not yet been released by the military authorities. The equivalent

electrical circuit of the vibrating piezo-eleetric crystal has since been discovered by
several other investigators. For further information see K. 8. Van Dyke, The
Pleas-electric Resonator and Its Equivalent Network, I'rw. I.R.E., vol. 16, p. 742,

June, L928; VV. P. Mason, An Electromechanical Representation of a Piezo-electric

Crystal Used as a Transducer, Proc. IM.E., vol. 23, p. 1252, October, 1935.
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circuit represents energy that the electrical circuit supplies to maintain

the crystal vibrations. Below resonance this energy contains a leading

Y"

i

c vx. x/ / _

Yw
Y*

a b

Fig. 204.—Cross sections of the quartz crystal shown in Fig. 203 taken in planes taken
perpendicular to the optical axis ZZ. The plate at a has the Y cut (also called 30° cut)

because its face is perpendicular to a Y- (i.e., mechanical) axis, while the plate at 6 is an
X-cut plate (Curie cut) because its face is perpendicular to an X- (i.e., electric) axis.

reactive component because the elastic forces control the crystal vibration,

while above resonance the inertia is the dominating factor and lagging

reactive energy is required to sustain (dVAchiai circuit

rvibrations. At resonance the vibra-

tions consume no reactive energy, and Applied

the crystal consumes power at unity voltage

power factor. Electrical circuits in- —i

—

volving piezo-electric crystals can

(b) Equivalent Circuit

Fig. 205.—Equivalent electrical net-

work that represents the effect which a
therefore be analyzed by replacing the vibrating quartz crystal has on the elec-

crystal with its equivalent electrkal trical circuits associated ™th it-

network and then determining the behavior of the resulting circuit.

The magnitudes of L, C, R and C\ that enter into the equivalent

electrical network of the vibrating quartz crystal depend upon the way
in which the crystal is cut, the size of the crystal, and the type of vibra-

tion involved. The numerical values can be calculated from the crystal

dimensions for the simpler modes of vibrations, and typical values for

several crystals are given in Table X. 1

1 In the case of X- (Curie-) cut crystals in which the principal vibration is in the

direction of the X-axis (thickness vibration) the electrical quantities are given to a fair

approximation by the following formulas:

L t = 130— henries

C = 0.0022y mm/

€1 0.40^ ^f

(177a)

(1776)

(177c)

When the principal vibration is in the direction' of the F-axis (width vibration), the
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TABLE -A . £*Q OlVALd! JNT JUL

Dimensions, cm

Type
of,
cut

Type of,

vibration

Resonant
frequency,

kc

Equivalent electrical quantities

Crystal

No.

t w I

L,

henries

c, R,

ohms
Cu

Q, ap-

proxi-

mately

I 0.15 3.0 0.40 X Width About 90 137 0.0235 About
7,500

3.54 10,300

II 0.25 2.5 2.5 , X Thickness About
1,100

0.33 0.065 About
2,700

1.0 844.

III 0.636 3.33
•

2.75 X Thickness 451.5 3.656 0.0316 9,036 5.755 1,147

The frequency at which mechanical resonance -takes place is the

frequency at which L and C are in resonance, and the magnitude of the

resonance effect is determined by the ratio csL/R of the equivalent elec-

trical network (i.e., by the equivalent Q of the crystal). The outstanding

characteristics of the crystal vibrator are that the resonant frequency

varies inversely with the dimensions of the crystal in the direction m
which the principal vibration is taking place, that the ratio L/C of the

equivalent quartz resonator is enormously higher than could conceivably

be obtained with coils and condensers, and finally that the effective Q

of the crystal vibrator is extremely high, particularly when the frequency

of vibration is low. .

Oscillating Crystals.—Since the vibrating quartz crystal is equivalent

to a resonant circuit, it can be used as the frequency-controlling element

in a vacuum-tube oscillator in place of the usual tuned circuit. While

many circuit arrangements can be employed to accomplish this, the one

used in most commercial equipment is shown in Fig. 206. When the

crystal is replaced by its equivalent electrical circuit, this is seen to be a

tuned-plate tuned-grid oscillator circuit, in which the grid tuned circuit

formulas for C, Ci,' anid R are the same, while the equivalent inductance L becomes

(177d)Leo = 180j

The dimensions w, I, and t are measured in centimeters in the direction of the F-axis.

parallel to the surface of the crystal, in the direction of the X-axis perpendicular to

this F-axis, and in the direction of the Z-axis, respectively.

The effective resistance of the crystal depends largely upon the method of.

mounting, and the Q is often much higher than the values in the Table. Karl S.

Van Dyke, in A Determination of Some of the Properties of the Piezo-electnc Quartz

Resonator, Proc. I.R.E., vol. 23, p. 386, April, 1935, finds that a particular crystal,

which had a Q of 25,000 when mounted in air, had a Q of 580,000 when etched to

remove grinding particles and mounted in a vacuum to eliminate radiation losses.
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is supplied by the crystal. The coupling between the tube and this
circuit (and hence the crystal) is determined by the ratio C/d, and by
reference to Table X is seen to be small. This small coupling, combined
with the extremely high Q of .the crystal vibrator and the permanence
of the quartz plate, makes the frequency stability of the crystal oscillator
very high.

Crystal Cuts and Modes of Oscillation.—The crystals used in crystal
oscillators are commonly in the form of plates, cut from the natural
crystal with orientations known as X, Y, or AT cuts.

the relationship between, the X-cut plate and the crystal axis is

shown in Fig. 203. Such a plate has two principal modes of oscillation.

,..,,. ., (b) Circuit with crystal replaced .

• <a) Actual circuit by its equivalents ectricai
network

^-Equivalent crystal-
network

Fig. 206.—Circuit of crystal oscillator, together with equivalent circuit in which the crystal
is represented by an electrical network.

One of these is determined by the thickness of the plate in the direction
of the electrical axis and is given to a good approximation by the equation

Thickness frequency) 2.86 X 106

of Z-cut plate
f
= ~

t
(178)

where t is the thickness in millimeters as measured in-'the direction of the
X-axis perpendicular to the crystal surface. The other frequency is
determined by the width of the crystal in the direction of the Y- or
mechanical axis, and it is given by Eq.. (178) by substituting for t the
width w of the. crystal in millimeters measured in the direction of the
F-axis. These two frequencies of oscillation correspond to standing
waves along the thickness and width dimensions of the crystal plate
•respectively, and Eq. (178) can be predicted from the appropriate elastic

• constants for quartz. The temperature coefficient of both these resonant
frequencies is negative and has a value of about 20 parts in a million per
degree centigrade. The circuit of Fig. 206 can be made to excite either
the width or thickness vibration at will by adjusting the plate tuned
circuit to be resonant at a frequency slightly higher than the desired
vibration. '

The relationship between a F-cut plate and the crystal axes is shown
in Fig. 203. Such a crystal has two principal resonant frequencies
corresponding to those obtained with the X cut. The width frequency
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can be obtained from Eq. (178) by substituting for the quantity t appear-

ing in the equation the width w corresponding to the width along the

electrical axis parallel to the surface of the crystal. The thickness fre-

quency is given approximately by the following equation

Thickness frequency inl _ 1.96 X 106

F-cut crystal (
~

t

(179)

where t is the thickness in millimeters in the direction of the F-axis

perpendicular to the crystal surface. The.thickness frequency is some-
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Fig. 207.—Temperature-frequency characteristic curve of Y- and AT-cut plates

showing superiority of latter with respect to low-temperature coefficient and continuity of

characteristic. The crystal frequency is 1600 kc.

what dependent Upon the width of the crystal and also exhibits other

peculiarities as discussed below. The temperature coefficient of the

width vibration of a F-cut. crystal is approximately 20 parts in a million

per degree centigrade and is negative, while the thickness vibration has

a temperature coefficient that may vary from —20 to +100 parts. in a

million per degree centigrade, with the exact value depending upon the

operating temperature and ratio of width to thickness.

A quartz crystal represents a very complex vibrating system having

many degrees of freedom. Thus it is possible to obtain harmonics of

the principal modes of vibration discussed above,- as well asnexural and

torsional vibrations, etc. 1 Many of these modes of vibration are mechan-

1 For discussions of such vibrations and for means of exciting them, see J. R.

Harrison, Piezo-electric Resonance and Oscillatory Phenomena with Flexural Vibra-
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ically coupled to each other in the crystal, with the result that, when a

crystal is operated in such a way as to produce one of the principal modes
of oscillation, other modes of oscillation are simultaneously excited. This

is particularly true of F-cut crystals, and it causes thin F-cut plates

excited at the thickness frequency to have several frequencies of oscilla-

tion usually quite close together. Such F-cut plates also commonly
have a discontinuous temperature-frequency characteristic as shown
in Fig. 207, as well as a discontinuous thickness-frequency curve and

a thickness frequency that depends somewhat upon the width. This

behavior comes about through coupling between the normal thickness

mode of oscillation and harmonics of lower frequency oscillations,

particularly the width oscillation.

The equivalent circuit taking into account this situation is therefore

as shown in Fig. 208, where w represents the equivalent resonant circuit

for the thickness vibration and «i, co 2 , etc., represent various other

vibrations that are coupled* mechanically to the

thickness vibration. When a coupled subsidiary

vibration has a resonant frequency approximately

the same as the primary mode of oscillation, the

resonant frequency of the combination as viewed from

.

the crystal electrodes (terminals AA in. Fig. 208) is

affected appreciably by the coupled reactance arid FiG 208 _Equiv-
resistance. When the coupling is close, two resonant aient electrical circuit

frequencies differing by only a few kilocycles can °
ne ^Sia^TeS

be expected, and under some conditions the resistance nances wi,' o> 2 , w3 , etc.,

that the subsidiary vibration couples into the circuit Jderedircou^ledTo"
is sufficient to prevent the crystal from oscillating, the main resonance

Inasmuch as the subsidiary vibrations depend in most <00'

cases upon the width of the crystal, the exact frequency of oscillation can

be modified by edge grinding, and edge grinding will also usually make a

non-oscillatory crystal operate. The subsidiary vibrations have a differ-

ent temperature coefficient from the primary mode of vibration, causing

the combination to exhibit the peculiar temperature-frequency charac-

teristic shown in Fig. 207, with discontinuities appearing each time a

subsidiary mode of oscillation becomes resonant at the same frequency

as the primary mode.

The subsidiary resonances are more numerous the thinner the crystal,

and they cause, very thin crystals to have a complicated frequency

tions in Quartz Plates, Proc. I.R.E., vol. 15, p. 1040, December, 1927; August Hund
and R. B. Wright, New Piezo-electric Oscillators with Quartz Cylinders Cut along the

Optical Axis, Proc. I.R.E., vol. 18, p. 741, May, 1930; N. H. Williams, Modes of

Vibration of Piezo-electric Crystals, Proc. I.R.E., vol. 21, p. 990, July, 1933.
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spectrum such as illustrated in Fig, 209. The increasing complexity of

this frequency spectrum* as the plate becomes thinner sets a practical

limit to the highest frequency that it is feasible to generate in a crystal

oscillator using X- and F-cut crystal plates. 1

The couplings between the thickness vibration and other modes of

oscillation can be controlled by cutting the plate out of a plane that is

rotated about the X-axis as shown in Fig. 210. By making- the angle

6 have a value of 31°, the coupling between the width and thickness

vibrations can be reduced to zero. This simplifies the frequency spec-
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Fig. 209.—Typical frequency spec-

trum of thin quartz plate, showing how
several closely spaced resonant fre-

quencies can be expected. The lengths
of the vertical lines indicate in a rough
way the relative tendency to oscillate

at the different resonant frequencies.

Fig. 210.—Diagram show-
ing how crystal plane is rotated
about X-axis to obtain the 'AT
cut.

trum and eliminates practically all the discontinuities in the temperature-

frequency and thickness-frequency characteristics. The. temperature

coefficient depends upon the angle 0;'if 6 = 35°, the crystal will have

substantially zero change in resonant frequency with temperature, as-

illustrated in Fig. 207, and at the same time will have only very small

coupling between the width and thickness vibration. A crystal obtained

in this way with = 35° is known as the AT cut and is rapidly displacing

the X and'F cuts for high-frequency operation. 2

1 For further information on the effects produced by subsidiary resonances, see

F. R. Lack, Observations on Modes of Vibration and Temperature Coefficients of

Quartz Crystal Plates, Proc, I.R.E., vol. 17, p. 1123, July, 1929.
.

This paper shows how it is possible by the choice of proper ratio df width to

thickness in a F-cut plate to balance the positive temperature coefficient of the thick-

ness
^
vibration against the negative coefficient of the coupled width vibrations, to

give a resultant zero temperature coefficient over a limited temperature range.
2 For a more complete discussion concerning the effect of rotating the crystal

plane about the ^T-axis, see F. R. Lack, G. W. Willard, and I. E.' Fair, Some Improve-
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Relative Merits of Different Cuts.—-The AT cut is by far the most

satisfactory for frequencies above about 300 kc. It has a resonant

frequency that is substantially independent of temperature, so that

constant-temperature operation is usually unnecessary. The frequency

spectrum is simple, and discontinuous changes of frequency with tem-

perature, width, thickness, etc., are few, so that the manufacturing is

relatively simple and very thin crystals corresponding to high frequencies

can be used without trouble from multiple resonant frequencies.

At the lower frequencies X- or F-cut crystals employing the width

vibration are used. The temperature coefficient of these cuts is such

that, when high frequency stability is required, the crystal must be

maintained at constant temperature by means of a suitable, thermo-

statically controlled oven. Until the development of the AT cut,

thickness vibrations of X- and F-cut plates were also universally used

for the generation of high frequencies. The X-cut crystals at high

frequencies have a simpler frequency spectrum and give less trouble

from discontinuities of the frequency than do F-cut crystals, but the

F-cut crystal has the advantage, that the oscillations are of a shear type

that permits the edges of the crystal to be clamped by the holder without

seriously affecting the vibrations. This is important in the case of

apparatus which is portable or which is subject to mechanical vibrations.

Power Obtainable from Crystal Oscillators.—The power obtainable

from a crystal oscillator is limited at high frequencies by heating of the

crystal and at low frequencies by the strains which the vibrations set up
in the crystal structure and which will crack the crystal' if the vibrations

are too intense. A crystal having a large area will develop more power

than a small crystal at the same resonant frequency, but the extent to

whieh one can go in this direction is limited by the difficulty of grinding

large crystals absolutely true.

By pushing the crystal to the limit it is possible to obtain sufficient

excitation for controlling a tube generating approximately 50 watts of

power at high frequencies. However, working the. crystal this hard

results in appreciable dissipation of power within the crystal, which

causes the temperature to rise. Since X- and F-cut crystals have a

high temperature coefficient and also a discontinuous frequency-tempera-

ture relationship, it is very desirable to operate such crystals with rela-

tively light load, the common practice being to control only a few watts

of power. With the A T- cut the operation of the crystal lightly loaded

is not so important, since the temperature can be allowed to rise appre-

ciably without change in the frequency. •

merits in Quartz Crystal Circuit Elements, Bell System Tech. Jour., vol. 13, p. 453,

July, 1934.



384. RADIO ENGINEERING [Chap. VIII

Crystal Mountings. 1—The crystal holder must be arranged to add as

little damping as possible to the crystal vibrations, and yet it should,

when possible, hold the crystal rigidly in position. X- and F-cut plates

in which the width vibration is utilized can be- clamped in the middle of

the width direction, since this is a nodal point for the vibrations. F-cut

crystals in which the thickness vibration is utilized can be clamped by
spring pressure between electrodes, which are preferably cupped so

that the pressure is exerted at only a few points, such as the corners of a

square crystal or the periphery of circular crystals. Such clamping

has little effect on the thickness, vibrations of F-cut crystals ; and at the

same time it materially simplifies the frequency spectrum by inhibiting

certain of the undesired modes of oscillation that gjve rise to discon-

tinuities in the frequency-temperature curve, etc. With X-cut crystals

using the thickness vibration, it is usually desirable to allow an air gap

between the upper electrode and the crystal because clamping introduces

appreciable damping. This makes X-cut crystals impracticable in

equipment that is portable or subject to vibration. AT-cut crystals

can be clamped in the same way as F-cut crystals.

The variation of the resonant frequency with temperature in X- and

F-cut crystals makes it necessary to maintain such crystals at a constant

temperature if high frequency stability is to be maintained. With
the A T cut the temperature coefficient of frequency is so low that

temperature control can normally be dispensed with. The simplest

arrangement for maintaining the crystal at constant temperature utilizes

a large copper plate for the lower electrode. The bottom side of this

plate is provided with a recess in which is mounted the heater and thermo-

stat, and the entire assembly including the upper plate is mounted in a

suitable case of bakelite or isolantite. The large copper plate serves to

distribute tlie heat equally and • also to equalize for the intermittent

operation of the heater. When the requirements for frequency stability

are particularly severe, as in the case of standard frequency equipment,

more elaborate constant-temperature systems are employed. These

commonly involve at least two concentric compartments thermally

insulated from each other and surrounded by a heater that is controlled

by a thermostat. In some cases a double thermostat and heater combina-

tion is employed. 2

1 For further discussions of crystal mountings, see O. M. Hovgaard, Application

of Quartz Plates to Radio Transmitters, Proc. I.R.E., vol. 20, p. 767, May, 1932;

Vincent Heaton and E. G. Lapham, Quartz Plate Mountings and Temperature

Control for Piezo Oscillators, Proc. I.R.E., vol. 20, p. 261, February, 1932.

2 For details of units for maintaining .constant crystal temperature, see J. K.

Clapp, Temperature Control for Frequency Standards, Proc. I.R.E., vol. 18, p. 2003,

December, 1930; W. A. Marrison, Thermostat Design for Frequency Standards, Proc.

I.RE., vol. 16, p. 976; July, 1928.
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Frequency Stability of Crystal Oscillators.—The frequency of a crystal

oscillator depends primarily upon the resonant frequency of the crystal,

but is affected to a smallextent by the constants of the electrical circuits.

When the crystal is maintained at constant temperature or when a

zero-temperature coefficient cut is employed, a stability of 10 to 30 parts i

in a million can readily be obtained over long periods of time undei

commercial conditions if the voltages applied .to the oscillator tube are

reasonably constant. When every possible precaution and refinement

is taken, including such measures as maintaining the associated electrical

circuits as well as the crystal at constant temperature, frequency stabili-

ties as high as one part in ten million or better can be obtained. 1

The frequency of a crystal oscillator is determined primarily by the

crystal dimensions, so that, in order to change the frequency, it is usually

necessary to employ another crystal or to grind the original crystal if

the new frequency is higher. Small changes in the frequency can be

made without grinding the crystal by varying a capacity shunted across

the crystal holder and, in the case of X- and F-cut crystals, by varying

the crystal temperature.

71. Electron Oscillators. Barkhausen Oscillators. 2—Frequencies

higher than obtainable by the use of conventional oscillators can be

generated by means of electron oscillators, either of the Barkhausen or

of the magnetron type. The nature of the Barkhausen electron oscillator

can be understood by reference to Fig. 211, which shows a triode operated

with the grid at a high positive potential and the plate at a slight negative

potential. Electrons emitted from the cathode under these circum-

stances are attracted toward the grid but most of them pass through

the' spaces between the grid wires into the grid-plate space, where they

slow down and ultimately stop just before reaching the plate. The

electrons are then drawn back toward the grid with increasing velocity,

but, if they are not captured by the grid wires, they will pass on into

the grid-cathode space and slow down upon approaching the filament.

This oscillation about the grid may be repeated over and over before the

electron is ultimately removed from the tube by a chance impact against

*For examples of crystal oscillators with unusually high frequency stability, see

L. M. Hull and J. K. Clapp, A Convenient Method for Referring Secondary Frequency

Standards to a Standard Time Interval, Proc. I.R.E.', vol. 17, p. 252, February, 1929;

W. A. Marrison, A High Precision Standard of Frequency, Proc. I.R.E., vol. 17,

p. 1103, July, 1929.
2 The literature on Barkhausen oscillations is very extensive. The reader par-

ticularly interested in this subject is referred to the following articles, in addition to

those mentioned later in this section: H. E. Hollmann, On the Mechanism of Electron

Oscillations in a Triode, Proc. I.R.E., vol.
#
17, p. 229, February, 1929. H. N.

Kozanowski, A New Circuit for the Production of Ultra-short-wave Oscillations,

Proc. I.R.E., vol. 20, p. 957, June, 1932.
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the grid wires, and represents an electron oscillation having a frequency
determined primarily by the tube construction and the grid potential.
Several such electron oscillations about the positive grid are illustrated
schematically in Fig. 2116.

.

In order for the electron oscillations to develop appreciable power, it

is necessary that the electrons vibrate about the grid structure in syn-
chronism. The arrangement illustrated in Fig. 211a inherently provides
for such synchronization. 1 This can be demonstrated- by assuming that
there is superimposed upon the grid an alternating voltage having a
frequency corresponding approximately to the time taken by an electron
to travel from cathode to plate, and by then investigating the interchange
of energy between this superimposed voltage and the electrons.

Parallel wire system to
which oscillation energy

\ is delivered^

Chokes

Cathode->

-£J

>flectfon paths

-Plate (negative)

-Grid(positive)

fa) Circuit of Boirkhciusen (b)Typical Electron Oscillation
Oscillator. Paths About Positive Grid

Pig. 21.1. Circuit for generating Barkhausen oscillations, together with sketch showing
how electron oscillations take place about a positive grid.

Consider first an electron that leaves the cathode at the instant when
the superimposed voltage is going through zero and is just starting to
become positive." This electron is acted upon by a force consisting of
the sum of the direct-current grid potential and the alternating voltage
on the grid, and. so by the time it reaches the grid plane it is traveling
faster than if it had fallen through a potential corresponding to the direct-
current grid-cathode voltage. This extra, velocity represents energy
which the superimposed oscillation has delivered to the electron and which
thus tends to damp out the superimposed oscillation. As the electron
travels beyond the grid plane into, the plate region, it is subjected to
braking which retards its motion, but, since the superimposed alternating
voltage reverses as the electron passes the grid plane, these braking forces
are less than they would be in the absence of a superimposed voltage.
The result is that the electron abstracts further energy from the super-
imposed oscillation. Because of the energy thus obtained from the .

superimposed oscillation, this electron has sufficient velocity to reach
the plate in spite of the slight negative plate potential. This particular
electron is therefore of no assistance in maintaining the superimposed

• * The explanation that follows is due to F. B. Llewellyn, The Barkhausen Oscillator,
Bell Lab. Rec, vol. 13, p. 354, August, 1935.
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voltage on the grid, but it has^the merit of eliminating itself from the
picture Upon the first opportunity.

Now consider an electron that leaves the cathode one-half cycle later.
This electron is attracted to the grid as before, but now the superimposed
alternating voltage is of such a polarity during the transit from cathode
to grid as to reduce the acceleration that would otherwise be experienced:
Furthermore, as the electron passes the grid plane the polarity of the
superimposed voltage reverses, so that, as the electron travels toward the
plate, it is subjected to increased braking forces and comes to rest before
reaching the plate. At the instant the electron starts back toward the
grid, the superimposed voltage again reverses, so that the returning
electron is subjected to a reduced acceleration until it reaches the grid
plane, at which time the superimposed voltage reverses, to cause an
increased slowing down of the electron as it travels toward the cathode.
The result is that this second electron in its round trip from cathode to
plate and back to cathode always works against the superimposed oscilla-
tion and therefore delivers to it twice as much energy as the first electron
abstracted on its one-way trip. Furthermore, the second or useful
electron is still available for future oscillations in which it can give up
still more energy. The useful electron continues this process until it

ultimately strikes the grid and is lost.

The energy that this electron delivers to the superimposed oscillation
is obtained from the plate-supply voltage and represents the difference
in the kinetic energy possessed by the electron when it strikes the grid"
after having been slowed, down through several oscillations and the
kinetic energy that the electron would have had if it had fallen directly,
through a potential corresponding to the direct grid-cathode voltage
Electrons leaving the cathode at times intermediate between the depar-
tures of the two electrons just considered behave in intermediate fashion.
It can be seen that, in a general way, those electrons which abstract energy
from the tuned circuit are soon removed, whereas those that give up
energy remain and oscillate about the grid a number of times, The
result is, therefore, that energy is delivered to the tuned circuit associated
with the grid electrode, and with proper, adjustment this energy will' be
sufficient to make the superimposed oscillations maintain themselves.

The above explanation gives a qualitative picture of the mechanism
involved.in electron oscillators. The actual details are complicated by a
number of factors, such as the tendency for space charges to form around
the cathode and in the vicinity of the plate, the tendency of the grid to
intercept the vibrating electrons, and the fact that, as the electron gives
up more and more of its energy, the distance it travels in its vibrations
becomes progressively less, so that the electron tends after a number of
vibrations to shift its phase with respect to the superimposed oscillation
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to the point where it will actually begin to absorb rather than deliver

energy. 1 As a result of these conflicting factors, a' complete" analysis

of the electron oscillator has not yet been made.
The frequency of the electron oscillation is determined primarily

by the dimensions of the tube and the grid potential, but the external

tuned 'circuit, space charges, negative potential of the plate, etc., may
alter the frequency by perhaps 30 to 50 per cent. With cylindrical

electrodes and equal grid-cathode and grid-plate spacings, the wave
length is given approximately by the relation

'

r ,
670d

Wave length in centimeters — —7= (180)

where d is the diameter- of the plate in centimeters and Eg is the grid

voltage. It is thus apparent that the higher the frequency to be gener-

ated, the greater must be the grid potential and the smaller the dimensions
of the tube.

The efficiency of an electron oscillator is low because of the inherent

nature of the generating process, with values of 2 or 3 per cent being
typical under favorable conditions. The output power obtainable is also

low because of the low efficiency and because, with the small dimensions
required to generate high frequencies, the allowable power loss at the

grid (which must absorb most of the loss) is relatively small. For best

"output and efficiency it is necessary to adjust carefully the grid voitage,

negative plate voltage, and cathode temperature in relationship to the

.
resonant frequency of the external circuit.

Electron oscillations can be produced under a variety of circum-
stances. The most typical arrangement employs a tube having cylin-

drical grid and plate electrodes and operates with a slightly negative
plate, as explained above, and at a cathode temperature low enough so

that very little ; space charge is formed adjacent to the cathode. It

is also possible to obtain electron oscillations with triodes having plane
electrodes, 2 with triple-grid tubes, 3 and with plate potentials that are

slightly positive. 4 Other modifications are likewise possible, and anyone
interested in this subject is referred to the extensive literature available.

1 This last tendency can be controlled by designing the grid so that it will on the
average capture the oscillating electron by the time the phase has shifted sufficiently

to cause absorption of energy.
2 B. J. Thompson and P. D. Zottu, An Electron Oscillator with Plane Electrodes,

Proc. I.R.E., vol. 22, p. 1374, December, 1934.
3 Ferdinand Hamburger, Jr., Electron Oscillations with a Triple-grid Tube,

Proc. I.R.E., vol. 22, p. 79, January, 1934.
4 L. F. Dytrt, Barkhausen-Kurz Oscillator Operation with Positive Plate Poten-

tials, Proc. I.R.E., vol. 23, p. 241, March, 1935.
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The resonant circuits used at the extremely high .
frequencies that

can be generated by means of electron oscillations ordinarily consist of

resonant lines (Lecher wires) arranged in the form of parallel bars having

a length such as to give resonance at the desired frequency.

Electron Oscillators Employing Magnetron Tubes.—Electron oscilla-

tions can also be produced by employing a split-anode magnetron tube

in the circuit of Fig. 212a. 1 .When the magnetic field in such a tube is

equal to or slightly greater than the value required to prevent current

from reaching the plate electrodes, the electrons tend to follow curved

paths as illustrated by the dotted paths in Figs. 2126 and 212c, thereby

giving rise to electron oscillations having a frequency corresponding to

the time required by the electron in its flight.

(oi) Circuit

Resonant line serving
as faneda'rcuif-\

<b) Path of electron absorbing
energyCUpper plate just
going positive at moment

of emission)

'(c) Path ofelectron delivering

energy(Upper plate just

going positive atmoment
ofemfssion)

£̂ Hliliimiilrt—

Dotted paths - Mo alternating voltage between anodes

Solid paths '- Alternating voltage existing between anodes

Fig. 212.—Circuit of electron oscillator of split-anode magnetron type, together with

electron paths for typical conditions. The magnetic field is perpendicular to the plane of

the paper.

The electrons participating in this oscillation tend to synchronize

together in much the same. manner as with the Barkhausen oscillator.

The mechanism involved can be understood by assuming that the

magnetic field is just greater than the cutoff value and then postulating

a small alternating voltage applied between the two anodes and having a

frequency approximating the frequency of the electron oscillations.

Consider first an electron emitted as Aown in Fig. 2126. If the super-

imposed alternating voltage were zero, this electron would follow the

dotted path and would almost, but not quite, reach the. anode. If,

however, there is a superimposed alternating voltage which is passing

through zero and just becoming positive at the instant this electron is

emitted, the greater attraction of the upper anode will cause the electron

to follow a path such as indicated by the solid line and so reach the anode.

In traveling from the cathode to the anode this electron has absorbed a

certain amount of energy from the superimposed alternating voltage, and

so tends to damp out this oscillation. Now consider an electron emitted

1 Electron oscillations can also be obtained with a single cylindrical anode, but

the efficiency is less than with the split-anode arrangement. See H. Yagi, Beam

Transmission of Ultra-short Waves, Proc. I.R.E., vol. 16,- p. 715
?

June, 1928,
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)EndPlak$
{Insulated

from
anodes)

.(b) Magnetron with
endplates

at the same instant as the first electron, but from the side of the cathode

indicated in Fig. 212c. If there were no superimposed alternating

voltage, this would follow .the dotted path, but because of the superim-

posed alternating voltage the lower anode is less positive than it would
otherwise be. This second electron is attracted less strongly, and hence

to follow a path such as indicated by the solid line. As a consequence,

this electron does not reach the anode, but circles around and comes to

rest near the cathode, after which it starts another cycle of oscillation.

This electron delivers energy to the

superimposed voltage, and in its com-
plete cycle of oscillation delivers twice

as much energy as is absorbed by the

first e 1 e c t r-o n . Furthermore, this

useful electron is still available for

more cycles of oscillation, whereas the

first electron is removed at the end of

the first half cycle. Electrons leaving

the cathode at other times or positions

from those considered above give

intermediate results. Summarizing,

it is seen that the electrons which

absorb energy from the superimposed

voltage strike the anodes relatively

soon and so are removed, whereas

those which give up energy to the
anode circuit remain for a considerable length of time, with the result

that there is a net energy delivered to. the anode circuit that tends to

sustain the superimposed voltage.

The behavior of the split-anode magnetron is complicated by the

fact that the electron does hot travel exactly 360° in one cycle, so that,

after a number of cycles have been traversed, the electron that started

in such a way as to deliver energy to the superimposed voltage- ulti-

mately shifts its phase to the point where it begins to absorb energy.

It is hence necessary to remove the electrons from the tube after they
have completed a number of oscillations. This can be accomplished by
tilting the axis of the tube slightly with respect to the superimposed
magnetic field, as illustrated in Fig. 213a. Such a tilt gives the electrons

a component of velocity parallel to the axis of the tube, causing them to

spiral and so ultimately to pass beyond the ends of the anodes. Experi-

ment indicates that the optimum tilt. angle is of the order of 3 to 6° in

typical tubes. 1 An alternative method of accomplishing the same result

1 See .G. R. Kilgore, Magnetostatic Oscillators for Generation of Ultra-short

Waves, Proc. I.R.E., vol. 2.0, p. 1741, November, 1932.

(a)Mmnetron with axis
tiffed with respect to
magnetic field

Fig. 213.—Means of causing elec-

trons in magnetron oscillator to spiral

. out of the interelecirode space.
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is to provide the tube with end plates as illustrated in Fig. 2136. By
making these end electrodes positive with respect to the cathode, they
will attract the electrons, which will follow a.spiral path and ultimately
be collected by the end plates. 1

The efficiency of electron oscillators of the split-anode magnetron
type is relatively low, values of 5 to 10 per cent being typical under
favorable conditions. The power output obtainable is likewise' low,,

particularly at high frequencies, because of the poor efficiency and the
fact that the small physical dimensions, required to generate energy at
high frequencies limit the permissible power dissipation. The best
efficiency and power output are obtained when the strength of the
magnetic field, the anode voltage, the filament voltage, and the tilt angle
(or end-plate potential) are properly adjusted with respect to the resonant
frequency of the external circuit.

The wave length X of a magnetron oscillator is determined primarily
by the strength of the magnetic field, at which the plate current begins to
cut-off according to the following empirical relation2

. . 13,000 '

x== -ir- .
(i8i)

where X is in centimeters and His in lines per square centimeter (gauss).
The critical magnetic field H appearing in Eq. (181) is determined by
the dimensions of the tube and the anode voltage, according to the
relation . .

•
'

' 6 72
//in lines per square centimeter = —

—

\/E (182)

where r is the anode radius in centimeters and E is the anode voltage.
Comparison of Eqs. (181) and (182) shows that small-size and high
anode voltages require large H, and hence give high frequencies. The
actual frequency is influenced somewhat by the tuning of the external
circuit, by space charges developed within the tube, by the tilt angle,
etc. As compared with the Barkhausen oscillator, the split anode is

capable of operating satisfactorily at higher frequencies because of its

simpler structure and greater ability to dissipate energy. 3

1 For further discussion of this type of magnetron, see I. Wolff, E. G. Linder,
"

and R. A. Braden, Transmission' and Reception of Centimeter Waves, Proc. I.R.E.,
vol. 23, p. li, January, 1935; E. G. Linder, Description and Characteristics of the
End-plate Magnetron, Proc. I.R.E., vol. 24, p. 633, April, i936.

2 For a discussion of the theoretical justification of this equation, see E. C. S.
Megaw, Note on the Theory of the Magnetron Oscillator, Proc. I.R.E., vol. 21, p. 1749;
December, 1933; J. Barton Hoag, A Note on the Theory of the Magnetron Oscillator,
Proc. I.R.E., vol. 21, p. 1132, August, 1933.

3 The highest frequency reported at this writing is' approximately 30,000 mc
(1 cm wave length), generated by a split-anode magnetron, See C. E. Cleeton and
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Problems

1. In the Hartley and Golpitts oscillator circuits of Fig. 187, follow through the

detailed phase relations and show that conditions necessary for oscillation can be

realized.

2. Redesign the oscillator in the example of Sec. 66 for a Colpitts circuit.

3. In a properly adjusted oscillator, removing the load resistance normally

coupled into the tank circuit will reduce the d-c plate currents very greatly, while

causing the d-c grid current and the a-c current in the tank circuit to change only

slightly. Explain.

.4. If an oscillator is suspected of producing intermittent oscillations, what
means might be employed to see if this is the case?

5. In an oscillator it is found that the frequency stability is improved by increas-

ing the ratio of reactive energy circulating in the tank circuit to the power output

of the oscillator. It is also commonly stated that the use of a tank circuit with a low

L/C ratio improves the frequency stability. Correlate these with the discussion on

frequency stability given in Sec. 67.

6. In an electron-coupled oscillator, explain why the frequency ceases to be

independent of the load impedance in the plate circuit when this impedance is great

enough to make the minimum plate voltage very low.

7. Explain how parasitic oscillations can exist in a triode amplifier employing

the Rice system of neutralization (see Fig. 1336).

8. In a dynatron or other negative resistance oscillator, demonstrate mathe-

matically that oscillations will result when the absolute magnitude of the negative

resistance of the tube is equal to or less than the parallel impedance of the tuned

circuit. •

9. In a three-stage resistance-coupled amplifier, multivibrator oscillations can

occur when there is a resistance common to the three plate circuits, whereas oscillations

will not normally occur if there are only two stages. Explain how this comes about.

10. Calculate and plot, the impedance of the electrical network equivalent to

crystal No. Ill of Table X as a function of frequency, in the vicinity of resonance.

11. a. By means of the equivalent electrical circuit of the quartz crystal, demon-

strate that when a crystal is used in the oscillator circuit of Fig. 206 the frequency

of oscillation can be varied shghtly by means of a variable condenser in shunt with

the crystal.

b. If the crystal in (a) is No. Ill of Table X, calculate the change in resonant

frequency produced by a shunting capacity of 10 p/xi

.

12. In a crystal oscillator using the circuit of Fig. 206, discuss the factors that

control the amplitude of the oscillations produced. •

13. Describe the mechanism by which the frequency of an electron oscillator is

influenced somewhat by the external tuned circuit, particularly when this circuit is

resonant at a frequency not greatly different from the frequency of the electron

oscillations in the absence of a tuned circuit.

14. Explain qualitatively the physical reason why the wave length of a Bark-

hausen oscillation varies with d and EB as given by Eq. (180).

15. In an electron oscillator of the magnetron type explain why the axial length

of the tube in the direction of the filament has no effect on the frequency of oscillation

even though a longer tube has more interelectrode capacity.

N. H. Williams, A Magnetostatic Oscillator for the Generation of 1 to 3 Cm Waves,

Phys. Rev., vol. 43, p. 421, Sept. 1, 1933.



CHAPTER IX

MODULATION

72. Waves with Amplitude Modulation.—In all the commonly used

systems of radio communication the information is transmitted by vary-

ing the amplitude of the radiated waves, as explained in Sec. 3 and illus-

trated in Figs. 4 and 5. Communication carried on in this way is said to

take place by means of amplitude modulation, and the equation of the

envelope of the modulated wave represents the equation of the intelligence

actually transmitted. If the envelope variations of the modulated wave

exactly reproduce the original signal, 1
i.e., sound pressure, light intensity,

etc., this signal is transmitted without distortion; otherwise distortion is

introduced and the intelligence contained in the modulation envelope

is not exactly the same as that represented by the original signal.

When the equation of the wave envelope does not contain the different

frequency components of the original, signal in their correct relative

magnitudes, the modulation possesses frequency distortion. If on the

other hand the equation of the modulation envelope includes frequency

components that were not present in the original signal, the modulation

possesses amplitude or non-linear distortion. Finally, if the phase rela-

tions of the different frequency components of the wave envelope are

not the same as. in the original signal, phase distortion results. These

three types Of distortion thus have the same significance when applied

to modulation as they do in the case of amplification.

The extent of the amplitude variations in a modulated wave is

expressed in terms of the degree of modulation. For a sinusoidal varia-

tion, as illustrated by Fig. 5: -,

Degree of modulation = m =
average envelope amplitude — minimum envelope amplitude (183)

average envelope amplitude •

When the degree of modulation is 1.0, the amplitude variations carry the

envelope amplitude to zero during the troughs of the modulation cycle

and the modulation is complete, i.e., the envelope is varied through the

maximum range that is possible without amplitude distortion.

1 The term "signal" when used in connection with modulation refers to the

original intelligence. Thus signal frequency represents the frequency which is

modulated upon the radio wave.

393
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When the envelope variation is not sinusoidal, it is necessary to

define the degree of modulation separately for the peaks and troughs

of the envelope, according to the equations given in Fig. 214.

Analysis of Modulated Wave.—It was shown in Sec. 5 that a modulated

wave consists of a carrier wave and a number of side-band components,

the exact nature of which depends upon the equation of the wave envel-

ope. This envelope equation can always be written in the form of an

average value plus one or more alternating-current terms that take into

account the envelope variations, i.e., •

Equation of wave envelope = E .+ E x sin {2-wfit + <j>i) +
E2 sin (2rrf2t + fc) + Es sin (2tt/3* + 3) •+ (184)

where E is the average amplitude of the envelope (which is also the

amplitude when the wave is unmodulated), and the remaining terms

represent the components of the envelope variation having frequencies

/i, fi,fz, etc., crest amplitudes Ei, E2 ,

Es , etc., and phases 4>%, <£2 , and 3 .

The term E in Eq. (184) represents

the average amplitude of the modu-
lation envelope and is the crest

amplitude of the carrier wave, while

each of the sinusoidal components in

the wave envelope gives rise to a pair

of side-band frequencies. The two
side-band components arising from

each sinusoidal component of the

Positive peak modulation

Negative peakCor trough)
modulation

Fig. 214.—Unsymmetrically modulated
wave, and equations giving peak and wave envelope have frequencies that
trough,modulation. ,. , . , , .,

are respectively greater and less than
the carrier frequency by the corresponding envelope frequency, and each

Has an amplitude one-half of the corresponding envelope component.
Thus a modulated wave having an envelope given by the equation

Envelope amplitude = 100 + 50 sin 2tt/i + 20 sin 2tt/2

consists of a carrier wave having a crest value of 100 volts, a side band
having a frequency that is/i cycles greater than the carrier, frequency and
a crest amplitude of 25 volts, a companion side band of the same ampli-

tude but of frequency /x cycles less than the carrier frequency, and a

second pair of side-band components each of- 10 volts amplitude and
having frequencies /2 cycles more and /2 cycles less than the carrier

frequency.

The carrier wave is the same, irrespective of the presence or absence

of modulation. Varying the amplitude of the radio wave merely has the

effect of generating the side bands, whieh are the part of the modulated
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wave that conveys the intelligence being transmitted. The carrier

wave carries no information because it is not affected by the modulation.

The energy contained in a modulated wave is the sum of the energies

of the separate frequency components and is therefore increased during

modulation because of the energy contained in the side bands. When the

carrier wave is completely modulated by a sinusoidal variation of the

envelope amplitude, i.e., when in Eq. (184) Ex = E , and E2 , Es, etc.,

are all zero, there are two side-band components, each having an ampli-

tude half that of the carrier and hence each containing one-fourth as

much power as does the carrier. The two side bands together thus make

the power of the completely modulated wave (m = 1.0) 50 per cent

greater than the carrier power, and one-third of the total energy of the

wave 'is in the side bands, while two-thirds is in the carrier. With degrees

of modulation other than 1.0 the side-band power will be proportional to

ra2
, so that the fraction of the total wave energy that is contained in the

intelligence-bearing side bands rapidly decreases as the degree of modula-

tion is reduced. For this reason the highest possible degree of modulation

should al\yays be used.

The frequencies contained in the modulation envelope depend upon-

the character of the amplitude variations that are impressed on the wave,

and in general are higher the more rapidly the amplitude of the wave

envelope is varied. In particular when the amplitude changes with

extreme rapidity, as would be the case in a code transmitter if the waves

could be turned on and off instantly, the envelope equation contains very-

high frequency components and the side-band frequencies extend over a

wide frequency band.

In the actual transmission of intelligence by means of modulated

waves it is generally unnecessary to modulate upon the carrier wave all

the frequencies contained in the equation of the original signal in order

to make the intelligence understandable at the point of reception. Fur-

thermore the modulation by a wider frequency band than is absolutely

necessary to carry the desired information is to be avoided because

unessential frequencies in the modulation envelope mean high-frequency

side-band components, and this utilizes frequencies in the transmitting

medium that could otherwise be employed, for additional communication.

Side Bands Required in Telegraph, Telephone, and Picture Trans-

mission.—In the transmission, of telegraph signals by the Continental

Morse Code it is possible to operate telegraph relays provided each side

band has a width of 0.131 cycle per letter transmitted per minute. 1

1 This figure represents the minimum side band that can be used, and unless

refinements are employed a somewhat wider, band is desirable. With the five-element

two-valued code employed in printing telegraph systems, the side band need be only

about three-fourths as wide as with the Continental Morse Code. By employing a
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Thus transmission at the rate of 100 letters per minute can be carried on
using side bands which extend only 13.1 cycles on each side of the carrier

frequency.

In the transmission of speech and music of good quality, side-band

components, extending at least 5000 cycles on each side of the carrier

frequency must be employed. Such a band provides for the transmission

of audio-frequency sounds having pitches up to 5000 cycles, and, while the

human voice and music contain frequencies up to approximately 15,000

cycles, these higher pitch sounds are not absolutely essential for reason-

ably satisfactory results. Understandable speech requires the repro-

duction of all frequencies from about 250 to 2700 cycles, or side-band

frequencies ranging from 250 to 2700 cycles above and below the carrier

frequency.

The side band required in picture transmission and television is dis-

cussed in Sec. 145.

Methods of Amplitude Modulation.—While the methods by which

amplitude modulation of a carrier wave can be obtained appear to be

almost without number, nearly all of them come under one of the follow-

ing four classifications

:

1. Modulated oscillators.

2. Modulated amplifiers.

3. Modulation by means of non-linear circuit elements.

4. Modulation by means of variable circuit elements.

Modulated oscillators include those arrangements in which the ampli-

tude of the generated oscillations is controlled by the intelligence that

is to be transmitted. In the modulated-amplifier type of modulator the

unmodulated carrier wave is applied to the amplifier grid, and the ampli-

fication is then varied in accordance with the intelligence to be trans-

mitted. Modulators which employ non-linear circuit elements make
use of the fact that the current which flows through a non-linear circuit

is not proportional to the applied voltage, so that, when the radio-fre-

quency carrier voltage and low-frequency signal voltage are superimposed
and applied to a non-linear circuit, the amplitude of the radio-frequency

current that flows is modulated by the signal. In modulators employing
variable circuit elements, the impedance which, is offered to the radio-

frequency carrier voltage is varied in accordance with the intelligence

that is to be transmitted, with the result that the radio-frequency current

is modulated as desired. The following paragraphs describe the methods
of amplitude modulation which are most widely used in telephony and

synchronous vibrating relay to restore the shape of the received signals transmitted

.by the printing telegraph code, it is possible to cut the frequency band in half. See

F. E. Terman, Some Possibilities of Intelligence Transmission when Using a Limited
Band of Frequencies, Proc.'l.R.E., vol. 18, p. 167, January, 1930.
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in picture transmission. The means used to turn code transmitters on
and off in accordance with the telegraph characters are considered in

£ec. 103.

73. Plate-modulated Class C Amplifiers.—A plate-modulated Class C
amplifier is an ordinary Class C amplifier in which there is superimposed
on the direct-current plate potential an alternating potential that varies

in accordance with the intelligence to be transmitted.

V*-- Modulated amplifier — ^Powet-amplifier(inociijlaiorA

)tfoltagedroppingresis1aao\

Carrier voltage
input

Output of
speech amplifier

(at) Director Impedance) Coupling

K~ Modulated amplifier iXtPmeramplifierijnocltihfor)^

Carrier voltage
input

(b) Auto-Transformer Coupling

\*—Modulated amplifier

R.F. choke,

JLfB/ocking
T~ttone/enser

* *Poweramp/ifier<inoefofoto()*\

Carrier voltage
input

Outp it of
speech < implifier

(c) Transformer Coupling

Fig. 215.—Cireuit diagrams for plate-modulated Class C amplifier.

The basic circuit of a plate-modulated Class C amplifier is shown
in Fig. 215a, and is essentially an ordinary triode Class C amplifier With
the signal (or modulator) voltage superimposed upon the direct-current

plate-supply potential. This modulating voltage is normally obtained
from a power amplifier, usually termed the modulator, which "can be a
Class A, Class AB, or Class B power amplifier.

The most common coupling arrangements employed are illustrated in

Fig. 215, which shows schematic circuits which have been simplified by
omitting the neutralization and the coupling from tank circuit to load.

It will be noted that in each case the plate circuit of the Class C amplifier

acts as the load impedance to the modulator. The circuits of (a) and
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(6) require the use of a single-ended power amplifier, while the arrange-

ment at (c) permits the use of a push-pull modulator and also makes jt

possible to reduce the direct-current magnetization of the core by-

polarizing the windings so the direct currents to the Class C and the

modulator, tube oppose each other in magnetizing the core.

The action of a plate-modulated Class C amplifier is given, by the

following explanation: The radio-frequency amplifier tube is adjusted

so that with no modulating voltage present it operates as an ordinary

Class C amplifier in which the bias is' at least twice the cut-off value for

the plate-supply potential. When the modulating voltage is superim-

(«> Circuit for Plate Modulated
Class C Amplifier

' <bl) Voltage Applied To Grid

Carrier€>Eo

\Loaof
\impeolance

Eb#

(b) Signal to Be Modulated on Carrier
<e> Ploi+e Current

Hi. ...ill

(f) Current in Tuned Load Impedance

Pig. 216.—Schematic circuit of plate-modulated Class C amplifier, together with

oscillograms showing details of the modulator operation.

posed upon the plate-supply voltage, the plate then alternately becomes

more and less positive. As the plate becomes more positive, the mini-

mum plate potential J5min tends to increase, causing the peak amplitude

of the pulse of plate current to become larger, while at the same time the

angle of flow increases because of the greater plate voltage. .The output

is accordingly increased. Similarly when the modulating voltage makes

the plate potential less than the plate-supply voltage, the minimum
plate voltage E^ tends to become less, reducing the peak amplitude

of the plate current pulses, and this, together with the smaller angle of

flow, reduces the power output. When properly adjusted, the output

voltage can be made substantially proportional to the effective plate

voltage, and, ' since this effective plate voltage consists of the bat-

tery voltage plus the modulating voltage, the envelope of the output

accurately reproduces the signal to give distortionless modulation.

The detailed mechanism of the plate-modulated Class C amplifier is

given in Fig. 216, which shows qualitatively the relations existing for
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100 per cent modulation. Here the crest value of the signal voltage intro-

duced into the plate circuit is equal to the plate-supply voltage, so that

the effective plate-supply voltage varies from zero to twice the battery

voltage during the modulation cycle as shown at (c). This causes the

plate current pulses to vary in amplitude and angle of flow in the manner
shown at (e), resulting in an output current or voltage as illustrated at

(/) having an envelope that varies in accordance with the signal.

Power Relations.—When a plate-modulated Class C amplifier is

properly adjusted, the plate current and output voltage are nearly exactly

proportional to the total effective plate voltage. To the extent that this

is true the Class C amplifier offers to the modulator tube a load resistance

that is equ*al to the ratio Eb/Ib, where i£&.is the battery voltage and i&

is the d-c plate current in the absence of modulation. The degree of

modulation is determined by the alternating voltage developed by the

modulator across this load impedance. For 100 per cent modulation the

crest alternating signal voltage must equal the plate-supply voltage, and
this makes the modulator power EbIb/2, or exactly one-half of the direct-

current power which the plate battery is called upon to supply. For

lesser degrees of modulation the modulator power will be proportional

to the square of the degree of modulation. The power relations that exist

in a plate-modulated Class C amplifier can hence be summarized by stating

that the power required to generate the carrier wave is supplied from the

direct-current plate-supply voltage, while the power required to generate

the side-band components of the modulated wave must be supplied from the

output of the modulator.

The power that the modulator must deliver becomes large in the case

of high-power Class C amplifiers. Thus if a 10-kw carrier is to be

modulated 100 per cent and the plate efficiency is 66.7 per cent, the

direct-current plate power required is 15 kw and the modulator power

output is half of this or 7.5 kw. If the degree of modulation is less than

100 per cent, the demand made upon the modulator is correspondingly

less, but so is the side-band energy generated.

The efficiency of a Class C modulated amplifier is the same as the

platS efficiency of a simple Class C amplifier. The efficiency is normally

at least 60 per cent, and some cases may range as high as 70 to 80 per cent.

Design and Adjustment.—In the modulated Class C amplifier the

most important characteristic is the linearity of the modulation, and the

entire design and adjustment must be worked out with this in mind.

The best means of insuring linear modulation is to adjust the grid

excitation and load impedance so that even at the crest of the modulation

cycle (when the effective plate voltage is the battery voltage plus the

modulated voltage) the. tube operates as a Class C amplifier in which* the

minimum plate voltage is small Compared with the total effective plate
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voltage. The crest alternating voltage developed across the load is then

always almost equal to the effective .
plate voltage, insuring an output

that follows the modulation very closely. It is also highly desirable

that the adjustment at the crest of the modulation cycle be such that

the maximum grid potential reached during the cycle be considerably less

than the minimum plate voltage, so that as the minimum plate voltage

becomes smaller at other parts of the modulation cycle it will still exceed

the maximum grid potential except at the extreme trough of the modula-

tion cycle. If the exciting voltage is sufficient to make the maximum
grid potential larger than this, the grid current will be large during those

parts of the modulation cycle when the minimum plate voltage becomes

less than the maximum grid potential, while being small' during the

remainder of the cycle. This causes the modulated amplifier to offer a

highly variable load to its exciter.

In order to obtain a reasonable power output with a relatively low

minimum plate voltage and a very low maximum grid potential, it is

necessary to employ tubes with a lowfcffect ot'minTmum plate voltage

1600
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amplification factor. Even then the

amplitude of the plate-current pulses

and hence the power output tend to

be small. When tubes having a

relatively high amplification factor

are plate modulated, it is usually

found necessary to operate with a

relatively high maximum grid poten-

tial in order to obtain the required

output at the peaks of the modu-
lation cycle, and, if the minimum

Fig. 217.—Effect of various operating plate voltage. is made low to obtain
conditions on the linearity and driving *

.

power of a plate-modulated Class c linearity, this makes the maximum
amplifier.

gpjjj potential exceed the minimum
plate voltage during a considerable part of the modulation cycle and so

causes a variable load on the exciter. 1 The effect of the minimum plate

potential in relation to the maximum grid voltage upon the linearity of

modulation is shown in Fig. 217, where it is seen that, while a relatively

low load impedance makes for higher output power and more uniform

driving power over the cycle, the linearity of modulation is less than

with a higher load impedance.

-100 -50 +50 +100
E b + Modulating Voltage, Per Cent

\This difficulty can be minimized by several expedients such as modulating the

exciter slightly, applying a small amount of grid modulation to the plate-modulated

amplifier, or using grid-leak bias. In this connection see I. E. Mouromtseff and

H. N. Kozanowski, Analysis of the Operation of Vacuum Tubes as Class C Amplifiers,

Proc. I.R.E., vol. 23, p. 752, July, 1935.
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In designing a modulated Class C amplifier it is customary to start
with a grid bias that is at least twice, and more commonly three to four
times, the cut-off value Calculated on the basis of the plate-supply voltage.

An excitation voltage and load impedance are then selected such that
with the effective plate voltage existing at the crest of the modulation
cycle (which for 100 per cent modulation is twice the plate-supply voltage)
the maximum grid potential and minimum plate voltage will have values
favorable for linear modulation while still giving reasonable power output.
The proper conditions can be readily calculated with an accuracy suffi-

cient for ordinary purposes by the approximate method discussed in
Sec. 61. The effective plate voltage at the crest of the modulation cycle
divided by the calculated d-c plate current at the same instant gives the
approximate load that the modulated amplifier offers to the modulator
tube, and from this the coupling arrangement can be designed. In the
case of the direct-coupled circuit of Fig. 215a it is necessary to insert a
voltage-dropping resistance, thoroughly by-passed to both audio and
radio frequencies, in series with the plate of the Class C amplifier as
shown if 100 per cent modulation is to be obtained. This is because the
alternating voltage developed by the modulator tube across its load
impedance is always less than the modulator plate voltage, and makes
it necessary to lower the Class C amplifier direct-current plate voltage by
a corresponding amount, usually 20 to 40 per cent.

.

In selecting operating conditions for a plate-modulated amplifier it is

necessary to remember that, with complete modulation the power input
and plate losses are approximately 50 per cent greater than with no modu-
lation, while the peak plate voltage is twice as great. Hence, when a
tube is to be plate modulated, it is necessary to operate at a lower plate
voltage and to adjust for less carrier power than could be developed by the
same tube if operated as an ordinary Class C amplifier without modula-
tion. In the case of tungsten filament tubes it is also necessary to limit

the peak plate currents to about two-thirds of the value permissible
with Class C operation to avoid incipient saturation effects.

After adjusting to realize the operating conditions tentatively
selected on the basis of the above considerations, modulating voltage is

applied and the linearity determined either by employing a modulation
meter to read the percentage, modulation for the positive and negative
peaks or by using a cathode-ray tube. The modulation meter is the
more accurate, but, though desirable where high quality is important,
is expensive and often not available. The cathode-ray tube is not so
accurate as the modulation meter but because of its general availability
is used for the ordinary run of adjustments. The simplest procedure
when employing a catljode-ray tube is to apply the signal or modulating
voltage to the horizontal deflecting plates and the modulated output
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(a) Distortionless
modulation

II

-
*

(b)Overmodu-
lation

voltage to the vertical deflectors. If the modulation is distortionless,
the resulting pattern is a trapezoid,with straight sides as indicated in Fig.

218, with the degree of modulation determined by the ratio of the
vertical sides as indicated- in the figure. Overmodulation, i.e., modula-
tion to the point where the output is reduced to zero for an appreciable

part of the cycle, is indicated by the

pattern shown at Fig. 2186. Ampli-
tude distortion causes the sides of

the trapezoid to become curved as in

Fig. 218c, with the nature of the

curvature usually indicative of the

source of. the distortion. If a shaded
ellipse is indicated as in Fig. 218d, a
phase shift is present.

In the absence of a modulation
meter or cathode-ray.tube, an idea as

to the linearity of the modulation
may be obtained by taking advantage
of the fact that when the modulation
is distortionless the d-c plate current

is substantially independent of modu-
lation, whereas distortion is usually accompanied by a change in the d-c
current when modulation is applied. The percentage of modulation can
be estimated for sinusoidal modulation by taking advantage of the fact
that the effective value of a sinusoidally modulated wave is proportional

m B"A

(c) /Amplitude
distortion

(d) Phase shift
between signal

•voltage ana mod-
ulation envelope

Fig. 218.—Patterns obtained under
various conditions from a cathode-ray
tube in which the modulated wave is

applied to the vertical delecting plate
and the signal voltage to the horizontal
deflectors.

to and so with complete modulation is 1.225 times the unmodu-

lated value.

If the linearity of modulation, power output, or grid driving power
for the first trial adjustment are not satisfactory, the exciting voltage,
load impedance, or grid bias can be varied in an effort to. improve the
performance. The practical problem of determining the optimum adjust-

.

ment is complicated by the variable load that the modulated amplifier
offers to its exciter and by the fact that the power output of a modulated
amplifier is commonly used to excite a linear amplifier which also repre-
sents a variable load. In some cases it is possible to balance some Of
these modifying factors against each other to make the performance
better than otherwise obtainable. Thus in the arrangements illustrated
in Fig. 215a, where a single-ended power amplifier must be employed, it

is often possible to adjust the modulated amplifier so that it compensates
to a large degree for the second-harmonic distortion always present in a
single-ended power amplifier.
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The tank circuit of a modulated amplifier must have a Q low enough
to prevent undue, discrimination against the higher side-band frequencies
When a high load impedance is required, it is therefore necessary to make
the L/C ratio of the tank circuit high. enough to permit realizing the
required impedance with the relatively low effective Q necessary for high
quality.

Calculation of Performance.—In calculating the linearity of a plate-
modulated Class C. amplifier it is necessary to determine the alternating
voltage developed across the load for known values of grid bias, maximum
grid potential, effective plate voltage, and load impedance. To do this

Modulation
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.„-JC—* I
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i l
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Fig. 219.—Curve showing load
impedance required for different as-
sumed values of minimum plate
voltage Emin, showing how the value
of Emin corresponding to a given load
impedance can be found.

{-" Modulating voltage

^Plate supply voltage E b

Fig. 219a.—Critical points on linearity
curve used to calculate distortion in modu-
lation by means of Eq. (151) or (152).

it is necessary to assume reasonable values for the minimum plate poten-
tial E,uiD and then to calculate the resulting current' pulses and the
required load impedance that is consistent with these current pulses and
the effective plate voltage. By plotting several such points in a curve
showmgthe required load impedance as a function of the minimum plate
voltage Emin as in Fig. 219, it is possible to determine the value of mini-mum plate voltage corresponding to the actual load impedance, and
from this to obtain the voltage developed across the load. This calcula-
tion can be repeated for various values of effective plate voltage in order
to obtain a complete curve giving the output voltage as a function of
effective plate voltage. Calculations of the linearity must be carried
out by the exact method (see Sec. 61) if high accuracy is required
although the approximate method is suitable for preliminary calculations
or for detecting grossly improper operating conditions.

When the linearity curve is known, the amplitude distortion of the
modulation envelope can be determined from the output at the critical
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Carrier
vottage

points on the modulation cycle indicated in Fig. 219a by substitution in

Eq. (151) or (152).

Plate Modulation of Screen-grid and Pentode Tubes. 1—Pure plate

modulation of screen-grid and pentode tubes is not desirable because the

plate current of such tubes is sub-

^ , ~, t-

,

stantially independent of the plate

1_ 2tf?

—

Signal'power voltage except when -the plate poten-
>m modulator tial is quite low. Entirely satis-

Fig. 220.—Modulated screen-grid factory modulation can be obtained,
amplifier in which the screen and plate v, rt-„7x,rQ- ;t u^+v, ^i„+„ . j

voltages are simultaneously modulated.
however

>
if both plate and screen

potentials are modulated simultane-
ously as in Fig. 220. In this way the total space current varies with the
modulation in much the same way as in the ordinary plate-modulated
amplifier. The design and adjustment of such a modulation system is,

similar to that of the ordinary plate-modulated triode except that the
screen-grid by-pass condenser must be small enough so that it does not
by-pass the modulating voltage.

Load impedance..

(b) Signal +o be Moduloi+ed on Carrier

(«) Circuit for Grid Modulated
Class C Amplifier

\ Jill

lr\ v*\+n~~ a i- jo. -'.. (e) Current in Tuned Load
<C> Voltage Applied +o Grid Impedance

Fig. 221.—Circuit of grid-modulated Class C amplifier together with oscillograms showing
details of operation.

74. Grid-modulated Class C Amplifier.—The grid-modulated Class C
amplifier is similar to the plate-modulated Class C amplifier except that
the modulation is accomplished by varying the grid bias of the amplifier
instead of the plate voltage. The circuit for such an amplifier together
with the details of operation are illustrated in Fig. 221. The tube is

operated at a grid bias greater than the cut-off value, and the amplitude
of the carrier wave that is applied to the grid is somewhat less than the
bias. A signal voltage is then superimposed on the bias and causes

1 For further information see H. A. Robinson, An Experimental Study of the
Tetrode as a Modulated Radio-frequency Amplifier, Proc. I.R.E., vol. 20, p. 131,
January, 1932.
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the voltage actually applied to the grid to vary as shown in Fig. 221c.

The result is the plate-current impulses shown in Fig. 221d, which are

similar to the corresponding plate-current impulses of the plate-modu-

lated amplifier.

The proper adjustment is such that at the crest of the modulation

cycle the tube operates under typical Class C amplifier conditions, with

plate-current. pulses lasting for not more than 180 deg., a maximum

instantaneous grid potential- equal to zero or moderately positive, and

sufficient load impedance to make the alternating voltage developed

across the load by the plate-current pulses only slightly less than the

battery voltage. Complete modulation is then, obtained by arranging

matters so that at the trough of the modulation cycle the maximum

instantaneous grid voltage approaches the cut-off grid potential for

the plate-supply voltage.

In actual practice it is necessary to compromise between power output

and distortionless modulation. In order, to obtain a large power output

the pulses of plate current at the crest of the modulation cycle must be

large. This requires that the grid be driven positive; however, the

resulting grid current that flows at the peak of the modulation cycle

places a variable load upon the exciting and modulating voltages, thereby

distorting the modulation. By designing the sources of exciting and

modulating voltages to have good regulation (i.e. low internal impedance)

and by driving the grid only moderately positive, this distortion can be

kept low enough to be permissible for such purposes as police radio,

aircraft telephone, etc., where the transmission of intelligence is the

primary object. However, if the distortion is to be kept as low as

possible, as is essential in broadcast transmitters, operation must be as

illustrated in Fig. 221 with the maximum instantaneous grid potential

just reaching zero. It is also desirable to use sufficient load impedance

to make the minimum plate potential Emi* small compared with the

plate voltage. In order to obtain appreciable power output with the

grid just reaching zero potential and the minimum plate voltage quite

low, it is necessary to employ a tube with a low amplification factor.

Even then the power output obtainable at the crest of the modulation

cycle will usually not bring the plate dissipation of the tube up to the

rated value, so that, in order, to obtain a high degree of linearity, it is

necessary to sacrifice in power output.

The first step in adjusting a grid-modulated amplifier is to obtain

the proper operating conditions for the crest of the modulation cycle.

This 'is- done 'by temporarily giving the grid a bias equal to or slightly

greater than cut-off and by applying sufficient exciting voltage to make

the maximum grid potential either zero or moderately positive according

to the type of operation desired. The plate load impedance is then
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adjusted, keeping in mind that the modulation will be more linear as the

load impedance becomes higher, but that this tends to reduce the power
output. The grid bias is now increased until the .output drops to zero,

and the operating grid bias is selected midway between this bias and
that corresponding to the crest of the modulation cycle. The crest

modulating voltage for 100 per cent modulation is then equal to one-half

the difference between the biases for zero output and peak output, and
ordinarily will be very close to Eb/2/j..

The linearity of the modulation can be determined experimentally by
measuring the output voltage as a function of grid "bias. Such a proce-

dure takes into account the effect of the grid current Upon the exciting

(a) Operation without I
grid current /&'

Bias for
carrier

(b) Operation with
positive grid

+- &s

>~ %0 V ~K

is #

!

£
>'/

/Bias^\ 7/for
j/ Carrier \ s1

+100+100 -100

Grid Potential (Bias+Modulating Voltage),PerCent

Fig. 222.—Typical linearity curves of grid-modulated amplifier for several conditions.

voltage, but does not allow for the flattening off of the positive peaks

of the modulating voltage, which must be taken into account by the

use of Eq. (156). Typical linearity curves for several operating condi-

tions are illustrated in Fig. 222. It is apparent that, if the load irhped-

ance is high and the grid is not driven positive, the modulation, can be

made very linear, but that with a low load impedance or with positive

grid operation, the resulting increase in output is at the expense of

linearity or of variable driving power. 1

The performance of a grid-modulated Class C amplifier can be

calculated by the exact or approximate methods of Sec. 61 in much the

same manner as the calculations for the platermodulated Class C amplifier

1 It is to be noted by comparing Figs. 152 and 222 that operation with zero grid

current and a low load impedance gives a characteristic that is curved in much the

same way.as is the dynamic characteristic of a power tube. Hence by using a single-

ended power tube to suppl;~ the modulating voltage it is possible by proper adjustment
to balance the curvature <">f the dynamic characteristic of the power tube against the

curvature of the modulation characteristic of • the modulated amplifier and to obtain

as a result a substantially distortionless over-all characteristic with a load impedance

low enough to give appreciable output.
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are carried out. Thus, for any particular value of modulating voltage,

various values of minimum plate voltage are assumed and the required

load impedance is calculated. From these data a curve is plotted showing

the relationship between minimum plate voltage and required load imped-

ance, and the conditions corresponding to the actual load impedance are

obtained. Such calculations . using the approximate method are very

helpful in preliminary design to determine the proper load impedance,

output power that can be expected, etc. ; in the case where no grid current

flows, they will also give the linearity curve with satisfactory precision.

When the grid is driven positive, the distortion is greatly influenced by
the grid current at the peak of the cycle and linearity under such condi-

tions is best determined by experiment.

The carrier power obtainable from a grid-modulated amplifier is

approximately one-quarter of the power that the same tube will deliver

operating as a simple Class C amplifier. This is because the peak power

of the modulated amplifier corresponds to Class C operation, and with a

completely modulated wave is four times the carrier power. The plate

efficiency during the unmodulated intervals is approximately one-half

the efficiency obtained with simple Class C operation. This results

from the fact that, if the minimum plate voltage is small at the crest of

the modulation cycle, then when there is no modulation the vo.ltage

across the load is halved, causing the minimum plate potential and

hence the plate loss to become large.

Upon comparing the grid- and plate-modulated amplifiers £b will be

noted that the grid-modulated amplifier has a relatively' low plate

efficiency and a low power output in proportion to the size of the modu-
lated tube, but requires very little modulating power. In contrast with

this the plate-modulated amplifier gives a much larger output in propor-

tion to the size of the modulated tube, but requires a large modulator

power. As a consequence the over-all efficiency, considering both

modulator and modulated-tube capacities, is roughly the same. The
choice between the two methods of modulation is hence largely one of

convenience since both methods of modulation will give completely

modulated waves having negligible distortion. •

Grid Modulation with Screen-grid and Pentode. Class C Amplifiers.—

Grid modulation can be readily applied to screen-grid and pentode Class

C amplifiers. The principles involved in the operation design and

adjustment are much the. same as when triodes are used except that no

neutralization is needed.

. 75. Suppressor-grid Modulation.—This method of modulation makes
use of a pentode tube adjusted to operate as a Class C amplifier. Modu-
lation is accomplished by applying to the suppressor grid the modulating

signal voltage superimposed upon a suitable negative bias, as illustrated
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in Fig, 223. This arrangement takes advantage of the fact that the
lowest plate potential at which appreciable plate current starts to flow
is proportional to the suppressor-grid potential, as indicated in Fig. 65.

— If the load impedance in the plate circuit

-t
- . j_ t

- of the tube is high, then the minimum
)T
h<~J^--Moc/u/aftng plate voltage will always be only slightly

Xj vo aqe more than the value at which the plate
223.—Circuit of suppressor- current approaches cut-off. This makes

the output voltage follow variations in

Carrier
frequency
w/WgeM|

||

Fig.

grid modulated amplifier

the suppressor-grid potential very closely, insuring relatively linear

modulation.

In the practical adjustment of suppressor-grid modulated amplifiers

the first step is to obtain the proper control-grid bias, screen-grid poten-
tial, and excitation to give the required angle of flow and total space
current, just as in the case of a Class C amplifier. The load impedance
is then adjusted to the highest value at which most of this total space
current goes/to the.plate when the suppressor is slightly positive, but still

-100 -75 -50 -25 +25
Suppressor Grid Voltage- Volts

Fl
.

G -

,

22
f-
—Linearity curve of typical suppressor-grid modulated amplifier.. Note

that it is impossible to obtain complete modulation without introducing appreciable
distortion.

not sufficiently positive to draw very much current. This condition
corresponds to the crest of the modulation cycle. The suppre'ssor
potential required to reduce the output to substantially zero is then
determined experimentally, thereby obtaining the bias voltage and the
modulating voltage required for complete modulation.

The power output of a suppressor-modulated amplifier at the crest

of the modulation cycle corresponds to the output obtainable from the
same tube operating as a Class C amplifier, so that for 100 per cent
modulation the carrier power is approximately one-fourth of that obtain-
able from the same tube when used as a simple amplifier. The plate
efficiency when adjusted for complete modulation is the same, as in the
grid-modulated amplifier, i.e., approximately one-half the plate efficiency
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for Class C operation, and is low for the same reason. The total efficiency

'

including the screen-grid losses is lower with suppressor modulation than

with control-grid modulation because with suppressor-grid modulation the

total space current is practically constant throughout the modulation

cycle, resulting in a large screen current at the troughs of the modulation

cycle and consequent high power loss at the screen grid. The relations

involved are illustrated in Fig. 224, which shows the plate current, screen

current, and output voltage as a function of suppressor voltage in a

typical case.
.

•

It will be no'ted that suppressor-grid modulation is very similar to

control-grid modulation, the primary difference being that the' exciting

and modulating voltages are applied to different grids. The linearity

(a) Circuit of Van Der Bijl

modulated amplifier
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(b) Details of modulation operation .
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Fig. 225.—Circuit of van der Bijl type of modulated- Class A amplifier, together with

oscillograms showing details of operation. The curvature of the grid-voltage-plate-current

tube characteristic causes the amplification of the carrier to depend upon the grid potential,

which in turn varies in accordance with the signal.

obtained with suppressor modulation is about the same as with control-

grid modulation when the control grid is driven positive, but is decidedly

less than the linearity obtainable with the control-grid modulation

operated without grid current.

76. The van der Bijl Type of Modulated Class A Amplifier.—This

type of modulator consists of. an ordinary Class A power amplifier, to the

grid of which are applied a small radio-frequency carrier voltage and a

large signal voltage. Because of the curvature of the piate-current-grid-

voltage characteristic the amplification of the small carrier voltage

depends upon the amplitude of the signal voltage, thus causing the

amplified output to be the desired modulated wave. The detailed

mechanism by which the modulation is produced is shown in Fig. 225.

The degree of modulation depends upon the curvature of the Eg — IP

characteristic and the amplitude. of the signal voltage that is applied to

the grid. In order to obtain a high degree of modulation the tube must
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be operated over a curved portion of the Eg
- Ip characteristic, and the

signal voltage must be large.

An analysis of the van- der Bijl modulator can be readily made by
means of the complete equivalent circuit of the vacuum-tube amplifier
illustrated in Fig. 151 and discussed in Sec. 55. The side bands of the
modulated output are the sum and difference frequency terms produced
by the second-order action when the input consists of two sine waves,
[see Eq. (1356)], while the carrier is the carrier-frequency output produced
by first-order action. Analysis based on the equivalent circuit shows that
for best results the load impedance in the plate circuit s,h6uld have negligi-
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Fig. 226.—Plate and resonanti-circuit currents as a function of plate-supply voltage in a
typical oscillator having grid leak and condenser, and adjusted for efficient operation. The
oscillating current is seen to be almost exactly proportional to the plate voltage, so'that the
oscillations can be modulated by varying the plate-supply voltage about the average value
E as shown iii the figure.

ble impedance to the signal frequency and at the same time offer to the

modulated wave a resistance equal to one-third the plate resistance at the
operating point. • .

The van der Bijl type of modulated amplifier is relatively easy to

adjust and requires negligible signal power. At the same time, its

usefulness is limited by the.fact that the plate efficiency, i.e., the ratio of

power contained in the modulated wave to the direct-current plate power,
is very low and by the fact that a high degree of distortionless modulation
is hard to obtain. This system of modulation is used extensively in

carrier-current telephone communication, where only small amounts of

modulated power are required and where a high degree, of modulation is

not necessary because the carrier component is suppressed by the means
described in Sec. 80.
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77. Plate-modulated Oscillator.—In this method of modulation

advantage is taken of the fact that in an oscillator a&justed to operate at

good efficiency the alternating voltage developed across the tuned circuit

is almost exactly proportional to the plate potential as. explained in Sec.

66 and illustrated in Fig. 226. It is hence possible to modulate the

output of such an oscillator by superimposing the signal upon the plate-
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Fig. 227.—Circuits for the plate-modulated oscillator. In each case the oscillator plate

circuit represents the load impedance to which the amplifier power output is -delivered.

supply potential by coupling a power amplifier (or modulator) to the

oscillator in one of the arrangements illustrated in Fig. 227.

The power relations existing in a plate-modulated oscillator are

similar to those of. the plate-modulated Class C amplifier. The- plate,

battery is hence called upon to supply th*e power for generating the carrier

while the modulator must deliver sufficient power to generate the side-

band energy. The plate efficiency is the same as that of an ordinary

oscillator, and so ranges commonly from 60 to 80 per cent.

The linearity of a properly adjusted plate-modulated oscillator is

practically perfect because, under such conditions the minimum plate

potential reached during the radio-frequency cycle is small and approxi-

mately proportional to the effective plate-supply voltage, making the
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(a) Circuit of Non- Linear Modulator

Carrier
voltage

Signal^
voltage&. -r—] T

Non-linear
impedance

Loadimpedance
to modulatedwave

(W Details of Modulator Operation

Voltage-current—
characteristic *;

ofnon-linear \
impedance ^

Current
flowing
in circuit

^Voltage actuallyapplied
to non- linearimpedance

(c) Modulated Wave Contained in Circuit Current

voltage developed across the load always proportional to the plate
potential. The onty special precaution required to obtain good linearity,

other than arranging the tube to operate at high plate efficiency and to
have an effective tank-circuit Q that is not too high, is to employ a small
enough grid condenser so that the grid bias is capable of following the
modulation at the higher modulation frequencies. In order to avoid

distortion from this source, it is essen-

tial that the grid condenser reactance

at the highest modulation frequency

be at least several times the grid-leak

resistance if 100 per cent modulation
is to

.
be employed. The chief limita-

tion of this type of modulation arises

from the fact that the frequency gen-

erated by ordinary oscillators depends
somewhat' upon the plate-supply volt-

age. The carrier frequency generated

by a plate-modulated oscillator there-

fore tends to vary with, the modulation
envelope, introducing frequency modu-
lation (see Sec. 81). As a result the

plate-modulated oscillator^ which was
once the universally used method of

modulation, is now employed only

under special circumstances.*

Fxo^s.^-Circuit of modulator utii- ,
!*' Miscellaneous Methods of

izing a non-linear circuit element, Modulation.—-While the preceding
together with details showing mecha- sections describe the most commonnism of operation. The signal voltage •

varies the impedance offered to the types of modulators, many other

™Sw fln

ge
f
n
t
thus Tfe

? ?e cur" methods have been devised. The mostrent that flows to be a modulated wave. .

important and representative of these
miscellaneous modulation methods are briefly considered in the follow-
ing paragraphs. 1

Modulators Employing a Non-linear Impedance.—Modulators utilizing

non-linear impedances operate by superimposing the signal, and carrier

voltage upon each other and applying the combination to a circuit

1 For still other methods of modulation see:

• Charles A. Culver, An Improved System of Modulation in Radio Telephony,
Proc. I.R.E., vol. 11, p. 479, October, 1923; and Series Modulation, Proc. I.R.E.,
vol. 23, p. 481, May, 1935.

Ernest G. Linder and Irving Wolff, Note on an Ionized Gas Modulator for Short
Radio Waves, Proc. I.R.E., vol. 22, p. 791, June, 1934.

For the modulation of laboratory, oscillators, see the author's book " Measure-
ments in Radio Engineering," 1st ed., pp. 294-298.
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element having an impedance that depends upon the applied voltage.

The action that takes place is shown in Fig. 228 and in a broad way can be

summarized by stating that the carrier-frequency current that flows

depends upon the amplitude of the superimposed signal-frequency volt-

age, with the result that a modu- Impedance to

modulated wave
rvn

Load impedance
j£Z \h> modulated wave

Fig. 229.—Grid-current modulator, in

which the non-linear relation between grid

current and grid voltage is used to produce
a modulated wave of grid current that, in

flowing through the series grid impedance,
produces a voltage drop which is then am-
plified by the tube.

(a) Variable resist-
' ance modulation

by means of
microphone

(b) Absorption loop method
of modulation in which
variable microphone
resistance is coupled
into antenna

111

Microphone
Source of
carrier

—Microphone

lated wave is produced. The only

essential difference between the

non-linear impedance and van der carr;e

Bijl modulators is that the latter in- yofh,»

volves amplification. Non-linear

modulation is often unintention-

ally produced in vacuum-tube am-

plifiers by the curvature of the

plate-voltage-plate-current char-

acteristic. A practical application

of the non-linear circuit-element method of modulation is in the grid-

current modulator shown in Fig. 229, 1 which makes use of the non-

linear resistance that exists between grid and cathode of a vacuum
tube operated at zero grid bias.

The signal and carrier voltages

are applied to the grid of the tube,

and as a result of the non-linear

grid-cathode tube resistance a

modulated carrier wave flows in

the grid circuit. This wave is

forced to flow through the grid

impedance Zg , across which there

is produced a voltage drop that

is amplified in the plate circuit of

the tube by ordinary . amplifier

action.

Non-linear modulators em-

ploying thyrite blocks and copper-

oxide rectifier units to supply the

hoh-linear circuit arrangement

find use in telephone and similar

applications where the amount of

modulated power required is quite small and the degree of modulation

required is not necessarily high.

Modulation by Means of a Variable Impedance.—A number of methods

of modulation which operate by varying an impedance in accordance with

!See Eugene Peterson and Clyde R. Keith, Grid Current Modulation, Beli

System Tech. Jour., vol. 7, p. 106, January, 1928.

frequency®®^ Source ofcarrier

energy r frequency
energy

(c) Modulator using- variable

resistance formed by plate-cathode

circuit of vacuum tube

s Radio frequency
{ power tube

"Carrier frequency
excitation

met — R-.fChoice
Modulating MM^>—Audio frequency choke
signal -

Fig. 230.—Representative modulation

.methods employing a circuit element having

an impedance that depends on the signal

amplitude.
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the intelligence to be transmitted are shown in Fig. 230. The cireuit

shown at Fig. 230a, which is probably the first modulation system ever

devised, operates by varying the resistance of the antenna circuit in

accordance with the resistance of a carbon-type microphone. A modifica-

tion of this circuit is shown at Fig. 2306, in which the microphone is

inductively coupled to the antenna system. Both of these arrangements
can be used to modulate small amounts of power but at best are rather

unsatisfactory.

A recently developed absorption modulator system is shown in

Fig. 230c. This makes use of a losser tube arranged so that the power
absorbed is controlled by the potential applied to the losser grid. An
essential feature of the arrangement is the choke in series with the plate

of the radio-frequency power tube. This choke must offer a high

impedance to the modulating frequency, and tends to maintain the plate

current of the power tube constant, thereby improving both the over-all

efficiency of the modulating system and the degree and linearity of

modulation obtainable.

79. Comparison of Modulation Methods.—An idea as to the advan-
tages, disadvantages, and fields of usefulness of the various systems of

modulation can be gained from the following discussion.

The plate-modulated oscillator is simple, has good plate efficiency,

and is the most linear of all modulation systems, but is of limited useful-

ness because of the frequency modulation produced by the plate-voltage

variations. Hence this system of modulation is employed only where
simplicity is all important, and in laboratory and test oscillators.

The plate-modulated Class C amplifier is the method of modulation
most widely used in radio, work. The linearity can be made sufficiently

high to meet all practical requirements, and the plate efficiency is high.

The chief disadvantage is the large amount of modulating power required,

which is an especial disadvantage where amplification of the signal

frequencies is difficult, as in television.

Control-grid modulation has the advantage of requiring negligible

modulating power, but this- is counteracted by low plate efficiency, with
the result that, when the total installed equipment, including both the

modulated • amplifier and modulator tube, is considered, there is little

difference in economy between control-grid and plate modulation. When
the control-grid modulator is operated without drawing grid current,

the linearity is of the same character as obtainable with plate modulation,

but the output produced by a given tube tends to be low. The output
can be increased by driving the control grid slightly positive, but this

introduces more distortion than is ordinarily permissible in broadcast

transmitters, although the performance is still satisfactory for such

services as police radio where.the transmission of information rather than

entertainment is the objective.
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Suppressor-grid modulation corresponds very closely tp control-grid

modulation in which the control grid is driven positive. The power

output, linearity, and plate efficiency are of the same order of magnitude,

with suppressor-grid modulation having the advantage of requiring no

neutralization and of being simpler, to adjust.

The van der Bijl modulated amplifier is widely used in the ljalanced-

modulator circuit of Fig. 231 to produce single, side-band energy for

carrier telephone communication, but is not used where appreciable

power is required because of the low efficiency and the fact that it is

difficult to obtain 100 per cent modulation without excessive distortion.

Non-linear modulators employing thyrite or copper oxide have displaced

the van der Bijl modulator to some extent in recent years.

. Absorption systems of modulation are no longer employed, although

the'recent arrangement of Fig. 230c has practical possibilities, particularly

as it can readily be applied to existing code transmitters.

80. Carrier-suppression and Single Side-band Systems of Communi-
cation.—The carrier component Of a modulated wave has frequency,

amplitude, and phase that are not affected by the presence or absence of

modulation, and so contains no part of «the intelligence being trans-

mitted. The carrier wave can therefore be suppressed at the transmitter

by some arrangement such as the balanced modulator circuit shown in

Fig. 231. Here the carrier volt-

age is applied to the two modu-
lator tubes in the same £hase, as s

Mff!!Lvoltiage_3 lccrrr/er
shown in the figure, while the input /

TH
, Output
! {containing •

modulator-signal voltage is wi+h center tapped ^wtfSnfe^
applied in opposite phase to the

seconelary tappedprimary

two grids by means of the center- Fig. 23 1 —Balanced modulator circuit

tapped transformer. The Out- arranged to suppress the carrier wave from

. . » the output without altering the side bands.
puts in the plate circuits of the .

two tubes are combined through a transformer with a center-tapped

primary in such a way that voltages applied to the two grids in the same

phase cancel each other in the output, while voltages applied to the two

grids 180° out of phase are added in the output. The result is that the

carrier voltage, which is applied to the two tubes in the same phase, does

not appear in the secondary of the output transformer, whereas the side-

band components, which are produced in opposite phase, are added to

give an outp'ut that is a modulated wave from which the carrier com-

ponent has been removed.

Since each side band taken alone contains all the information present

in a modulated wave, it is possible to carry on communication by trans-

mitting only a single side band and by suppressing the carrier and other

•side band at the transmitter. The single side band is obtained by first

suppressing the carrier by some such arrangement as shown in Fig. 231
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and by then passing the resulting side bands through filter circuits that

are sufficiently selective to transmit one side band while suppressing the

other.

The single side-band system of communication is able to transmit a
given signal with a frequency band only half as wide as* that required by
a modulated wave consisting of two side bands and a carrier, and also

saves over two-thirds in power because of the suppression of the carrier.

(oi)OrigindSignd(Consistingof Fundamental and its 3rd Harmonic)

(d) Modulated \\ave after Suppression ofCarrierand OneSide Band

Fig. 232.—Character of waves produced when carrier is suppressed, and when carrier
and one side band are both suppressed. When the carrier is removed, the envelope varies
at a frequency that is twice that when the carrier is present, while, when only a single side
band is present, the envelope varies in accordance with the difference frequencies formed by
the components of the original signal, which in the case shown consisted of a fundamental
wave and its third harmonic.

Single side-band transmission is extensively used in carrier-current

communication over wire lines, but the difficulty of producing large

•amounts of single side-band power at radio frequencies and the difficulty

of receiving the signals have prevented single side-band transmission from
being standard practice in radio work.

Signals in which the carrier, or the carrier and one side band, have
been suppressed are received by combining them with a locally generated

oscillation having a frequency as close as possible to that of the original

carrier. In the case of single side-band transmission iesults are satis--
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factory if the local oscillation is within 5 to 10 cycles of the correct

frequency. However, when both side bands are transmitted, the local

oscillation must have exactly the proper frequency and even the correct

phase, which makes double side-band carrier-suppression systems of

transmission entirely impractical. 1

The waves' that are sent out by carrier-suppression and single side-

band systems of communication differ in appearance froni a modulated

wave in several respects as is apparent from Fig. 232, which shows the

same signal transmitted by amplitude-modulation, carrier-suppression,

and single side-band systems. The wave with carrier suppression differs

from the modulated wave primarily in having an envelope that varies in

a Amplitude Modulated Wave

b Same Intelligence Transmitted by Frequency

Modulated wave '

c Single Cycle of Frequency Modulated Wave foran Instant

When the Frequency is Increasing

Actualwave

Sine wave
shown for \
comparison^

Fig. 233.—Character of waves produced by frequency modulation, together with large-scale

reproduction of a single cycle, showing how the wave shapes are not sinusoidal.

amplitude at twice the modulation frequency as a result of action between

the two side bands. The wave representing a single side band consists

of a number of frequency components, one for each component in the

original signal. Each of these components has an amplitude propor-

tional to the amplitude of the corresponding signal component and a

frequency differing from that of the carrier by the signal frequency. The

result is that in a general way the envelope amplitude of the single side-

band signal increases with the degree of modulation and varies in accord-

ance with the difference frequencies formed by the various frequency

components of the single side-band interacting with each other.

81. Frequency and Phase Modulation.—Instead of transmitting

intelligence by varying the amplitude of the radiated wave, it is also

possible to carry on communication by keeping the amplitude of the

1 See R. V. L, Hartley, Relations of Carrier and Side Bands in Radio Trans-

mission, Proc. I.R.E., vol. 11, p. 34, February, 1923.
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wave constant and varying the frequency in accordance with the signal

to be transmitted. This is known as frequency modulation and results

in a radiated wave having the appearance shown in Fig. 2336. The
extent of the frequency variation in such a wave is made proportional to

the amplitude of the signal, while the rate of frequency variation, i.e.,

the number of times the frequency is changed between the minimum and
maximum values per second, corresponds to the modulation frequency in

amplitude modulation. Thus, if a 500-cycle sound wave is to be trans-

mitted by frequency modulation of a 1,000,000-cycle carrier wave, this

could be done by varying the transmitted frequency between 1,000,010

and 999,990 cycles, 500 times a second. If the pitch of the sound wave
is increased to 1000 cycles, the carrier frequency would be varied between
the same two limits 1000 times a second, while a sound wave of twice

the intensity will be transmitted by varying the carrier frequency

through twice the frequency range, i.e., from 1,000,020 to 999,980 cycles

in the above case.

Frequency-modulated waves can be readily produced by varying

the capacity of the. oscillator tuned circuit. The simplest way of doing

this is to employ a small auxiliary condenser, one plate of which is a thin

diaphragm that is vibrated by the voice currents in the same manner as

is the diaphragm of a telephone receiver. 1 Reception is accomplished by
converting the frequency-modulated wave into an amplitude-modulated

wave by detuning the resonant circuits of the receiver so that the received

frequency falls slightly to one side of the resonant point. As the fre-

quency of the modulated wave varies, the response of the tuned cir-

cuit becomes alternately large and small, thus producing amplitude

modulation.
'

Analysis of the Frequency-modulated Wave.—A superficial examina-

tion of frequency modulation might lead one to believe that intelligence

' could be transmitted in this way with an extremely narrow frequency

band, since .in the case cited above it appears that only 20 cycles band
width is required to transmit the 500-cycle sound wave. This is not

correct, however, because the variation in the frequency prevents the

individual cycles from being exactly sinusoidal in shape. This is illus-

trated in Fig. 233c, where it is apparent that, since the changing frequency
•

1 In the case of a high-power oscillator tube the diaphragm and its driving mecha-
nism can be placed in an evacuated chamber, thereby enabling the arrangement to

handle high voltages with small clearances between the plates.

Another very practical method makes use of the fact that the sending-end

reactance of a transmission line one-eighth wave length long depends on the receiving-

end resistance, and this resistance can be supplied by the plate circuit of a tube and
varied by applying the signal to the grid. See Austin V. Eastman and Earl D.

Scott, Transmission Lines as Frequency Modulators, Proc. I.R.E., vol. 22, p. 878,

July, 1934.
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causes the time required to complete one-quarter cycle to differ from

the time required by the next quarter cycle, the actual wave contains

more than a single frequency. In fact, exact analysis shows that the

frequency^-modulated wave not only contains the same side-band fre-

quencies as does the amplitude-modulated wave but also has higher

order side bands that differ from the carrier frequency by integral multi-

ples of the modulation frequency. Thus, when a carrier wave of fre-

quency f is frequency modulated at. a rate of /s cycles per second, the

resultant wave contains components having frequencies of /<,, /„ + fs ,

Jo Jay Jo ~r AJay Jo 4/s> Jo H"" djs) Jo ~~r ojs, etc.

The exact nature of a frequency-modulated wave can be determined

by writing down the equation giving the instantaneous wave amplitude

and then determining the frequency components contained in the result.

The frequency-modulated wave can be readily shown to be expressible

by the following equation 1
,*

i = Im sin (ut + $ + mf sin vt)

where co and v are 2tt times the Carrier and audio frequencies, respectively,

$ is an arbitrary phase constant, and mf (called the modulation index) is

the ratio . .

Variation in carrier frequency away from average carrier frequency

Audio frequency

By making use of Bessels functions it can be readily demonstrated that

this wave consists of a carrier wave plus a series of side bands such as

1 See Hans Roder, Amplitude, Phase, and Frequency Modulation, Proc. I.R.E.,

vol.. 19, p. 2145, December, 1931; Balth. van der Pol, Frequency Modulation, Proc.

I.R.E., vol. 18, p. 1194, July, 1930; John R. Carson, Notes on the Theory of Modula-

tion, Proc. I.R.E., vol. 10, p. 57, February, 1922.'

The equation of the frequency-modulated wave is derived as follows: If the

current is defined by the relation i = A sin <t>,
then the frequency at any instant is

(d<t>/dt)/2ir, and <t>
= 3> + J2irfdt, where. <i> is an arbitrary phase constant In the

case of frequency modulation, the instantaneous frequency / is / =/<,(! + k. cos vt),

where kf is a constant. Substituting this in the integral giving <f>,
ana denoting

(cot + *) by u t, results in .

i = Ao- sin (uj, + mf sin vt)t

where

_ variation in radio frequency away from the mean
-

f audio frequency

This can then be rewritten as

i = A {I (r>if) sin (&>„£) + 7i(w/)[sin (« + v)t

— sin («„ — v)t] + I 2(m/)[sm (o
. + 2v)t + sin («„ — 2v)t] +

where /„(x) means the Bessel function of the first kind and the nth order.
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described above. Since Bessel's functions are not familiar to most
engineers, the results to which they lead have been plotted in Fig. 234,

which shows the amplitude of the first-, second-, and third-order side-

band components, i.e., the side bands that, differ from the carrier fre-

quency by fs , 2fs, and 3/s . These curves

show that, when the modulation index W/
is less than 1, i.e., when the range through

which the frequency is varied is less than

the audio frequency, the amplitude of the

first-order side band is approximately pro-

portional to the modulation index, while

the higher order side bands are compara-

tively small. 1
. When the modulation index

exceeds unity, i.e., when the range through

which the radio frequency is varied is

greater ' than the signal frequency, the

second and other higher order components
become of importance while the carrier

amplitude drops rapidly and may even be

zero. When the modulation index exceeds

unity, there will be side-band components
of appreciable magnitude extending on
either side of the carrier up to the extreme
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Fig. 234.—Amplitudes of fre-

quency components of a frequency-
or phase-modulated wave assuming
that the amplitude of the unmodu-
lated wave is l.o. in the case of limits between which the radio frequency
the side bands the amplitude shown jg varied
is the amplitude of .the individual
side-band component and not of Frequency modulation is not particu-

takeSlogeth
C

er

mPani0n ^ bands ^ satisfactory as a means of transmit-

ting intelligence. The frequency band is at
least as great as that employed with amplitude modulation and is in

general somewhat greater. Also the reception of frequency-modulated
signals is not so simple a matter as the reception of amplitude-modulated
waves.

Phase Modulation.—In phase modulation the intelligence is trans-

mitted by varying the phase rather than the frequency of the radio
wave. The equation of a phase-modulated wave is as follows

i = I sin (at + * -f- mp sin vt)

1 The question naturally arises as to why frequency modulation under such con-
ditions is not the same as amplitude modulation, since the modulated waves contain
substantially the same frequency components in the two cases. The difference lies in

the fact th'at the carrier phase with respect to the side-band phase differs by 90°.

. Hence a frequency-modulated wave in which the second and still higher order side

bands are negligible can be converted into an amplitude-modulated wave by shifting

the carrier phase 90° with respect to the side bands. '



Sec 81] MODULATION 421

where I is the amplitude of the wave, a and v are 2t times-the radio and
audio frequencies, respectively, $ is an arbitrary constant, and mp the
angle in radians through which the phase is displaced about the average
phase. This equation is seen to be identical with that for the frequency-
modulated wave, the only difference being in the interpretation of the
modulation index m, which in the case of phase modulation depends
only on the amplitude of the modulation and is independent of. the
frequency of the audio signal. It is hence apparent that the phase-
modulated wave contains the same side-band components as does the
frequency-modulated .wave, and, if the modulation indexes in the two
cases are the same, the relative amplitudes of these different components
will also be the same. As long as the modulation index is less than
unity {i.e., phase shifts less than 57.3°), only the first-order side-band
components are of appreciable magnitude, but each additional 57.3° of
phase shift will add another pair of important side-band components.
The relative amplitude of the carrier and the first three side bands can
be obtained from Fig. 234 for any given modulation index.

Combinations of Phase, Amplitude, and Frequency Modulation—
Frequency and phase modulation are often combined with amplitude
modulation as undesirable - by-products. For example in the plate-
modulated oscillator the plate-supply voltage of the oscillator tube is

varied in accordance with ^the intelligence being transmitted, and, since
the generated frequency depends more or less upon the plate voltage,
the oscillations actually generated possess both frequency and amplitude
modulation. For this reason modulated oscillators are practically never
used in radio communication.

Combined phase and amplitude modulation can occur in a number of
ways. Thus, if the tank circuit of a modulated amplifier or linear ampli-
fier is not tuned exactly to resonance, there will be a phase shift that will
vary with the modulation because the effective tube resistance (and
hence the phase shift) varies with the amplitude modulation. Another
source of combined amplitude and phase modulation is energy transfer
between the carrier wave after modulation and the unmodulated exciting .

frequency. Such coupling causes a phase shift in the exciting vqltage
applied to the modulated amplifier, and, as the phase shift depends
upon the amount of energy transfer, it will vary with the amplitude

. modulation. x
•

Phase and frequency modulation that occurs as a by-product of
amplitude modulation is very undesirable in radio transmitters. This
is because such modulation produces high-order side-band frequencies,
which represent energy radiated upon adjacent frequency bands and

* For further information see' W. A. Fitch, Phase Shift in Radio Transmitters,
Proc. I.R.E., vol. 20, p. 863, May, 1932.
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which may; interfere with other communications. Phase modulation is

particularly bad in this respect because the modulation index mp of

phase modulation is independent of the frequency of modulation, whereas

with frequency modulation the index m/ is inversely proportional to the

modulation frequency and so tends to be low when the modulation

frequency is high enough to make the second- and third-order side bands

lie in* adjacent channels.

Problems •

1. The equation of a modulated wave is

e =25(1 + 0.7 cos 5000* - 0.3 cos 10,000<) sin 5 X 10 6
*

a. What frequency components does the modulated wave consist of, and what
is the amplitude of each?

b. Sketch the modulation envelope and evaluate the^degree of modulation for the

peaks and iroughs.

2. Write the equation of a 100-volt carrier wave of 1000 kc when modulated 40 per

cent at 400 cycles.

3. Calculate the total band width to which a radio receiver should respond for

satisfactory reception of (a) ordinary broadcast signals, (6) perfect reproduction of

speech and music, (c) telegraph code signals sent at 30 words per minute, (d) radio

signals that represent radio extensions of wire telephone systems:

4. The Class C amplifier of the example in Sec. 61 (page 328) is to be completely

modulated, using plate modulation with a transformer-coupled modulator such as

shown in Fig. 215c.

a. Specify the undistorted audio power that the modulator must develop and the

effective load impedance that the tube offers to the modulator.

6. Design a suitable modulator using commercial tubes in a push-pull circuit

The design includes the selection of suitable tubes, specification of operating con-

ditions, and a statement as to the turn ratio of the output transformer.

5. a. In Prob. 4, obtain a linearity curve by calculating and plotting the output

when the total plate voltage (i.e., direct-current voltage plus modulating voltage) is 0,

0.293, 1.0, 1.707, and 2 times the direct-current voltage.

b, From these results calculate the second-, third-, and fourth-harmonic

distortion.

6. a. Design a grid-modulated amplifier (100 per cent modulation) using the
' Type 800 tube of Fig. 75 (/* = 15) for a plate-supply voltage of 1000 and permitting

the grid to go a reasonable amount positive. In this design specify the proper voltages

for the grid, the approximate load impedance, the expected carrier power, and the

approximate grid current to be expected at the crest of the modulation cycle.

b. Calculate the maximum permissible internal impedance of the source of modu-
lating voltage for a second-harmonic distortion not to exceed 5 per cent as a result of

grid current [using Eq. (156)], and, from this and the audio voltage required, design

the audio-modulating system.
'

7. The average power loss at the screen grid is much higher in a suppressor-grid

modulated amplifier than the screen loss when the same tube is used as a Class C
amplifier. Explain. .

8. Explain the action of a van der Bijl modulated Class A amplifier by a mathe-

matical analysis based on the equivalent circuit of Fig. 151 and the related analysis

in Sec. 55, using only the first- and second-order effects.



MODULATION 423

'

nf m!' %>t
Sn
rri TdUlat

°J
that WiU comPletely modulate the modulated oscillator

° *f ,
Th

? 1

design should include determination of undistorted power required
selection of suitable modulator tubes, tube operating conditions, load impedance whichthe oscillator offers to the modulator, and essential details of a suitable couplingarrangement between modulator and oscillator.

mJ°; f
ket

tv-
Sel™0f oscill°Srams illustrating the action of the variable impedance

o^cmograms
^^ "" explanation of the °Perati<m based on these

^\ ^ ma
.

king reasonable assumptions as to plate efficiencies involved, estimatethe total direct-current input power required by modulator and modulated tubes whenthe carrier power is 1000 watts and the modulation is zero and 100 per cent, for (a)

allZn p , ^f^ ClaSS A modulator
; W Platcmodulated blass CSS£ -at0rS; (C) ^™*^ -P^r; (,) suppressor-

12. Make a mathematical analysis of the balanced modulator of Kg 231 demon-
strating the action whereby the side bands appear in the output while the carrier doesnot and also showing what current components flow through the battery

•

PW f;,
7!^ 1S fr^ue

f
cy modulated at an audio rate of 5000 cycles per second/Plot the relative amplitude of the first-, second-, and third-order side-band components

as a function of the amount the frequency is varied away.from the carrier up to 15,000

f

14
t- Y

Sig a taW
!
°f B^S8els functions

>
determine the values of modulation index

Z7^* Se
. '

thlrd"' and fourtWder ^e-bands of a frequency- or phase-modulated wave have an amplitude that is 1 per cent of the amplitude of the unmodu-



CHAPTER X

VACUUM-TUBE DETECTORS

82. Detection of Radio Signals.—Detection is the process of repro-

ducing the transmitted intelligence from the modulated radio wave.

Since all systems of radio communication in practical use transmit

intelligence by varying the amplitude of the radiated wave, the detection

process, which is also sometimes spoken of as demodulation, must

ordinarily produce Currents that vary in accordance with the amplitude

of the modulated radio signals. This is done by rectifying the modulated

signal to obtain a pulsating direct current varying in magnitude in

accordance with the original signal.

Rectification is obtained by applying the modulated radio wave to a

circuit in which the current that flows is not proportional to the impressed

voltage. During the history of radio communication many types of

detectors have been employed, including mechanical, electrolytic, crystal,

magnetic (utilizing hysteresis), and others, but all these have been dis-

placed by the modern vacuum tube.

Detectors are commonly described by such expressions as power,

weak-signal, square-law, and linear. A detector is a power or weak-signal

detector according to whether it is intended to rectify large or small

radio-frequency voltages, with carrier amplitudes of 1 or 2 volts being

generally considered as the dividing point between strong and weak
signals. A linear detector develops a rectified output proportional to

the amplitude of the input voltage while a square-law detector develops

an output proportional to the* square .of the amplitude. Weak-signal

rectifiers are always of* the square-law type, whjle power detector's are

usually, but not necessarily, linear rectifiers.

An ideal detector reproduces in its output the exact intelligence

modulated upon the radio wave. If the detector fails to do this, distor-

tion results, which may be of several types. The detector output may
include frequencies that were not contained in the original modulation,

thus giving rise to amplitude distortion. The detector may also dis-

criminate between modulation frequencies, giving an output that depends

upon the modulation frequency, and may thus introduce, frequency dis-

tortion. Finally a detector may reproduce the different components
in the original modulation in altered phase relations, resulting in phase

distortion.

424
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voltage applied to diode

83. wThe Diode Detector.—The two-electrode tube, or diode, repre-
sents one of the simplest and also one of the most widely used detectors.
Such detectors take advantage of the fact that current flows through a
diode only when the plate is positive, and make use of a circuit arrange-
ment such as illustrated in Fig. 235a, where the resistance-condenser
combination RC represents the load across which the rectified output
voltage is developed. The mechanism of operation of a diode detector
when a large signal voltage is applied can be understood with the aid
of Fig. 235. At each positive peak of input voltage the plate is more
positive than the cathode, causing a pulse of plate current to flow/which
charges the condenser C to a potential

only slightly less than the peak volt-

age of the input signal. Between
peaks the plate of the diode is less

positive than the cathode as a result

of the negative charge on condenser
C, so that no current flows ^through
the tube. During this interval some
of the charge upon the condenser
leaks off through the resistance R,
only to be replenished at the next
peak of the modulated wave. When
equilibrium exists, the voltage devel-

oped across the condenser C is enough
less than the crest voltage of the
signal peaks so that the difference

between the two, which represents the
voltage between the plate and cathode
of the diode tube, is just sufficient to

produce the plate-current pulses re-

quired to replenish the charge that
leaks off the condenser between
peaks. In the usual case the resistance R is much greater than the
plate resistance of the diode, and this equilibrium consequently corre-
sponds to a voltage across the condenser C which is only slightly less
than the peak voltage of the radio-frequency signal. When this, is
true, the voltage across the resistance R is a measure of the peak ampli-
tude of the wave. Hence, as the envelope varies with the modulation,
the voltage across the resistance R will vary likewise, thereby reproduce
ing the modulation envelope and recovering the intelligence modulated
on the carrier wave. •

The ratio of this output voltage developed across the resistance R
to the voltage represented by the envelope of the modulated wave is the

(c)Volto(ge across diode condenser C

•(d) Total voltage applied between plate
and cathode of diode

Ce) Current flowing through diodetube

AAAAAAA A AAAAAAAAa *

Fig. 235.—Circuit of simple diode
detector, with ' oscillograms illustrating
mechanism of operation.
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detection efficiency, and can be made high by making the resistance R
large compared with the diode plate resistance Rd . Under practical

conditions the ratio R/Rd is of the order of 20 to 100, corresponding to
efficiencies from 80 to 95 per cent'. 1 In an ideal diode having a linear

relationship between plate current and plate voltage the efficiency

depends only upon the ratio R/Rd and is independent of signal voltage,

but with the curved characteristic of actual tubes the efficiency increases

somewhat as the signal becomes larger. 2

The power that a diode detector absorbs from the input voltage can
be represented by a resistance shunted across the diode 'input circuit.

When the detection efficiency 77 is high, this equivalent input resistance

is almost exactly R/2ri, and so is slightly greater than one-half the load
resistance R. 3 A high load resistance R therefore reduces the power
absorbed by the detector because with a high load resistance the energy
dissipated in the load is less in proportion to the voltage across it. The
input resistance of a diode detector tends to be independent of the signal

voltage in the case of an ideal tube having linear characteristics, but in

the practical case it tends to drop somewhat with small applied voltages
because of the curvature of the tube characteristics.

Distortion in Diode Detectors.—The simple diode detector of Fig. 235
may fail to reproduce faithfully the modulation envelope, either as a
result of lack of proportionality between the signal voltage applied to
the diode and the rectified voltage developed across the load resistance
or as a result of inability of the voltage across the load resistance to follow
the modulation envelope when the modulation frequency is high.

Lack of proportionality between the output voltage and modulation
envelope is the result of curvature in the tube characteristic, making the

1 The efficiency can be readily measured by applying a sine wave voltage to the
detector input and determining the output voltage by observation of the resulting
direct current flowing in the load resistance R. This measurement can be carried out
using an audio voltage by making the condenser C large enough to be an effective
by-pass across R for the frequency used.

2 For further information on the detection efficiency and diode input resistance,
see C. E. Kilgour and J. M. Glessner, Diode Detection Analysis, Proc. I.R.E., vol, 21,
p. 930, July, 1933.

3 This is shown as follows: The diode current flows only when the signal voltage
is at or near its crest value, as is clearly shown in Fig. 235. The power absorbed by
the detector input is accordingly slightly less than the product of the crest signal voltage
and the average diode current. Since the average current is eqiial to vE/R, where the
output voltage across R is rjE and E is the crest value of signal voltage, one can write

.
• Power loss = ^ = (effective signal)*

R (R/2V )

The denominator of this last term represents the equivalent input resistance to the
signal, which is, accordingly, R/2rf.
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(b) Vpltage across diode condenser G
Diagonal clipping ofnegative peakSj

efficiency of rectification vary according to the envelope amplitude
Trouble from this source may be minimized by making the load resistance
high compared with the diode plate resistance and by making the carrier
amplitude applied to the diode reasonably large. The detection efficiency
wi 1 then be high at all times even if not constant, and the rectified
voltage developed across the load resistance will follow the modulation
envelope quite closely, Under practical conditions when the load
resistance and signal are sufficient to
make the detection efficiency 80 per cent ^ ,npuf vol+aae aPP l>ed +o diode

or higher, the distortion from this source
is of the order of 2 per cent for a com-
pletely modulated wave. With small
signals the distortion increases and ulti-

mately reaches 25 per cent for a com-
pletely modulated wave when the signal
voltage is a fraction of a volt.

The voltage across the condenser C
can die away only as fast as the charge
can leak off through the load resistance R,
and this sets a limit to the maximum rate
at which the modulation envelope can
vary without introducing distortion.

This is illustrated in Fig. 236, in which the
(d ^ Curren1"f'owing through diode tube

conditions are such that, beginning with a'a * a a > » « a a a
, A

'

the point marked "O" the. envelope of the FlG - 236.—Operation of diode

input signal dies away faster than the tST.^r^SS^^S^
voltage across the condenser can leak lllustrating diagonal clipping of

away through the load resistance. The
negative peaks-

result is a diagonal clipping off of the modulation envelope which pro-
duces both amplitude and frequency distortion in the output voltage.
Trouble of this sort can be avoided by proportioning the resistance-
condenser combination so that the rate of decay of voltage can follow
the highest modulation frequency of importance. To achieve this it is
necessary to satisfy the equation 1

Path that wouldavoiddistortion^
"' Total voltage betw
cathode of diode

ffl

R *
m

VT~= m l
(185a)

where X = reactance of the effective shunting capacity C at the modula-
tion frequency in question and m = degree of modulation.

It is to be noted that for m = 1 (complete modulation) it is impossible
for the output voltage to follow the modulation envelope at the troughs

1 This equation can be derived as fo.llows: The rate of change of voltage across a
condenser C. charged to a voltage E', caused by leakage through a resistance R, is
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of the modulation cycle. However, if X/R is equal to 2 to 3, it is possible

for the output voltage to follow the modulation envelope up to modula-
tions of 0.9 to 0.95, and even with completely modulated waves the

distortion will then be relatively small. 1 •

Design of Simple Diode Detectors.—The desirable properties for a

diode detector are high efficiency, .high input resistance, and low distor-

tion. Best results require a reasonably large carrier voltage (10 volts or

more) together with a careful balance between the load resistance R
and the shunting capacity C across the load.

The capacity C should be as small as possible in order to have a high

reactance X to the modulation frequency, but at the same time must be

at least five to ten times the plate^cathode interelectrode capacity of the

. —E'/RC. If the equation of the envelope of the modulated signal wave is

e = E(l + m cos 2irft)

then the rate of change of envelope is

j = ^mE2irfsm 2wft

and at the time t — t„ the envelope magnitude e is

e„ = E{\ + m cos 2irft )

The grid condenser rate of discharge can follow the rate of change of modulation

envelope at any time t of the modulation cycle provided —E'/RC ^ de/dt, where
de/dt is evaluated at t = t and E' = e , or when —mE2irf sin 2irft ^ —E(l -\- m cos

2irft )/RC. This can be reduced to

X __ 1 ra sin 2tejt

R 2-rfCR -"
(1 + m cos 2irft„)

The point on the modulation cycle where it is most difficult for the grid-condenser

charge to keep up with the envelope change is at a time to that makes the right-hand

member of this last equation maximum, which is when cos 2icjt = —m. The maxi-

mum value of the right-hand member of the equation is therefore -ml\/\ — m2
, and

the charge on the grid condenser can decrease at least as fast as the modulation
envelope changes when X/R ^ m/-y/l — m2

.

This derivation and the relation expressed by Eq. (185)are due to F. E. Terman
and N. R. Morgan, Some Properties of Grid Leak Power Detection, Proc. I.R.E.,

vol. 18, p. 2160, December, 1930. A slightly different derivation is given by E. L.

Chaffee, "The Theory of Thermionic Vacuum Tubes," p. 578, and leads to a i?0 in the

denominator of the right-hand term, but this is not quite so accurate, as it fails to

take into account the fact that the current through the diode is zero at the critical

part of the cycle.

1 It is to be noted that Eq. (185a) can be rewritten as

XR (Impedance of diode load to the

< V^ 2 + R 2 _ /modulation frequency (1RWv R j Resistance of the diode load

/to direct current

The significance of this relation is discussed in detail later in this section.
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diode in order that most of the signal voltage available will be used up as

drop across the diode tube, and only a small part of the signal voltage will

appear as drop across the diode condenser C. The values of diode capac-

ity commonly employed are in the range 50 to 100 nixi. This includes

stray capacities and the plate-cathode capacity of the diode, since these

are effectively in shunt with C insofar as the modulation-frequency volt-

age developed across the load resistance is concerned. In some cases, par-

ticularly when the cathode is grounded, the stray capacity from the

tuned input circuit to ground is sufficient to furnish all the shunting

capacity required across the load resistance.

With the capacity C fixed by these considerations, the load resistance

R is assigned the highest value that is permissible in view of Eq. (185a).

A high resistance increases the detector efficiency and makes for high

(a) Diode circuit
with filter

(b) Diode with direct-
current voltage blocked

from output

(C) Diode with provision for
obtaining voltagefor
automatic volume control

Output

filter-

mter^rTfZ
To automatic
vafume control

Modulation frequency
output

Fig. 237.—Diode detector circuits

Rectified
output

input resistance to the radio-frequency signal, but at the same time tends

to cause distortion at the higher modulation frequencies. The practical

compromise is usually a value of resistance such that at the highest

modulation frequencies of importance X/R is from 1 to 3. Values of R
of the order of 250,000 ohms are commonly used in the reception of

ordinary broadcast signals.

In practical detectors it is generally found necessary to provide a

filter such as shown in Fig. 237a in order to prevent any radio-frequency

voltage from reaching the output. In this filter the condensers Ci and C 2

are commonly equal, while R% may be several times Ri. The total

load resistance R with filter is Ri + R 2 , while the effective diode capacity

C is between C\ and C\ +.C2 . A filter reduces the output by the factor

R<l/{Ri + Rz) as a result of the voltage drop in Ri.

Diode Rectifiers with Complex Load Impedance. 1—It is commonly
desirable to block off from the output the direct-current voltage developed

1 The material in this section is based largely upon studies made by H. A. Wheeler

under the auspices of the Hazeltine Corporation, and made available to the author

oy that organization and Mr. Wheeler.
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across the diode load resistance, by the use of a resistance and condenser

as illustrated in Fig. 2376. It is also- common practice to use the direct-

current voltage developed across the diode load, resistance for automatic

volume control by means of an arrangement such as illustrated in Fig.

237c for separating this direct voltage from the alternating modulation-

frequency voltage. These modifications cause the impedance that the

load offers to the modulation-frequency component of the output voltage

to differ from and in general be less than the resistance that the diode

load circuit offers to the rectified direct current. The result is a modifica-

tion of the properties of the diode detector in several important respects.

(a) Input voltage applied to diode

(b) Voltage across diode condenser

C

..-Negative peak
r -r clipping

(c) Total voltage between plate
and ceithode of diode

(d) Current flowing through diode tube

A AAA A A AA

A

1l JL

Fig. 238.—Operation of diode detector when the diode load circuit offers a lower resist-

ance impedance to the modulation frequency than to direct currents, showing the clipping

of the negative peaks that results when the degree of modulation is high.

When the impedance offered to the direct-current component of the

rectified current differs from the load impedance to the alternating

current of modulation frequency, it is found that, when the degree of

modulation is high, the negative peaks are clipped off as illustrated in

Fig. 238, with resulting amplitude distortion. 1 The reason for this can be

understood by the following explanation : An unmodulated carrier wave

applied to the diode detector produces a direct-current component of

the rectified current such that the voltage which this current develops

in flowing through the direct-current resistance offered by the diode load

circuit is just slightly less than the crest carrier voltage. When the

carrier is modulated, the. rectified current through the diode varies, giving

the equivalent of an alternating current of modulation frequency super-

imposed upon the direct current. The magnitude of this alternating

1 This was first observed by Kilgour and Glessner, loc. cit.
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current is such that the voltage drop which it produces in flowing through
the alternating^-current impedance. that the load offers is just less than
the crest alternating voltage contained in the modulation envelope.
It is apparent that, if the impedance which the dio.de load offers to the
alternating current is less than the impedance offered to direct current,
then the alternating current that flows through the diode will be larger'
than if the load impedance were the same to all components of the
rectified current. Now the maximum possible amplitude that the
alternating current can have without being distorted, is a peak value
equal to the direct current produced by the carrier, because, when this is

superimposed upon the d-c current, the instantaneous current through
the diode then reaches zero during each modulation cycle. Hence
the maximum degree of modulation that, can be rectified without distor-
tion is given by the equation 1

Maximum aliowable} ( Magnitude of the impedance of diode
degree of modulation f = /load to modulation frequency
m for distortionless

{
i Resistance of the diode load

~ (186a
)

rectification ) /circuit to direct current

Whenever the degree of modulation exceeds the value given byEq. (186a),
the negative peaks will be clipped off. 2

When the diode load circuit offers different impedances to alternating
and direct currents, the input impedance that the diode offers to the

'

source of exciting voltage is not the same for the side-band frequencies
as for the carrier. The input resistance to the carrier as already derived
is R/2ri, where R is the load resistance offered to direct current and t?

is the efficiency of detection. The input resistance offered to the side-
band frequencies is Zm/2y, where Zm is the impedance that the diode load
offers to the modulation frequency. Hence, when the impedance of
the diode load circuit is less for alternating than for direct currents, the
side-band components of the input modulated wave tend to be reduced,
This causes the degree of modulation of the wave applied to the 'diode
to be less than the degree of modulation of the actual signal by an
amount that depends upon the ratio Zm/R', and upon the output imped-

1 It will be noted that this equation is a general case of Eq. (185a), as it must be
since the latter is for an analogous situation in which the load impedance offered to
the high modulation frequencies is less than the load resistance offered to direct current
as a result of the shunting effect of the diode condenser C.

2 When the amount of clipping is small, the total r.m.s. distortion that results is

roughly: .

Approximate )

r m.s. distortion f

= [Actual modulation] - [modulation allowed by Eq. a 86a)]~

2 (actual modulation) (1866)
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. ance Zg and Z3
' of the source of exciting voltage to carrier and side-band

frequencies, respectively, according to the equation 1

Degree of modulation of) \% \ ^ \[za -f —-Y
diode input voltage \

* _ '

|\ 27?/

Actual degree of modulation/ A( 71 ^»M
of original signal )

R\\Za
'""~"2tT/

(187)

In Eq. (187) the angle assigned to Zm is leading for the upper and lagging

for the lower sideband. When the output .impedance Zs of the source is

high and the ratio Zm/R departs appreciably from unity, the resulting

reduction in degree of modulation is considerable. This makes it much
easier to satisfy Eq. (186) and thus tends to reduce the amplitude distor-

tion that would otherwise occur when the signal as transmitted has a high

degree of modulation.

Examination of the diode load circuit shows that the impedance which

is offered to the modulation frequency decreases at very high modulation

frequencies as a result of the shunting condenser C. At high modulation

frequencies having a high degree of modulation this tends to cause a

diagonal clipping of the negative peaks as illustrated in Fig. 236. How-

ever, if the input circuit tends to discriminate against the higher modula-

tion frequencies, this reduces the degree of modulation of the voltage

. actually applied to the diode. Where this reduction varies with modula-

tion frequency in exactly the same way as the diode load impedance falls

off with frequency, diagonal clipping of the output wave is avoided.

The higher modulation frequencies are then discriminated against by

being reproduced at lower than normal volume, but the rectification

process produces no harmonics. 2

A typical design of a diode rectifier arranged to supply a direct-current

voltage for. automatic-volume-control purposes, and at the same time

develop a modulation-frequency output free of superimposed direct

1 This is derived as follows: To the carrier the diode offers a load resistance jB/2tj,

so that the presence of the diode reduces the carrier voltage across the tuned input

circuit by the factor \(R/2r,)/(Zs + R/2V )\. Since the input impedance to the side

bands is Zm /2r), the presence of the diode reduces these by the factor ( jjj/ /

( Zs
' + ft2 )

• The ratio of these two reduction factors gives the factor by which the
\ M /I

modulation is altered, and leads at, once to Eq. (187).

2 Thus, when the signal is completely modulated at a frequency such that the tuned

input circuit gives 70.7 per cent, response to the side-band frequencies, the degree of

modulation of the voltage actually applied to the diode is only 70.7 per cent, and

according to Eq. (186a) the required ratio Zm/R is- 0.707. It will be noted that this

corresponds to X/R = 1 in Eq. (185a), which makes the diode load impedance 0.707 of

its value to direct current.
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current, is given in Fig. 239. Here the combination Rid is a filter that

prevents carrier-frequency voltages developed across Ci from reaching

the modulation-frequency output. The resistance-condenser combina-

tion Bid across the resistance R 2 is a filter for delivering modulation-

frequency output free from superimposed direct current, while the

combination RsCz is a filter for delivering to the automatic volume con-

trol direct-current voltage proportional to the carrier and free of modula-

tion. In shunting these last two resistance-condenser combinations

across R 2 instead of across the condenser Ci, some of the output voltage

is thrown away as drop in resistance R i. This is necessary, however, in

order to provide radio-frequency filtering and in order that the effective

load impedances to alternating and direct currents will not be too widely

Output impedance
=160,000 ohms,

. 100

„

\UMf
' c2

"soUiaLrZxiooo

mfd^:
R.

y.ooo.ooo

•4i| \\?~MoaC4» \^~Modulaiion-freofup.nr-yj

aaf/ustmen-f-

Fig. 239.—Typical design of diode detector in which provision is made for an automatio-
volume-control voltage and for obtaining the modulation-frequency output free of direct-

current voltage.

different. With the proportions shown in Fig. 239, Zm/R = 0.76 at

the lower modulation frequencies, and the degree of modulation of the

diode input voltage at which peak clipping begins is 0.76. However,

because of the fact that the input resistance to the side-band frequencies

is lower than to the carrier, substitution in Eq. (187) shows that, for the

input circuit of Fig. 239 and assuming the detection efficiency is 90 per

cent, the original radio signal must be modulated 88 per cent to make
the degree of modulation at the diode terminals 76 per cent. With a

completely modulated signal voltage there will be some negative peak

clipping, but the amount will be relatively small, representing a distortion

of approximately 5 per cent. Harmonic distortion at the higher side-

band frequencies has been minimized in the design of Fig. 239 by making

Cc = Ci and proportioning so the input resistance of the diode approxi-

mately equals the output resistance of the tuned exciting circuit. The
impedance of the diode load circuit then falls off with modulation fre-

quency in the same way as does the output of the exciting circuit, thereby
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ft-Plate current

satisfying the requirement for high-frequency reproduction without

harmonic distortion.

Tubes for Diode Detectors.—The tube used as a diode detector should if

possible have a low plate resistance. The diodes employed in actual

practice include small especially de-

signed two-electrode tubes, diode

sections built into triode and pentode

tubes, and also ordinary triodes con-

verted into diodes by connecting the

grid and plate electrodes together.

84. Plate Power Detectors.-—In

the plate detector, also sometimes

called bias detector and anode detec-

tor, advantage is taken of the fact

that, when an amplifier tube is biased

approximately to cut-off and a rela-

tively large alternating voltage is

applied to the grid, there will be a

v r,„« ta x , r x- xi- pulse of plate current during each
Fig. 240.—Details of action taking . .

^ °

place in plate rectifier, showing how a positive half cycle of the applied
modulated wave applied to the grid ad- voltage and no plate current during
justed to cut-on will cause plate-current . °
impulses having an average value that the negative half cycles, as illustrated
varies in accordance with the modulation

jn YlS 240 The amplitude of
envelope. °*

' .

these pulses of plate current is propor-

tional to the alternating voltage applied to the grid so that, if this input is

a modulated wave, the average value of the plate current will vary in

accordance with the modulation envelope and thereby reproduce the

intelligence contained in the transmitted signal. A useful output is

obtained by placing in the plate circuit of the tube an impedance to the

R. F. choke -»
s ^ Filter Filter*.-^

Modulated
signal

Note: Bias resistors adjusted so that bias approximates
cutoff with normal rated carrier voltage

Fig. 241.—Typical plate-detector circuits.

modulation frequency. Typical circuit arrangements suitable for anode
detection are illustrated in Fig. 241. When triode tubes are employed,
either resistance or transformer coupling is satisfactory, while with
pentode detector tubes resistance coupling is generally preferred. Some
form of filter such as illustrated in Fig. 241 is always necessary to prevent

radio-frequency currents from reaching the output.
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Analysis of Plate Detectors. 1—The quantitative relations that de-

termine the modulation-frequency output of a plate detector can be
expressed in terms of the equivalent circuit of Fig. 242a. Here the

plate circuit of the detector tube , v,- , . u. „_v„ . ,.

,
. (a) Constant-voltage- (b)Constan-r-current-

haS been replaced by a generator generator Form generator Form

developing a modulation-frequency
r"m n

voltage of ER and having an internal X Iz I r

resistance!^. 2 It will be noted that Er=_ *
rjjj.m fc

this equivalent circuit is of exactly Fio.l^.-Equivalent plate circuits of
the Same form as the equivalent cir- plate detector. Note the similarity to the

cuit of the amplifier (see Sec. 43 and e<iuivalent amplifier circuits of Fig. 91.

Fig. 91), and so can be made use of in the same way in calculating the
output voltage, frequency-response characteristic, proper load imped-

1 This treatment of anode power detection is a modification of the method of

analysis originated by Stuart Ballantine, Detection of High Signal Voltages—Plate
Rectification with a High Vacuum Triode, Proc. I.R.E., vol. 17, p. 1153, July, 1929.

The analysis of the anode detector is carried out by a method differing from that
used with the diode because of the fact that under practical circumstances, particu-

larly when dealing with pentode tubes, the diode method of approach is quite cumber-
some and does not enable the frequency response to be easily determined.

2 The proof for this is derived as follows: When a carrier voltage E modulated
to a degree m is applied to the grid of the tube, the amplitude of the alternating input
voltage varies sinusoidally about E by an amount mE . This variation in the signal

voltage produces a variation in the rectified plate current of Alp .

If the degree of modulation is not too great, then to a first approximation one
can write

&'>-wrE' +mAE
r

where dIp/dEp represents the rate of change of rectified plate current with plate

voltage as evaluated in the presence of an unmodulated carrier voltage Eq, AEp repre-

sents the change of plate voltage produced by the rectified current Alp flowing through
the load impedance ZL in the plate circuit, and dIp/dEs is the rate of change of rectified

plate current with carrier voltage as taken at constant plate voltage and evaluated

about a carrier voltage E . Substituting AEP = ^Zi,Alp in the equation gives

Ah = fgMo - Z^p^
Solving this for Alp results in

AIV =

\
Zl +

dIP/dEp)

This equation then represents a voltage

mEo
dIP/dE1
dIp/dEp

acting in a circuit having an impedance comprising a load impedance Z& in series

with a resistance dEp/dIp .
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ance, etc. When dealing with anode detectors employing pentode tubes,

it is convenient to transform this equivalent circuit into the constant-

current form shown in Fig. 242&, which is analagous to the constant-

current form of equivalent amplifier circuit shown in Fig. 91c.

The generator voltage Er that can be considered as acting in the

equivalent circuits of Fig. 242 is given by the expression

ER = DfxmEo (188)

where

jj. = amplification factor of tube

m = degree of modulation of carrier

E = carrier voltage

T\ (dIp/dE) E^E re . tD = , . T
' „

'
, = efficiency of conversion

lx{dI p/dE p)E^E

E = alternating voltage applied to grid

Ip = direct-current component of plate current

Ep = direct-current voltage applied to the plate.

The maximum possible value that the efficiency of conversion D can

have is unity, and practical values are commonly of the order of 0.8 if

the applied carrier voltage is reasonably large. The exact value depends

upon the carrier amplitude and upon the direct-current voltages actually

applied to the grid and plate, but is independent of the load impedance
connected in series with the plate circuit except insofar as this load

impedance may alter the direct-current voltage at the plate. 1

The detector plate resistance Rd is the dynamic resistance of the plate

circuit when measured at the operating point in the presence of an applied

carrier. That is

ap I

R* = W\ (189)
Oi p \E = Eo

The value of the detection plate resistance Rd depends upon the direct-

current voltages actually applied to the grid and plate and upon the

carrier amplitude, but is independent of the load impedance placed in

series with the plate circuit except insofar as the direct-current plate

voltage is affected by the load. With large signal voltages and a bias

1 The efficiency of detection D can be measured by applying to the grid of the
detector an alternating voltage (of any convenient frequency) equal to the carrier

voftage E for which D is desired and by noting the d-c plate current. The crest value
of this alternating grid voltage is then increased by a small increment AES , after which
the plate voltage is altered by any amount A.Eb such that the d-c plate current is the

same value as before the addition of the grid voltage increment. The ratio AEb/AEa

is then nD.
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that approximates cut-off, the effective plate resistance of the detector
usually exceeds twice the plate resistance obtained for amplifier operation
under normal conditions.

The quantity Dfi/Rd = Se has the dimension of a conductance, and
can be termed the conversion transconductance (or the conversion mutual
conductance). This ratio is of particular significance in the constant-
current form of the equivalent plate circuit of the anode detector as
shown in Fig. 2426, and is of especial usefulness in connection with anode
detectors employing pentode tubes. The value of the conversion
transconductance Sc for pentode tubes with a large carrier voltage and a
bias approximating cutoff is normally about 0.3 to 0.4 of the mutual
conductance for normal amplifier operation.

The equivalent circuits of the anode detector illustrated in Fig. 242
are exactly correct when the degree of modulation is small, provided the
efficiency of detection, conversion transconductance, and detection
plate resistance are evaluated for the direct-current voltages actually
applied to the grid and plate electrodes in the presence of the unmodu-
lated carrier. The circuits are also correct for high degrees of modulation
provided the detector is reasonably linear. If the grid of the tube is not
driven positive at the crest of the modulation cycle, the plate detector
will generally be substantially linear except when the carrier becomes
quite small. The detector then becomes a square-law device (see next
section).

Design of Anode Detectors.—The load impedance placed in series with
the plate of the anode power detector is designed exactly as in the case of
voltage amplifiers, but using the equivalent detector plate circuit of Fig.

242 instead of the equivalent amplifier circuit of Fig. 91. The only
essential difference in the circuit arrangements is that in the detector it is

necessary to include in the coupling arrangements a by-pass condenser
and filter as shown in Fig. 241 to prevent radio-frequency voltages from
reaching the output, while providing a low impedance path in the plate
circuit to radio-frequency currents. The condensers in this filter must
be small, for they are effectively in shunt with the load impedance and so
tend to reduce the high-frequency response, particularly when resistance
coupling is used.

The tubes used for audio-frequency voltage amplification are also

suitable for anode power detection. Both triode and pentode tubes are
satisfactory, although the latter are preferred because of their greater
gain. The grid bias should be approximately cut-off or slightly less, and
so depends upon the screen potential in pentodes and upon the plate
potential in triodes. When a bias resistor is used, its value should be
chosen so that the necessary bias is obtained in the presence of the rated
carrier input voltage.
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It is generally desirable to avoid driving the grid positive as this

causes energy to be absorbed at the peaks of the modulation cycle and

therefore tends to introduce distortion. If the grid is not driven positive,

the largest carrier voltage that can be applied has a crest value half the

grid bias. This fixes the power-handling capacity of the tube, which is

hence larger when the screen or plate potential is greater. With a given

degree of modulation the detector will be more linear the larger the

(b)
Filter-—-A

£TF
^X

J
WVT t II

Ids] ^9 —-£T T f:

Output

Signal voltage
Signal voltage' 9

Fig. 243.—Circuits of grid-leak power detector.
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carrier voltage, up to the point where the grid becomes positive at

the crest of the modulation cycle, while with a given carrier voltage the

amplitude distortion increases as the degree of modulation approaches

100 per cent.

85. Miscellaneous. Grid-leak Power Detector}—Typical circuit

arrangements for grid-leak power detection are shown in Fig. 243, where

the grid-leak resistance Rg and grid-leak condenser Cg form an impedance

that corresponds to the load im-

pedance BC of the diode detector

(see Fig. 235a). The grid circuit,

comprising the source of exciting

voltage, the leak-condenser com-

bination BgCg, and the grid-cathode

of the tube, functions as a diode

rectifier exactly as illustrated in

^iKS' Figs. 235, 236,' and 238, with the

condenser grid electrode performing the same

„ nAA ^ ., , . ,

ProP°r*lons function as the plate of the diode.
.tiG. 244.—Details of action taking place . .....

in grid circuit of grid-leak power detector of The mechanism of operation lSlllus-

Fig. 243 when a modulated radio-frequency trated in Fiff. 244. The Voltage
voltage is applied to the detector. . .

existing between the grid and
cathode of the tube consists of the radio-frequency signal voltage plus the

voltage drop developed cross the load impedance RgCg by the rectified

grid current. Since this latter potential is applied to the grid of the tube,

it is amplified by the use of a suitable plate-coupling arrangement. The

1 A somewhat more extended discussion of grid power detection is to be found in,

F. E. Terman and N. R. Morgan, Some Properties of Grid-leak Power Detection,

Proc. I.R.E., vol. 18, p. 2160, December, 1930.

<B> Grid Current
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amplified modulation-frequency component can then be separated and
utilized as desired.

The grid-leak power detector corresponds in many respects to a
diode rectifier plus one stage of amplification. In particular, the leak-
condenser combination RgC is ^proportioned according to the same
factors effective in determining the proportions of R and C in the diode
(see Sec. 83), and the input resistance, requirements for avoiding fre-
quency distortion, and efficiency of detection are all determined by the
same factors in both diode and grid-leak power detectors. The usual
proportions for the leak-condenser combination is therefore a grid-leak
resistance Rg normally between 100,000 and 500,000 ohms and a grid-
condenser capacity Cg of the order of 50 to 100 nfii.

The maximum signal voltage that can be applied to a grid-leak power,
detector without producing distortion is limited by the fact that the tube
must amplify without distortion the total voltage applied between grid
and cathode if the modulation-frequency voltage developed across the
load impedance RgCg is to be properly reproduced. Distortion is most
likely to occur at the crest of the modulation cycle, since this is when
the maximum voltage is applied to the grid. With a completely modu-
lated wave of carrier amplitude E and a detection efficiency of tj, the
exciting voltage has a crest amplitude 2E , and the total voltage across
RgCg has a maximum of 2r}E , where E is the carrier amplitude. This
makes the maximum negative instantaneous voltage applied to the
grid equal to 2(1 + V)E , which must be amplified in the plate circuit
with negligible amplitude distortion. It is apparent that the amount of
voltage which can be handled is proportional to the direct-current plate
potential at the operating point. Since the permissible plate potential
is limited by the fact that, when no carrier voltage is applied, the grid
bias is zero, the power-handling capacity of a grid-leak power detector is

appreciably less than the power capacity of the same tube when operated
as a Class A amplifier. With ordinary tubes the maximum carrier voltage
that can be handled without overloading is approximately one-third to
one-half of the signal voltage that can be handled by the same tube
acting as an audio-frequency amplifier at the same plate voltage, and the
modulation-frequency output voltage obtainable is roughly 0.3 to 0.4 of
the output obtainable from the corresponding amplifier.

The Wunderlich Tube. 1—The Wunderlich coplanar-grid tube was
originally developed as a grid-leak power detector for a circuit such as
illustrated in Fig. 245. Here each individual grid functions in coopera-
tion with the cathode to rectify the voltage applied between it and the

1 For additional information on the theory of the Wunderlich tube, see F. E. Ter-
man, Further Description of the Wunderlich Tube, Radio Eng., vol. 12 p 25 Mav
1932. > r-

>
j,
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center tap of the input circuit, with the load impedance RgCg common to

both grids. It will be observed that this arrangement is essentially the

same as the full-wave center-tapped rectifier circuit illustrated in Fig. 2666

and commonly used to supply plate power for radio receivers. The
voltage developed across the load RgCg by the rectified grid current is

applied to the two grids in parallel, and so is amplified in the plate circuit

by ordinary amplifier action. The radio-frequency input voltage is

applied to the two grids in phase opposition, so that, as far as radio-

frequency voltages are concerned, the

p Output two grids neutralize each other's effect

on the plate current, and the plate circuit

does not carry radio-frequency currents.

..,..- , _ . , . , , The result is that the allowable modu-
Note-Cq commonly furnished by stray
capacity ofcoiI toground lation-frequency voltage that can be
Fig. 245.—Circuit of Wunderlich developed by a Wunderlich tube is sub-

detector tube. , , • n ,i ,1 v (_
stantially the same as the audio-ire-

quency voltage that can be developed by a corresponding triode tube

at the same plate potential. The Wunderlich tube hence develops

approximately three times as much output voltage as the ordinary

grid-leak power detector before overloading. The considerations deter-

minining the grid-leak and grid-condenser proportions are the same
in the Wunderlich tube as in a diode detector except that the input

resistance from grid to grid is approximately 2R/r\ as a result of the

center-tapped input arrangement.

Square-law Detectors.—The term square law is applied to any detector

in which the rectified direct-current

output is proportional to the square

of the effective value of applied signal

voltage. The simplest form of

square-law detector is an amplifier 0pe^nff
'

adjusted as shown in Fig. 246 so that

the operating point is on the curved

part of the grid-voltage plate-current

characteristic curve. When a signal

voltage is applied to such an ampli-

fier, the positive half cycles are
amplified more than the negative half

cycles, causing an increase in the d-c plate current and also introducing

frequency components in the output current not present in the applied

signal.

When the instantaneous plate current never reaches zero, the situa-

tion can be analyzed by the power-series method discussed in Sec. 55,

from which the behavior can be expressed in terms of the generalized

Plate current
wave

Increase inplate
current caused

, \ try application
-^

—

ofsignal

v- Normalplate
current

-Applied voltage

Fig. 246.—Vacuum tube adjusted
operate as a square-law device.

to
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equivalent circuit of Fig. 151. If the signal voltage is not too large, the
limited portion of the tube characteristic made use of can be approxi-
mated by a section of a parabola (i.e., only the first two terms in Eq. (126)
need be considered), and the behavior then follows that of a true square-
law device. Under such conditions the output can be divided into two
components: first, an amplified reproduction of the input signal; second,
direct-current, harmonic, and combination frequency terms. It is this
second component of the plate current that is responsible for the detector
action of a square-law device.

These second-order effects are discussed in Sec. 55 and so will be
summarized here only very briefly as follows: The contributions of the
second-order action consist of a d-c rectified current proportional to the
square of the effective value of the applied signal, together with second
harmonics of each frequency component of the applied signal and sum and
difference frequencies formed by every possible combination of frequencies
contamed in the input signal. The amplitude of each second-harmonic
component is proportional to the square of the amplitude of the cor-
responding fundamental part of the signal, while each combination fre-
quency has an amplitude proportional to the product of the amplitudes of
the individual components involved. Thus, when the signal consists of
sine wave of amplitude E x and frequency fl} the output will consist, in
addition to the amplified sine wave, of a direct-current term having an
amplitude proportional to Ex* and a second-harmonic term of frequency
2/x and amplitude proportional to Ex\ When the input signal consists of
the sum of two sine waves having amplitudes Ex and E2 and frequencies
/i and /2,

the output will contain, in addition to the amplified signal
second-order contributions consisting of a direct-current term propor-

Ex
2 E2

2

tional to -y + -jp second-harmonic terms of frequencies 2fx and 2/2 with

amplitudes proportional to Ex* and E%
*
9 respectively, sum and difference

frequency terms having frequencies fx +/, and fx - f2f respectively, and
amplitudes proportional to EXE2 . When a signal is a modulated wave
the fact that the rectified output is proportional to the square of the
amplitude of the signal causes the output to be a distorted reproduction
of the modulation envelope. With sinusoidal modulation the distortion
is all second harmonic and has a percentage 100 X m/4. For purposes of
analysis the modulated wave can be thought of as three frequency com-
ponents, the carrier and two side bands. The output then contains the
rectified direct-current term, second harmonics of each of the three
components, two difference-frequency terms formed by the carrier com-
bining with the two side bands to give the desired modulation-frequency
output, and a second harmonic of the modulation frequency arising from
the difference frequency formed by the two side-band components
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A square-law detector is of importance for a number of reasons. In

the first place, any detector becomes a square-law device when the applied

signal is quite small. The square-law detector is also shown in Sec. 87 to

give distortionless detection of heterodyne signals. Moreover, square-

law detectors also have a simple and exact law of behavior, and do not

generate high-order harmonics of the carrier frequency by producing

current pulses representing chopped-off sections of sine waves. The

square-law detector is not particularly efficient, but it finds considerable

use in special circumstances, as, for example, in vacuum-tube voltmeters

and other laboratory measuring equipment.

The usual form of square-law detector is an amplifier biased so that

the operating point is on the curved part of the plate-current character-

istic, as shown in Fig. 246. A modification of this arrangement is to bias

the tube approximately to cut-off and to apply a moderately large signal

voltage. This gives a square-law response to the positive half cycles of

the applied voltage with suppression of the negative half cycles, result-

ing in a half-wave square-law device sometimes used in vacuum-tube

voltmeters.

Square-law detectors making use of grid-leak grid-condenser arrange-

ments were widely used in the early broadcast receivers. The circuit is

the same as for grid-leak power detection, but the grid-leak resistance

and grid-condenser capacity are proportioned differently, values of 1 to

5 megohms and 0.00025 nf being common. Such a weak-signal grid-leak

detector makes use of the curved relationship existing between grid cur-

rent and grid voltage in the vicinity of zero grid potential to produce a

rectified grid current which in flowing through the leak-condenser com-

bination RgCg develops a modulation-frequency voltage that is amplified

in the plate circuit. Such an arrangement is the most sensitive of all

practical weak-signal detectors, but is now no longer used. The reader

who wishes to study the weak-signal grid-leak detector is referred to the

extensive literature upon the subject. 1

1 The following is a list of references selected from the extensive literature on the

detection of weak signals: Stuart Ballantine, Detection by Grid Rectification with

the High-vacuum Triode, Proc. I.R.E., vol. 16, p. 593, May, 1928; John R. Carson,

The Equivalent Circuit of the Vacuum-tube Modulator, Proc. I.R.E., vol. 9, p. 243,

June, 1921; E. L. Chaffee and G. H. Browning, A Theoretical and Experimental

Investigation of Detection for Small Signals, Proc. I.R.E., vol. 15, p. 113, February,

1927; F. M. Colebrook, The Rectification of Small Radio-frequency Potential Differ-

ences by Means of Triode Valves, Exp. Wireless and Wireless Eng., vol. 2, p. 946,

December, 1925; F. E. Terman, Some Principles of Grid-leak Grid-condenser Detec-

tion, Proc. I.R.E., vol. 16, p. 1384, October, 1928; F. E. Terman and T. M. Googin,

Detection Characteristics of Three-element Vacuum Tubes, Proc. I.R.E., vol. 17,

p. 149, January, 1929.
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Vacuum-tube Voltmeters. 1—A detector can be used as a voltmeter by
making use of the rectified d-c current to measure the voltage applied to

the detector. The resulting vacuum-tube voltmeter is one of the most
useful measuring devices available for audio and radio frequencies. It

consumes little or no power from the voltage being measured, and when
properly designed it can be calibrated at a low frequency, such as 60 cycles,

and used at any radio or audio frequency up to ultra-high frequencies. 2

Circuit arrangements for several typical vacuum-tube voltmeters
are illustrated in Fig. 247. The arrangement (a) is an ordinary anode
detector in which the change in d-c plate current is used as a measure of the

(o.)
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Fig. 247.—Typical vacuum-tube voltmeter circuits.

voltage applied to the grid. The circuit shown at (&) is a modification

of (a) in which the residual d-c current that is present in the absence of an
applied signal voltage is balanced out of the meter by the arrangement
shown, thereby enabling the indicating instrument to read the increment
of plate current directly. In these arrangements the relationship between
the alternating voltage being measured and the resulting d-c current

produced in the plate circuit depends upon the adjustment of the bias.

If the tube is operated with a bias appreciably less than cut-off and the
signal voltage is limited in amplitude, so that operation is always on the

^For further information on vacuum-tube voltmeters see the author's book,
"Measurements in Radio Engineering," 1st ed., pp. 18-31.

2 At rather high, but not extremely high, radio frequencies the vacuum-tube
voltmeter will have substantially the same calibration as at low frequencies, but the
transit time of the* electrons will cause power to be consumed by the tube even when
no grid current flows. When a plate detector biased to cut-off is employed, the result-

ing equivalent input resistance is approximately inversely proportional to frequency
and is considerably higher than the input resistance of the same tube operated under
ordinary amplifier conditions. See discussion by J. G. Chaffee, Proc. I.R.E., vol. 24,

p. 105, January, 1936.
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curved part of the characteristic as illustrated in Fig. 246, the detector

operates as a square-law device and so gives a change in d-c plate current

that is exactly proportional to the square of the effective value of the

applied voltage. On the other hand, if the bias approximates cut-off,

then for signal voltages that are not too large the change in d-c plate

current produced by the signal is very nearly proportional to the square of

the effective value of the positive half cycles of the signal, giving what is

termed a half-wave square-law characteristic. Finally, if the bias is

appreciably greater than cut-off, the indications are determined largely

by the peak amplitude of the wave. With adjustments that give half-

wave square-law or peak action, reversing the polarity of the applied

voltage will in general change the reading of the instrument when the

applied voltage is not a sine wave. This effect is known as turnover,

and can be avoided by operating the vacuum tube as a full-wave square-

law device.

A diode detector can be used as a peak vacuum-tube voltmeter by

means of the arrangements illustrated in Fig. 247c and 247d. In the

circuit of Fig. 247c the use of a high load resistance R will make the direct-

current voltage developed across this resistance only very slightly less

than the crest amplitude of the applied signal, so that a microammeter

M placed in series with the load resistance R will read peak voltages. A

modification of this arrangement is illustrated in Fig. 247d Here the

signal is applied to the diode and a positive bias voltage V is applied to the

cathode and adjusted until the microammeter M just shows signs of

current. The peak voltage is then equal to the cathode bias V.

Detection of Frequency-modulated Waves.—Frequency-modulated sig-

nals are detected by first converting into amplitude modulation and then

rectifying in the usual manner. The conversion from frequency to

amplitude modulation is accomplished by passing the frequency-

modulated signals through selective circuits that discriminate against

one side band in favor of the other, as, for example, by detuning the

receiver slightly off resonance so that the response is different for the two

side bands. Receivers for frequency-modulated waves are discussed in

greater detail in Sec. 113. _
Electron-oscillator Detectors.^—Electron oscillators, either of the Bark-

hausen or of the magnetron type, are among the most sensitive detectors

at extremely high frequencies. Typical circuit arrangements of such

detectors are illustrated in Fig. 248, and are seen to be essentially ordinary

electron oscillators of the type discussed in Sec. 71, with means provided

by which energy from the incoming signal is superimposed upon the

i See Kinjiro Okabe, The Amplification and Detection of Ultra-short Electric

Waves, Proc. I.R.E., vol. 18, p. 1028, June, 1930; Nello Carrara, The Detection of

Microwaves, Proc. I.R.E., vol. 20, p. 1615, October, 1932.
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oscillations. The injection of this energy into the circuits of the electron

oscillator influences amplitude of oscillations and thereby affects the d-c

current flowing to the anode, giving an effect equivalent to a rectification.

The best results are obtained when the frequency of the electron oscilla-

tions is approximately the same as the frequency of the incoming signal,

although the exact adjustment is not highly critical and marked rectifying

action is present even with low-frequency signals. 1

86. Comparison of Detection Methods.—The diode detector is by far

the most widely used of all detectors because there is no practical limit to

the voltage it can handle, because it has lower distortion than other

detection methods when properly proportioned, and because it develops a

(a) Barkhaosen oscillator (b) Split-anode magnetron oscillator
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Fig. 248.—Circuits for electron-oscillator detectors.

direct-current rectified voltage of the proper polarity for use in automatic-

volume-control systems. The only disadvantage of a diode detector is the

fact that it absorbs appreciable power from its exciting circuit, but this is

largely compensated for by the fact that the diode rectifier can be supplied

by an added section built into an ordinary triode or pentode tube, and the

combination of diode and tube gives an over-all sensitivity that is fully

as great as obtained from any other method of detection, even taking into

account the input losses.

The plate detector has the advantage over the diode in that it con-

sumes no input power, but, because of the relatively low conversion

transconductance of the tube when biased for detector operation, the over-

all sensitivity is usually less than that of the same tube provided with a

diode section and used to amplify the diode output. The plate detector

has a limited power-handling capacity, has higher distortion than the

diode, and cannot directly provide a voltage for automatic-volume-con-

trol purposes. It has therefore been largely displaced by the diode.

The grid-leak power detector is similar to the diode with respect to

input resistance, distortion, and the fact that its output voltage is of the

proper polarity for automatic-volume-control use, but the power-handling

capacity of grid-leak power detectors employing triode and pentode

tubes is so low that it is impracticable to obtain sufficient automatic-

volume-control voltage without overloading the detector. The Wunder-

1 See H. E. Hollmann, The Retarding Field Tube as a Detector for Any Carrier

Frequency, Proc. I.R.E., vol. 22, p. 630, May, 1934.
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lich tube increases the power limit to the point where practical automatic
volume control is possible, but the power-handling capacity is still limited

and the diode is generally considered preferable.

Square-law detectors are characterized by high distortion when
rectifying modulated waves, and have low detection efficiency. They are

also of limited power capacity if the exciting voltage is restricted to a
strictly square-law part of the tube characteristic. Square-law detectors

are used primarily in heterodyne detection, where this method of rectifica-

tion is distortionless, and in laboratory equipment, particularly vacuum-
tube voltmeters.

87. Heterodyne Detection.—When two signals of slightly different

frequencies are superimposed, the envelope of the resulting oscillation

varies in amplitude at a frequency that is equal to the difference between
the frequencies of the two alternating currents, arid swings through

an amplitude range equal to the crest amplitude of the smaller of the

two voltages, as is shown in Fig. 249. This result is obtained because at

one moment the two waves will be in phase and so will add together, while

a short time later the higher frequency wave will be one-half cycle ahead
of the other wave and so will combine with it in phase opposition. The
rate at which the amplitude of the envelope varies is called the beat

frequency (or the difference frequency), and the production of such

beats by combining two waves is known as heterodyning. Since rectifi-

cation of such a heterodyne signal gives a rectified current that varies in

amplitude at the beat frequency, heterodyne action gives a means of

changing the frequency of an alternating current.

The procedure for changing the frequency of an unmodulated wave
by heterodyne action is to superimpose upon this signal a local oscillation

having a frequency that differs from that of the signal by the desired

frequency. The local oscillation may have either a higher or lower

frequency than does the signal, since it is only the difference that is

important. This heterodyne signal is then applied to a detector, and
the desired beat frequency will be contained in the rectified output. If

the wave that is to have its frequency changed is modulated, the ampli-

tude of the beats that are produced by the superposition of the local

oscillation will vary in accordance with the amplitude of the modulated
wave, and the final result of the heterodyne operation is to change the

frequency of the carrier wave to the new beat frequency without disturb-

ing the character of the modulation.

The heterodyne principle of frequency changing has a number of

important applications in radio communication. It can be used to

change the carrier of a radio-telegraph signal to an audible frequency such

as 1000 cycles, which can be used to actuate a telephone receiver. This

result is accomplished by making the difference between the signal and
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local oscillation frequencies a suitable audio frequency, and is known as

•heterodyne code reception. Another application of the heterodyne

principle is in the superheterodyne type of radio-frequency amplification,

in which the heterodyne principle is used to change the carrier frequency

of the radio signal to a predetermined and readily amplifiable radio

frequency at which the amplification takes place. In this way the

Es*Efl

Fig. 249.—Typical heterodyne waves, showing how the combining of two waves of

slightly different frequencies results in a wave which pulsates in amplitude at the difference

frequency of the component waves, and how the wave shape of the envelope of the resultant

wave depends upon the relative amplitudes of the two components.

frequency of the signal is changed to fit the amplifier, rather than the

amplifier adjusted to fit the signal. Heterodyne action can also be

employed to separate frequencies that differ from each other by a rela-

tively small percentage. Thus it would be practically impossible to

separate currents having frequencies of 1,000,000 and 1,001,000 cycles

by the use of tuned circuits, but this can be readily accomplished by the

use of heterodyne action. For example, if the local oscillation has a

frequency of 999,000 cycles, the heterodyne action will change the original
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frequencies to 1000 and 2000 cycles, respectively, which can be separated
with ease.

Analysis of Heterodyne Detection.—The object of heterodyne detection
is to produce sinusoidally varying currents of the difference frequency.
When this result is accomplished the detection is distortionless, while,
if the detector also produces harmonics of the beat frequency, distortion
is introduced. The characteristics required for distortionless detection
can be determined by considering the equation of the envelope of a
heterodyne signal. When two sine waves of amplitudes E and Es and
having a difference frequency co/2tt are superimposed, the shape of the
resultant envelope depends upon the relative amplitudes of the two
waves, as shown in Fig. 249, and has the equation 1

Instantaneous amplitude of envelope = \ZES
2 + E 2 + 2E3Ea sin (at (190)

The shape of the resulting envelope is identical with the output wave of a
full-wave rectifier when the superimposed voltages are of equal amplitude,
and approaches a sine-wave variation only in the limit when one of the
components is extremely small compared with the; other. The shape of
the envelope is such that square-law detection, that is, rectification in which
the output is proportional to the square of the envelope, gives distortionless

heterodyne detection, while linear rectification, by reproducing the envelope

of the heterodyne signal, fails to do so.

The character of the distortion that results from linear detection of a
heterodyne signal can be obtained from a Fourier analysis of the envelope
equation. 2 When this is done, it is found that the difference-frequency
component of the output is largely independent of the amplitude of
the stronger signal component E and is nearly proportional to the strength

1 In its most general form the equation of the envelope of a heterodyne signal
can be written as

e = E sin at + Ei sin [(« + Si)t + <t>i] + E2 sin [(« + 5 2)t + <j>2] + • (191)

where <j>i, <t> 2, etc., are phase angle constants and Si, S2, etc., are 2ir times the fre-
quency by which their respective terms differ from the frequency of the E term.
The envelope of Eq. (191) can be found by solving Eq. (191) for zero, equating to
zero the partial derivative with respect to u of this transposed equation, and simul-
taneously solving the resultant equation with Eq. (191) to eliminate «. Carrying
out these operations gives the result

Envelope = \E i + Ei 2 + E2
* + •

+ 2E Ei cos (Sit + 4n) + 2EoE2 cos (S 2t + *»)+•••
+ 2EiE2 cos [(Si - S 2)t + (<j>i

-
</>2)] +...}« (192)

When only two components are present and <j>i is taken as zero, this equation reduces
to Eq. (190).

2 For information as to details of such analyses, see F. E. Terman, Linear Detection
of Heterodyne Signals, Electronics, vol. 1, p. 386, November, 1930.
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of the weaker component Ea . The magnitude of the deviation from this

approximate relation is indicated by the fact that increasing the stronger

signal component from equality with the weaker component to a value

many times the weaker component, while holding the latter constant,

increases the difference-frequency output by approximately 18 per cent.

The amplitude of the distortion frequencies produced* in linear detection

of heterodyne signals is greatest when the two signal components are of

equal size, under which condition the second harmonic of the beat fre-

quency is 20 per cent.

When the signal that is to have its frequency changed by heterodyne

action "contains several frequency components, square-law detection of

the heterodyne signal produces an output that contains every possible

difference frequency that is present in the heterodyne signal, and these

various difference-frequency components of the output each have an

amplitude proportional to the product of the amplitudes of the two waves

producing the difference frequency.

These considerations relating to the relative behavior of square-law

and linear detection of heterodyne signals show that square-law detection

is to be preferred from the point of view of avoiding distortion, and that if

linear detection is employed the superimposed local oscillation should have

an amplitude that is much larger than that of the signal which is to have

its frequency changed. Under practical circumstances linear detection

is usually employed because the amplitude of the local oscillation is

relatively large, and it is almost impossible to maintain square-law action

when this is the case.

The output of a detector that is rectifying a heterodyne signal always

contains components other than the difference-frequency current and its

harmonics. When the heterodyne signal contains two components, the

most important of such new frequencies has a frequency that is the

sum of the two frequencies being combined, while complex combination

frequencies also are usually present in small amplitudes. The exact

nature of these additional products of rectification depends upon the

detector characteristics and is of little importance since these components

have not been found to have practical usefulness.

88. Converters for Superheterodyne Receivers.—The superhetero-

dyne receiver is so widely used that special tubes and methods have been

devised for performing the frequency-changing operation involved. The

heterodyne detector for such purposes, commonly referred to as first

detector, converter, or mixer, is required to develop a difference frequency

ordinarily in the range 75 to 500 kc by combining the incoming signal with

a local oscillation differing in frequency by the desired amount. The

principal arrangements employed in practice are plate detection, the

6L7 mixer tube, and the pentagrid converter.
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The plate-detector type of mixer is illustrated in Fig. 250, and is an
ordinary pentode plate detector biased approximately to cut-off, with
provision for introducing a locally generated voltage in the tube circuits.

The output load impedance is a tuned circuit resonant at the difference
frequency to be produced, and is designed exactly as in any ordinary tuned
amplifier. The loCaloscillator may be of any type, and can be coupled
into the mixer tube in any convenient way, but preferably in such a
manner that the voltage introduced is approximately constant as the
frequency of the oscillator is varied to accommodate signals of different
frequencies. For best results the amplitude of the local oscillator voltage
applied to the tube should be as large as possible without overloading
the detector, since in this way the conversion transconductance will be at
a maximum. With pentode mixer tubes the detector plate resistance is so

Input circuit
tunedto signal
frequency,

-?-t

*• T cJ Output circuit
ZLs±sa tunedto difference
* I °S frequency

AtsCoupled to local
oscillator

Fig. 250.—Circuit of typical plate-detector type of mixer tube.

high that it can be considered infinite, so that the difference-frequency
output is given by the equation

Output carrier voltage developed) _
across plate load /

~ ^cZlE° (193 )

where

EQ = carrier amplitude of applied signal

ZL = load impedance in plate circuit to difference frequency
Sc = conversion transconductance.

The conversion transconductance in this equation is the same conversion
transconductance discussed in Sec. 84, and so can commonly be expected
to be in the neighborhood of 0.3 to 0.4 of the mutual conductance of the
same tube operated as an ordinary amplifier.

The plate-detector type of mixer has the disadvantage of introducing
coupling between the local oscillator and the circuit tuned to the incoming
signal. This can cause undesirable interaction, particularly in the high-
frequency bands of all-wave receivers, where the local oscillator and signal
frequencies differ by only a small percentage. Under such circumstances
adjustment of the input tuned circuit will affect the oscillator frequency,
and strong interfering signals having frequencies differing only slightly
from the local oscillator frequency will tend to make the latter synchronize
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Inputcircuit «S
N

funedto G4»
x

signal g,\\
frequency, £^

automatically with the interfering signal (see Sec. 69) . As a consequence

the plate-detector type of mixer, while perfectly satisfactory for broad-

cast and lower frequencies, has very important shortcomings when used

at higher radio frequencies. •

The Hexode Mixer Tube (or 6L7). 1—The hexode mixer tube or 6L7

completely isolates the local-oscillator and signal-frequency circuits by

the expedient of utilizing the local oscillator to suppressor-grid modulate <

the amplified signal-frequency currents. The 6L7 tube contains five

grids connected as shown in Fig. 251. The first or inner grid Gi is the

normal control grid, designed to have a variable-mu characteristic, and

has the signal voltage applied to it. The next gridG2 is an ordinary screen

grid while the third grid Gs is a suppressor

grid that is used to suppressor-modulate

the electron stream produced by the

control and screen grids Gi and G2 . The

next grid GV is a screen grid while G& is a

suppressor grid that is connected to the

cathode. It will be noted that this

arrangement is essentially a suppressor-

grid-modulated amplifier, modified by the

addition of grids Gi and (x5 in order to

make the plate resistance of the tube

similar to that obtained with an ordinary

pentode. The arrangement is capable

of producing a difference frequency, since,

when the local oscillator is modulated upon the incoming signal, the

lower side band has a frequency that is the difference between the signal

or carrier frequency and the modulating or local oscillator frequency.

The plate resistance of the 6L7 mixer is so high that it can be considered

as infinite for all practical purposes, so that the difference-frequency out-

put can be expressed in terms of the load impedance in the plate circuit

and the conversion transconductance by Eq. (193) . The value of the con-

version transconductance of the 6L7 mixer tube depends upon the total

space current of the tube and upon the negative bias and oscillator volt-

ages applied to the grid Gs . For best results this grid should have a

direct-current bias corresponding to plate current cut-off, while the

oscillator voltage superimposed should be sufficient to drive this grid Gz

positive. The necessary bias is generally obtained by some self-bias

arrangement such as that of Fig. 251. Under such conditions the con-

Grid leak bias fir
resistor
for 63

Local •;""

oscillator

Fig. 251.- -Circuit of typical 6L7
mixer tube.

1 For further information see C. F. Nesslage, E. W. Herold, and W. A. Harris,

A New Tube for Use in Superheterodyne Frequency Conversion Systems, Proc. I.B.E.,

vol. 24, p. 207, February, 1936.
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version transconductance is of about the same numerical magnitude as in

other types of converters.

The Pentagrid Converter.—The pentagrid converter is a combined
oscillator and detecto* tube. A typical circuit arrangement is shown in

Fig. 252, where the cathode, first grid Gi, and second grid (r 2 function as an

ordinary triode oscillator with grid G2 acting as the anode electrode.

This oscillator serves to control the flow of electrons from the cathode,

causing the current to travel toward the plate in pulses occurring at the

peak of each cycle of the oscillator. Most of the electrons in the pulse

drawn from the cathode pass through the spaces between the wires of

£2, pass the screen-grid Gs which is for the purpose of providing an electro-

static shield, and come to rest in front of the grid Gi, where a virtual

cathode is formed. The signal voltage is applied to Gi and so controls

the number of electrons that the

;,\ /
5

plate is able to draw from this

virtual cathode. Grid G$ is a

°^Pu.f screen grid that serves to make the
circuit °

plate current substantially inde-

pendent of plate voltage, thereby

circuit
''

/^T^-STi = \ giving the tube a high plate resist-

''*

Oscillator circuits ance corresponding to that obtained

Fig. 252.—Circuit of typical pentagrid con- with a SCreen-grid tube. The
verter tube.

virtual cathode in front of Gi forms

with each pulse of space current and then disappears between pulses. As

a consequence the current actually arriving at the plate is modulated by
both oscillator and signal voltages, giving a result equivalent to modu-
lating the signal upon the oscillator frequency, thereby developing a

difference frequency as one side band.

The screen grid G& makes the effective plate resistance of the detector

extremely large, so that the load circuit is designed exactly as in the case of

a pentode or screen-grid tube, and the output voltage can be expressed

in terms of the load impedance and an equivalent transconductance

according to the Eq. (193). The numerical value of the conversion trans-

conductance under ordinary conditions is approximately that of a cor-

responding plate detector or 6L7 mixer. In the usual pentagrid converter,

grid Gi is provided with a variable-mu characteristic, making it practicable

to control the conversion transconductance and hence the output by
varying the bias on this grid.

The pentagrid converter has the merit of simplicity in that it avoids

the necessity of a separate oscillator tube and also eliminates much wiring

that would otherwise be required. Its usefulness is limited, however, by
residual coupling between the oscillator and signal sections of the tube.

This is in spite of the screen grid 6r3 , and is the result of capacity between
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Gi and the space charge of the virtual cathode formed in front of this grid.

Inasmuch as the space charge pulsates at the oscillator frequency, the

effect of this capacity coupling to the space charge is to cause oscillator-

frequency currents to flow from grid G* through theJbuned input circuit to

ground. Trouble from this cause becomes more pronounced at high

frequencies and as the percentage difference between local oscillator and

signal frequencies is reduced. * The result is that the pentagrid converter,

while entirely satisfactory for use with signals of broadcast and lower

frequencies, becomes increasingly unsatisfactory with signals of higher

frequency.

(a) (b)

mttL.

RegeneraHon "^
confro/^Regeneration control

Fig. 253.—Typical circuits for regenerative and oscillating detectors. The telephone
receivers indicated in the figure can be replaced by an amplifier when further amplification
is desired.

89. Regenerative and Oscillating Detectors.—In examining the action

taking place in detectors employing either grid or plate rectification it will

be noted that there are signal currents flowing in the plate circuit of the

detector, in addition to the products of rectification, as is clearly shown in

Figs. 240 and 244. It is possible to obtain regeneration by feeding back a

portion of this signal energy to the circuits associated with the detector

input by means such as illustrated in Fig. 253. Regeneration produced
in this way by utilizing the radio-frequency energy in the detector plate

circuit can be more readily controlled than regeneration in amplifiers, and
is occasionally used to increase the amplification and selectivity of radio

receivers.

Regeneration in detectors produces exactly the same action as regen-

eration in radio-frequency amplifiers, since the regenerative detector is

essentially a radio-frequency amplifier as far as the feedback is concerned.

The effect of regeneration, no matter how produced, is equivalent to

altering the effective resistance and effective reactance of the input

circuit. The change of reactance caused by regeneration alters the

resonant frequency slightly, making the resonance point somewhat
dependent upon the adjustment of the regenerative control, but this

1 There is also a certain amount of coupling between oscillator and signal circuits

even at low frequencies as a result of the fact that the voltage on the signal grid affects

the current flowing to the oscillator grid G2 . See Paul W. Klipsch, Suppression of

Interlocking in First Detector Circuits, Proc. I.R.E., vol. 22, p. 699, June, 1934.
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effect is small because the reactance change amounts to only a few ohms
and so is small compared with the large reactances in the tuned circuit.

The change of resistance resulting from regeneration is much more impor-
tant because the resistance of the tuned input circuit is so low that a
few ohms added or subtracted represents a large percentage variation.
When the energy is fed back in the proper phase to reinforce the applied
signal, the effect is to neutralize a part of the resistance of the tuned input
circuit. This raises the effective Q and so increases the resonant rise

of voltage (which is equivalent to added amplification), as well as making
the selectivity greater.

When the regeneration is carried as far as possible (i.e., until the effec-

tive resistance of the input circuit approaches zero), the resulting amplifi-
cation is very great for extremely weak signals, and still large but less for
strong signals.

*

While representing an inexpensive means of obtaining radio-frequency
amplification, regeneration has several disadvantages. In the first place
regenerative amplification is obtained by lowering the effective resistance
of a tuned, circuit, and, since this also greatly increases the selectivity,

regeneration,tends to suppress the higher side-band frequencies contained
in the signal. In the second place the adjustments required to give
satisfactory regenerative amplification also depend upon the frequency
of the signal so that it is necessary to readjust the regeneration controls
for every new signal. Furthermore the adjustments required to give
appreciable regenerative action are rather critical, and a certain amount
of skill is required to carry them out properly. Finally, when the
regenerative action is carried to the point where the circuit resistance is

completely neutralized and becomes negative, as will inevitably occur
from time to time as the result of accidental improper adjustments,
oscillations will be set up which will heterodyne with any signal that may
be present and produce annoying squeals. These disadvantages of
regenerative amplification are so great that it is generally considered
better practice to obtain radio-frequency amplification by the use of
tuned radio-frequency amplifiers rather than by regeneration.

Oscillating Detectors.—When regeneration is increased to the point
where the resistance of the resonant circuit is completely neutralized,

1 This dependence upon signal voltage arises because the third-order curvature of
the tube characteristic causes the effective plate resistance of the tube to be slightly-

greater for large signals than for small, thus reducing the regeneration for large signals.
Analysis shows that, when the regeneration is made as great as possible without
oscillation in the absence of a signal, the amplification is inversely proportional to the
two-thirds power of the signal voltage and directly proportional to the response
obtained when no regeneration is present. See Balth. van der Pol, The Effect of
Regeneration on the Received Signal Strength, Proc. I.R.E., vol. 17, p. 339, February,
1929,
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there will be set up oscillations which will heterodyne with any signal

currents in the resonant circuit. The resultant beats are rectified by
the detector and cause difference-frequency currents to appear in the

detector output. The oscillating detector therefore, acts as a heterodyne

detector in which the detector tube generates the heterodyne oscillations,

as well as functioning as a rectifier. The circuits used in oscillating

detectors are the same as those employed for regenerative detectors,

the only difference being that the regeneration is increased to the point

where oscillations are produced. Grid-leak power rectification is always

employed in oscillating detectors because of its high sensitivity and
because it automatically supplies the proper grid bias for the oscillations.

The oscillating detector is used extensively in the reception of code

signals, particularly short-wave code signals. Compared with a separate

heterodyne for such purposes, the arrangement has the advantage of much
greater sensitivity1 and of being simpler to adjust. Thus, when the local

oscillations have a frequency suitable for heterodyning the code signal to

an audio-frequency such as 1000 cycles, the input circuit is automatically

tuned approximately to resonance with the incoming signal. The oscil-

lating detector arrangement is not suitable for use with superheterodyne

receivers, however, and is also usually avoided in code reception of the

lower radio frequencies. This is because under such conditions the differ-

ence frequency is a large percentage of the signal frequency, so that when
the oscillations have the proper frequency the input circuit is very con-

siderably detuned from the signal frequency.

The great sensitivity of the oscillating detector is a result of the

large regenerative amplification that the signal undergoes before being

rectified. When no signal is present, the oscillations have an amplitude

such that the effective plate resistance of the tube has a value for which
the regeneration exactly neutralizes the resistance of the resonant circuit.

When this condition exists, the regenerative amplification to a super-

imposed oscillation is very great because the situation is much the same
as that which exists in an ordinary regenerative detector adjusted to

give the maximum possible regeneration. The difference in the two
«ases, however, is that with the regenerative detector this adjustment is

very critical and impossible to maintain, whereas in the oscillating detector

the oscillations automatically assume an amplitude that picks out .this

critical condition and maintains it with complete stability.

The regenerative amplification which the signal undergoes in an
oscillating detector can be analyzed by considering that the signal repre-

1 Thus a simple oscillating detector will make practically any short-wave code
signal that is above the noise level audible in a telephone receiver. Effective amplifi-

cations as high as 15,000 are indicated under optimum conditions. See H. A. Robin-
son, Regenerative Detectors, QST, vol. 17, p. 26, February, 1933.



456 RADIO ENGINEERING [Chap. X

sents a voltage that is induced in the resonant circuit in addition to the
voltage induced by the feedback from the plate circuit. The phase
of the signal with respect to the oscillation changes from aiding to opposi-
tion at a rate corresponding to the difference frequency, as in the case
of any heterodyne signal. To a first-order approximation1

the variation
in the amplitude of the resultant wave applied to the grid of the tube
acts as though there were no signal voltage applied to the detector, but
rather as though the regeneration of the oscillating detector were alter-

nately decreased and increased from its actual value at a rate correspond-
ing to the beat frequency. The oscillating detector hence has its greatest

sensitivity when a small change in the regeneration will produce a large

change in the amplitude of the generated oscillations. This condition
is always realized when the regeneration has the smallest value at which
oscillations will exist and when the resonant circuit has the highest possi-

ble Q (i.e., lowest possible actual resistance).

Typical oscillating-detector circuit arrangements are illustrated in

Fig. 253. Pentode tubes are generally used, with the regeneration control

obtained by varying either the screen voltage or the electrostatic or

magnetic coupling between input and plate circuits. When the regenera-
tion control is applied to the screen voltage, the circuit design should be
such that oscillations will stop when the screen is of the order of 20 to

40 volts. If the stopping point is at higher potentials, the oscillations

start and stop with an annoying thump, whereas, if the critical point is a
lower voltage, the conversion efficiency of the arrangement as a detector
is low because of the small plate current.

When the oscillating detector employs a triode tube, trouble is some-
times encountered from a sustained audio-frequency sound which occurs
when the adjustment is such that oscillations are just barely maintained.
This is known as "threshhold" or "fringe" howl, and is to be avoided
since it occurs under conditions for which the oscillating detector is most
sensitive. Threshhold howl may occur in grid-leak arrangements when
the audio-frequency load impedance in the plate circuit of the triode is

inductive, and it can be cured either by using resistance coupling or by
shunting the inductive load with a sufficiently low resistance. Thresh-
hold howl does not ordinarily occur when pentode tubes are employed. 1

90. Superregenerative Detectors. 2—A superregenerative detector is a
regenerative detector which is varied from an oscillatory to a non-oscil-

1 The mechanism of threshhold howl is described by L. S. B. Alder, Threshhold
Howl in Reaction Receivers, Exp. Wireless and Wireless Eng., vol. 7, p. 197, April,

1930.
2 For further information on superregeneration, see Hikosaburo Ataka, On Super-

regeneration of an Ultra-short Wave Receiver, Proc. I.R.E., vol. 23, p. 841, August,
1935; D. Grimes and W. S. Barden, A Study of Superregeneration, Electronics, p. 42,
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lating condition at a low radio-frequency rate. During the oscillatory

interval, oscillations build up, only to be suppressed, or "quenched,"

and the resulting action is such that with proper adjustment an applied

signal is amplified enormously before detection. A typical superregenera-*

tive circuit is shown in Fig. 254, and consists of a tube arranged to regen-

erate in the manner shown in Fig. 253c, but supplied with a plate voltage

that is a low radio frequency, such as 25 kc. Oscillations then build up
during the half cycles when the plate

is positive, but die out (i.e., are

quenched) during the time the plate

is negative. For proper operation

the oscillations must die out com-
pletely before they start to built up,

which is equivalent to saying that

the average resistance of the circuit

must be positive.

When no signal is present, the

initial pulse that starts the building

up of oscillations is supplied by
thermal agitation, shot effect, etc.,

and the resulting oscillations are as

illustrated to the left in Fig. 254e.

The area under the envelope of the

curve of oscillations depends upon
the amplitude of the initiating pulse,

and, since this is a chance factor of

thermal agitation, etc., the areas

under successive envelopes differ in

a random manner, and the rectified

output contains a characteristic

hiss. However, upon the applica-

tion of a signal that has a greater amplitude than the random volt-

ages, the signal then becomes the initiating pulse, thereby suppressing
the characteristic hiss and causing the building-up process to get under
way faster, as shown to the right in Fig. 254e, where the shaded area
represents the difference caused by the presence of the signal. Inasmuch
as the initiating pulse, and hence the time required to reach full amplitude,
is proportional to the amplitude of the signal, the shaded area in Fig. 254e
will vary with the amplitude of the signal, and hence will reproduce in a
rough sort of way the modulation of the signal.

(d) Effective radio frequency
resistance of input tuned circuit

(e) Voltage built up across condenser C

> O Q O C O
(f) D.C.Plate circuit

Fig. 254.—Simple superregenerative
circuit, together with details showing the
mechanism by which superregenerative
amplification is obtained.

February, 1934; Edwin H. Armstrong, Some Recent Developments of Regenerative
Circuits, Proc. I.R.E., vol. 10, p. 244, August, 1922; M. G. Scroggie, The Super-
regenerative Receiver, Wireless Eng., vol. 13, p. 581, November, 1936.
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(a) Signal

The output of the superregenerative detector is obtained by rectifying

the oscillations that are built up across the tuned circuit, using a grid-leak

condenser combination as shown in Fig. 254a. The bias voltage devel-
oped across this combination will be proportional to the average amplitude
of the oscillations, and so will vary in accordance with the shaded area as

illustrated in Fig. 254/, causing the

plate current to be reduced by the

presence of a signal by an amount
that varies in accordance with the

(b) Proper quenching frequency modulation envelope.

In order to obtain best results

with a superregenerative detector it is

necessary to have a proper balance

(O Quenching frequency too low between the circuit proportions and
the amplitude and frequency of the

quenching oscillation. The effect of

the quenching frequency is illustrated

0. 0"D

O D O
(d) Quenching frequency too high

m Fig. 255. Starting with low
quenching frequencies, it is seen thatOvvvvvvOvvO at first increasing the quenching fre-

Fig. 255.—Oscillograms showing effect quency increases the number of times
of quench frequency upon output of ,, .,, ,. , ., ,

superregenerative detector. The shaded tiie OSClllatlOIlS DUlld Up in a given
area represents the output caused by the length of time and therefore increases
presence of a signal. , . ,

the total of all the shaded areas
almost in direct proportion to the quenching frequency. The output and
hence the sensitivity therefore increase with quenching frequency, until
an optimum value is reached such that the oscillations just have time
to approach full amplitude when they are quenched. With quenching

(a) Self-quenching
circuit

(b) Separately quenched
circuit

Quench oscilla+or •

Fig. 256.—Circuits of typical superregenerative detectors.

frequencies higher than this, the width of the shaded area decreases and
there is a tendency for the oscillations to be quenched before they have
time to build up to full amplitude, so that, although the number of shaded
areas per second increases, the size of each area is so diminished that the
net result is a considerable loss in sensitivity.

Two additional circuit arrangements for producing superregenera-
tion are illustrated in Fig. 256. The arrangement at (a) is particularly
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useful because it requires no special circuits or auxiliary quenching

oscillator. This circuit obtains the quenching action by operating the

circuit so that interrupted oscillations are produced by the mechanism

discussed in Sec. 66, thereby making the arrangement self-quenching.

The interrupted oscillations can be obtained by use of a high grid-leak

resistance, a relatively large grid-condenser capacity, and sufficient

regeneration to make the circuit strongly oscillatory. The frequency of

• interruption can be controlled by varying either the regeneration or the

grid-leak resistance.

A properly adjusted superregenerative detector is characterized by
extremely great sensitivity. A single tube is capable of giving an audible

output with signals that have an amplitude comparable with the thermal

agitation voltages present in the input circuit. Experience with super-

regenerative detectors also indicates that they are much less susceptible

to such interference as ignition noises than are most receivers. The reason

for this appears to be that there is an inherent limiting action contained

in the mechanism of operation whereby very loud signals produce only

slightly more output than do weak signals. As a consequence strong

intermittent noise voltages produce outputs only slightly larger than those

obtained from weak signals.

At the same time the superregenerative detector has a number of

limitations. In the first place, a characteristic hiss is always present in

the absence of an applied signal, and, though this hiss disappears in the

presence of a signal, it makes superregeneration impracticable for such

purposes as broadcast receivers. A superregenerative receiver also

possesses rather poor selectivity, this being necessarily true because of the

large number of side-band frequency components produced by the quench-

ing action. The principal practical use of superregeneration has been in

the reception of signals of such high frequency that ordinary methods of

amplification cannot be employed.

91. Detector Output When the Applied Signal Consists of Two
Modulated Waves.—Circumstances commonly arise where in addition to

the desired signal there is also a relatively weak but not negligible inter-

fering signal applied to the detector input. The most important effects

produced under such conditions are: (1) the suppression of the weaker
signal when a linear detector is employed and when the difference in

carrier frequencies of the two signals is above audibility; (2) an audible

beat note representing the difference frequency between the two carriers

when these differ in frequency by an amount lying in the audible range;

(3) a flutter occurring when the carrier frequencies are almost but not

exactly in synchronism; and (4) distortion occurring when the carriers are

of identical frequency and when both desired and undesired stations are

broadcasting the same program.
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Desired Signal

Undesired Weaker Signed

When two modulated signals of unequal amplitudes and of carrier

frequencies that are so different as to produce an inaudible beat frequency
are simultaneously applied to the input of a linear rectifier, it is found that

the weaker of the two signals is not
rectified. This is because under these

conditions the envelope of the com-
bined signal is as shown in Fig. 257,

having a principal modulation repre-

senting the desired modulation and a

minor variation corresponding to the

inaudible beat frequency between the

two carriers. This minor variation is

modulated in accordance with the

modulation of the undesired carrier,

but upon linear rectification the detec-

tor output follows the modulation
envelope and hence contains no com-
ponent that follows the modulation of

the undesired weaker signal. This

suppression of the weaker modulation is

equivalent to an increase in the effective

selectivity and represents an important

property of a linear detector. 1 In order

that the suppression of the weaker
signal may be complete, it is necessary

that the strong signal be considerably

larger than the weaker and that the

detector be exactly linear. With
ordinary rectifiers the suppression

Wave<c)After Linear Rectification becomes very pronounced when the
±iq. 257.—Wave forms obtained m . „ . it,

the linear detection of a signal consisting ratio OI Signal amplitudes exceeds 2 to
of a weak modulated wave superimposed i. This suppression of the weakerupon a strong modulated wave. The

, , .

rectified output of the linear detector is Signal does not OCCUr in the Case of
seen to contain no component varying at square-law detectors.
the modulation frequency of the weaker _Tr, , i i . «.

signal. When the difference between the

carrier frequencies of the desired
and undesired signals is in the audible range, a number of undesired

1 For further information and details of the method of analyzing .this phenomenon,
see R. T. Beatty, Apparent Demodulation of a Weak Station by a Stronger One, Exp.
Wireless and Wireless Eng., vol. 5, p. 300, June, 1928; S. Butterworth, Note on the
Apparent Demodulation of a Weak Station by a Stronger One, Exp. Wireless and Wire-
less Eng., vol. 6, p. 619, November, 1929; E. V. Appleton and D. Boohariwalla, The
Mutual Interference of Wireless Signals in Simultaneous Detection, Exp. Wireless and
Wireless Eng., vol. 9, p. 136, March, 1932.

Desired and Undesired Signals
Superimposed
•Supersonic beat frequency

'Audio frequency component
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components of audible frequency appear in the output of both square-

law and linear detectors. The component having the largest amplitude

is the difference frequency between the two carriers, and this is the most
disturbing component when it exceeds 100 to 200 cycles.

When the frequencies of the two carriers differ by less than about
50 cycles, the most disturbing components in the output are the difference

frequencies formed by the carrier of the strong or desired signal hetero-

dyning with the side-band frequencies of the weaker or undesired

signal to produce what can be termed side-band noise. When the carrier

frequencies differ by only a few cycles a second, this side-band noise gives

rise to the characteristic nutter commonly heard when two or more broad-

cast stations are simultaneously transmitting on approximately the same
frequency. When the two carriers are both weak enough so that there is

a background of noise, the noise level in the detector output will also

nutter at a frequency corresponding to the difference frequency between
the two carriers, and may in some cases produce an effect more annoying
than the side-band noise.

In the event that the two signals come from stations which have their

carriers synchronized and which are modulated with identical programs,

the detector output will not ordinarily represent a distortionless reproduc-

tion of the original modulation unless one of the carrier amplitudes is

much weaker than the other. This is because the relative phase with

which the two carriers and their respective side-band components com-
bine in the detector input depends upon the distance to the transmitter,

time differences in the transmission of the program, and the side-band

frequency involved. The result is that, when the carrier amplitudes
are of approximately the same order of magnitude, certain side-band

frequencies will tend to cancel while others will be reinforced; furthermore

at certain locations the two carriers will also tend to cancel and thereby

distort the envelope of the wave applied to the detector input. In order

for distortion of this sort to be imperceptible under the worst practical

conditions, it is necessary that one carrier have an amplitude at least four

times that of the other carrier.

The exact nature of these effects which occur when the two carrier

frequencies differ by only a small amount, or are synchronized, depends
upon whether a linear or square-law rectifier is used, upon the relative

amplitudes of the two carriers, and upon their degrees of modulation.

The exact analysis is too involved to be presented here, but is to be found
in the literature. 1

1 The most extensive work on this subject is that of C. B. Aiken. The method
of analysis that he has employed in attacking the problem, as well as the essential

results, are contained in the following papers: Charles B. Aiken, Theory of the Detec-
tion of Two Modulated Waves by a Linear Rectifier, Proc. I.R.E., vol. 21, p. 601, ApriL
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Problems

1. Explain the detailed mechanism accounting for the fact that the efficiency of
detection of a diode detector is increased by: (a) increasing the load resistance R,
(6) decreasing the plate resistance of the diode.

2. Explain the detailed mechanism whereby the input resistance of a diode detec-
tor of good efficiency increases with load resistance R but is nearly independent of the
diode plate resistance.

3. In a diode detector as shown in Fig. 235a, v = 0.90, C = 100 ntf, R = 200,000
ohms,

a. Calculate and plot as a function of modulation frequency, the maximum degree
of modulation that the "signal input" to the detector may have for distortionless
rectification.

b. Assume that the signal voltage is induced in a tuned circuit resonant at 600 kc,
having Q = 60 and a resonant impedance of 50,000 ohms. (1) Calculate and plot, as
a function of frequency up to 20 kc off resonance, the magnitude and phase of the
output impedance of the tuned circuit (i.e., the impedance that the diode sees when
looking toward the tuned circuit). (2) Similarly calculate and plot the relative
side-band amplitude of the voltage developed across the tuned-circuit output when
the diode load is removed. (3) Calculate the magnitude and phase of the load imped-
ance which the diode offers to the tuned circuit as a function of side-band frequency
up to 20 kc off resonance. (4) From (1) and (3) calculate the ratio of degree of modula-
tion appearing at the input terminals of the diode to the degree of modulation of the
voltage actually induced in the resonant circuit, up to modulation frequencies of
20 kc. (5) Calculate the maximum degree of modulation that the diode can handle
without distortion, and from this determine and plot the maximum allowable degree of
modulation of original induced signal that can be rectified without distortion up to
modulation frequencies of 20 kc.

4. In a diode detector the input circuit has a resonant impedance of 160,000 ohms.
Assuming an efficiency of detection of 0.90, calculate and plot maximum permissible
degree of modulation of original induced signal without negative peak clipping as a
function of the ratio of a-c to d-c impedances of the diode load for ratios between 1 and
0.5 and for d-c load resistances of 150,000, 300,000, and 600,000 ohms, and also
calculate and plot the approximate r.m.s. distortion if the original induced signal is
completely modulated.

5. a. In the diode circuit of Fig. 239, go through the calculations giving the
maximum allowable degree of modulation of the original induced signal without
negative peak clipping, and the calculations determining the distortion when the
original signal is completely modulated.

6. On the assumption that the carrier input voltage in Fig. 239 is 20 volts crest
value and is completely modulated, calculate (1) direct-current voltage developed for
automatic-volume-control purposes, (2) modulation-frequency voltage developed
across R t at moderate modulation frequencies, (3) radio-frequency voltage appearing
across R 4 when the radio-frequency voltage across d is 1 volt.

6. Design a plate detector using a 56 tube with Eb = 250 volts and having a
transformer-coupled output. In this design specify grid bias and maximum allowable

1933; A Study of Reception from Synchronized Broadcast Stations, Proc IRE
vol. 21, p. 1265, September, 1933; The Effect of Background Noise in Shared Channel
Broadcast, Bell Sys. Tech. Jour., vol. 13, p. 333, July, 1934. Also see Hans Roder.
Superposition of Two Modulated Radio Frequencies, Proc. I.R.E., vol 20 p 1962'
December, 1932.

'
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carrier amplitude that can be handled, while allowing for complete modulation;
estimate detector plate resistance and from this specify proper primary inductance of
output transformer for 70.7 per cent response at 60 cycles; and estimate maximum
audio output voltage obtainable with reasonable detector efficiency and a transformer
turn ratio of 2.

7. In a 6C6 pentode tube with Etg = 100 volts, the control-grid bias for cutoff
is —6 volts. When a carrier of 3 volts crest is applied, the d-c plate current flows in
half-cycle pulses that have a maximum value of 2 ma and an average (or direct-current)
value of approximately 0.5 ma. From this information, and with reasonable assump-
tions as to conversion transconductance, design a resistance-coupled plate detector
using a 6C6 tube with Esg = 100 volts and Eb = 250 volts, calculate the amplification
in the middle range of frequencies, and compare with the gain of resistance-coupled
amplifier using the same tube and plate-supply voltage as given in Table VII, Chap. V.

8. a. Design a grid-leak power detector of suitable proportions for handling
broadcast signals, using a 56 tube with transformer coupling in the plate circuit. In
this design estimate the proper plate voltage from data given in tube manuals.

b. Estimate the largest completely modulated carrier that can be handled with-
out overloading, and also the output voltage, assuming a transformer step-up ratio
of 3.

9. Using the analysis of Sec. 55, derive formulas for the rectified d-c current, the
modulation-frequency current, and the percentage of second-harmonic distortion of
the modulation frequency which results when a sinusoidally modulated wave is applied
to the grid of a pentode tube operated where the tube has a true square-law
characteristic.

10. A triode vacuum-tube voltmeter is adjusted to operate over the square-law
part of the tube characteristic. Demonstrate by mathematical analysis that, when
the applied voltage has components at several frequencies, the rectified d-c current is

proportional to the square of the effective value of the applied voltage wave and is not
affected by the relative phases of the various components.

11. In the vacuum-tube voltmeter circuits of Pig. 247a and b, what would be the
result of (a) omitting the by-pass condenser in the plate circuit, (6) making the con-
denser of insufficient capacity so that it is only a partial by-pass.

12. Two sine waves having equations e x = E x sin («i< 4- * x ), and e 2 = E2 sin
(w2< + *2) are applied to a square-law heterodyne detector. By the method of analy-
sis given in Sec. 55 determine the various components of current that appear in the
detector output.

13. A modulated wave having the equation e - E (l + m cos vt) sin oi t is com-
bined with an oscillation a = Ei sin mt, and the resulting combination is applied to a
square-law detector. By means of the method of analysis given in Sec. 55 determine
the various current components that appear in the detector output, and show that
these include a carrier of frequency (a - «i)/2x modulated in the same manner as
the original input wave.

14. In a pentagrid converter, the load impedance in the plate circuit consists of a
band-pass filter such as described in Prob. 17 of Chap. V. If the conversion trans-
conductance at the operating point is 350 micromhos, calculate and plot the output
voltage as a function of the difference frequency produced, when the signal is 1 mv.

15. Tubes with variable-mu characteristics are commonly employed in converters
of the plate-detection type, but are seldom used as ordinary plate power detectors of

modulated waves. Explain the reasons for this.

16. In the circuit of Fig. 253c, assume that a signal voltage es is acting in series with
the tuned circuit. By setting up an equivalent plate circuit for radio frequencies in
which it is assumed wL < < Rp , derive an expression for the voltage eg across the tuned



464 RADIO ENGINEERING , [Chap. X

circuit, taking into account the voltage that the coil Lp induces in series with the signal

es and assuming that the resonant circuit is tuned to the frequency of e8 . From this

expression write an equation giving the equivalent resistance that the circuit has in the
presence of regeneration, by comparing the resonant rise: of voltage actually obtained
with the rise in the same circuit when regeneration is absent. Finally, discuss the
effect of M on the equivalent resistance of the circuit, keeping in mind that M may
be either positive or negative.

17. In an oscillating detector to which there is applied a reasonably strong signal,

it is found that, as the resonant frequency of the oscillator tuned circuit is varied

about the frequency of the signal, the pitch of the beat note first decreases until a low
value such as 400 cycles is reached, then ceases until the oscillator circuit is tuned
slightly to the other side of resonance, whereupon the low pitch reappears and becomes
higher as the adjustment process continues. Explain the silence in the region where
the oscillator tuned circuit is approximately in resonance with the signal.

18. In a superregenerative receiver that is to be tuned over a considerable fre-

quency range, it will be found that the optimum value of quenching frequency will

vary somewhat with the frequency to which the receiver is tuned. Discuss the factors

that contribute to this.

19. In a superregenerative detector it is found that, when two signals are simul-

taneously applied to the detector, the stronger signal almost completely suppresses

the weaker signal as far as the rectified output is concerned. Explain how the mecha-
nism of the superregenerative detector leads to this behavior.

20. Two modulated waves having equations ei = Ej(l -f- mi cos Vit) sin uit and
e2 = E 2 (l + m 2 cos v 2t) sin w 2t are applied to a square-law detector. If the difference

(w2 — wi)/2ir in carrier frequencies is a moderate audio frequency, enumerate the

various audio-frequency components of the rectifier output current and give the rela-

tive amplitudes of each.



CHAPTER XI

SOURCES OF POWER FOR OPERATING VACUUM TUBES

92. Cathode Heating Power.—The most frequently used sources of
power for heating the cathodes of tubes are commercial lighting circuits
(both alternating and direct), direct-current generators, storage batteries,
and dry cells and other types of primary batteries. Commercial alter-
nating-current power is used wherever possible because of its economy
and simplicity. Direct-current generators are sometimes used in radio-
telephone transmitters to eliminate the possibility of hum when alternat-
ing current is used to heat the filaments. Storage batteries are employed
in automobile and airplane radios. Primary batteries, such as dry cells
and air-cell batteries, are used in portable equipment and where com-
mercial power sources are not available.

When 60-cycle alternating current is used to heat the cathode of a tube,
there is always the possibility of introducing 60-cycle and 120-cycle
components in the plate current, and also of modulating at these fre-
quencies any signal voltages being amplified. These effects give rise
to what is commonly termed alternating-current hum since the result is a
low-pitch hum appearing in the loud-speaker. Alternating-current hum
is worst with filament-type tubes, but may also be present to some extent
even when indirectly heated cathodes are used.

Alternating-current Hum in Heater-type Tubes. ]—When the heater
is operated with alternating current, hum may be introduced by alter-
nating electrostatic and magnetic fields rising from the heater current, or
as a result of capacitive coupling and leakage between heater and the grid
and plate electrodes. Electrostatic fields from unshielded portions of the
heater influence the plate current in the same way as does a signal
voltage on the grid, and they may introduce both fundamental and second-
harmonic hum. The fundamental hum depends upon the potential of the
heater with respect to the cathode, and may be reduced to a low value by
the use of a suitable heater bias. The second-harmonic hum, however, is

not affected by this procedure, and the only sure means of eliminating
hum of this sort is to shield the heater and its lead wires adequately.
The magnetic field produced by the heater current will introduce second-

1 More detailed discussion of this subject is given by J. O. McNally, Analysis in
Reduction of Output Disturbances Resulting from the Alternating-current Operation
of the Heaters of Indirectly Heated Cathode Triodes, Proc. I.R.E., vol 20 p 1263
August, 1932.

465
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harmonic hum by the same mechanism that is discussed below in connec-

tion with magnetic fields in filament-type tubes. This effect can be

minimized by using a heater geometry such as a double spiral or narrow

loop, which creates a minimum of external magnetic field, and also by using

a high-voltage low-current heater. Leakage and capacitive couplings

to the grid and plate electrodes cause current from the heater circuit to

flow through the external grid-circuit and plate-circuit impedances, and

thereby introduce hum voltages in these circuits. Capacitive couplings

can be eliminated by the proper arrangement or shielding of heater lead

wires; leakage when present is usually the result of a film of "getter"

material on the glass insulation between lead wires, and it can be prevented

by arranging matters so that the getter cannot be deposited where the

heater wires pass through the envelope of the tube.

<C> Center-tapped resistor (b) Center-tapped transformer ty^£$ffi^ff£
S'

#
J&BJX Fi'/amenr
OSft\

T
transformer Bias resistor

ir • M

Source of
filamentpower

Fig. 258.—Methods of connecting the grid and plate return leads of filament tubes when

alternating filament current is used.

When special care is taken, the hum in heater-type tubes can be

reduced to the point where it is less than the normal thermal-agitation

noises, and low hum tubes of this character are available to be used where

needed. The general run of heater tubes such as are commonly used in

radio receivers have somewhat more hum. The exact level depends

greatly upon the design of the tube and in some cases is great enough to

produce a hum voltage of a few millivolts across a high resistance in the

plate circuit.

Alternating-current Hum in Filament-type Tubes.—The use of alternat-

ing current for heating the cathodes of filament-type tubes always

introduces a certain amount of hum. In order to keep this within reason-

able limits, it is absolutely essential that the grid and plate return leads

be*brought to a point that is at substantially the same potential as that of

the mid-point of the filament; this may be done by one of the methods

indicated in Fig. 258. Otherwise the return point would become alter-

nately more and less positive than the average of the filament as the heat-

ing current goes through its cycle, and this is equivalent to applying

voltages having the frequency of the heater current to both grid and plate

circuits. As a result of the center-tapped arrangement required with

alternating heating power, the bias required is E//y/2 volts more with
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a-c heating current than with direct current, where Ef is the effective value
of the alternating-current voltage employed.

After the fundamental frequency component of the alternating-current
hum has been eliminated by one of the arrangements shown in Fig. 258,
there remains a residual hum that has a frequency twice that of the fila-
ment current. This double-frequency hum can arise from the cyclical
variation of filament temperature, the effect that the alternating magnetic
flux set up by the filament current has on the space current of the tube,
and the effect that the voltage drop in the filament has on the space
current. 1 Since the heat generated in the filament at any instant is
proportional to the square of the instantaneous filament current, the
filament temperature will pulsate at twice the frequency of the filament
current. The heat capacity of filaments used in vacuum tubes is so high,
however, that the resulting variation in filament temperature is very small
with 60-cycle filament current and produces negligible hum when tem-
perature saturation is present. The magnetic field produced by the
filament current deflects the electrons flowing to the anode according to
the principles discussed in Sec. 24 and causes the plate current to be
slightly larger when the filament current is zero than when the current is at
either a positive or a negative maximum. The voltage drop in the fila-
ment causes the negative half of the filament to supply more electrons to
the anode than does the positive half, and, since the number of electrons
drawn from the filament is proportional to the three-halves power of the
electrostatic field, the current from the negative end of the filament is
increased more by the filament drop than the current drawn from the
positive end is decreased. The total space current of the tube is hence
slightly greater when there is a voltage drop in the filament than when the
entire filament is at the same potential.

The hum introduced by the alternating voltage drop in the filament can
be reduced by using a low filament voltage and by arranging the filament
in a V or W construction. Such arrangements cause electrons to be
interchanged between the terminals of the filament and this action tends
to smooth out the hum-producing action. The hum introduced by the
magnetic field is 180° out of phase with the hum arising from the voltage
drop in the filament, since the magnetic flux tends to reduce the plate
current when the filament current is large while the voltage drop that
accompanies this large current tends to produce an increased anode cur-
rent. In filament-type tubes designed to be operated with alternating
current, the hum is kept low by the use of a low filament voltage and a

1 A more detailed analysis of the factors producing the double frequency hum
is given by W. J. Kimmell, The Cause and Prevention of Hum in Receiving Tubes
Employing Alternating Current Direct on the Filament, Proc I.R.E., vol 16 p 1089
August, 1928.

'
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filament geometry such that with normal operating conditions the

magnetic and voltage-drop effects tend to balance each other.

The use of alternating current to heat filament cathodes is permissible

only where the tubes involved normally carry large signal currents, as,

for example, in the power stage of a radio receiver or public-address

amplifier, in radio transmitters, etc. Under such conditions the desired

signal is so large as to make the hum negligible in comparison. Even
then, if extremely low hum level is important, as in the case of radio-

telephone transmitters, it is sometimes found desirable to use direct

current for heating filaments. Filament tubes operated from alternating

Bi'as resistor

K
By-pcrss condenser

By-pass
B/'as resistor' condenser

<c>
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I \

power supply
_±J system &

(d)
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condenser
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filter choke
fhardevelops
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Fig. 259.—Methods of using the plate-supply voltage to make the grid negative with respect

to the cathode.

current are never used in low-level audio-frequency amplifiers, and are

not considered very satisfactory in low-level radio-frequency amplifiers.

93. The Grid-bias Voltage.—The grid-bias voltage for voltage ampli-

fiers and small-power tubes is practically always derived from the plate-

Supply voltage by one of the arrangements illustrated in Fig. 259. The
systems shown in Figs. 259a and 2596, involving a resistance between the

cathode and ground in order to make the cathode positive with respect to

the ground, is most commonly used> but the arrangement in Fig. 259c is

also employed to some extent in biasing power amplifiers, since by placing

the filter choke in the negative power lead, as shown, the resistance of the

choke can be utilized to produce the bias.

Batteries were once universally employed for developing bias voltages,

but are now used only in battery-operated equipment and in special

circuits where self-bias arrangements are very complicated. Since a

negative grid draws no current, the principal requirement of tjie bias
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battery, often called C battery, x
is a long shelf life. Bias batteries usually

consist of a number of small dry cells assembled in a moistureproof carton,

although special bias cells having an unusually long life under open-circuit

conditions are coming into use.

Bias voltages for large-power tubes can be obtained from self-bias

arrangements, direct-current generators, rectifier-filter systems, and in the
case of Class C amplifiers and oscillators by
grid-leak grid-condenser combinations. When -J^
direct-current generators are employed, a filter "If) ..

must be placed between the generator and the Sr I T 1 |
I

tube as shown in Fig. 260 in order to eliminate f ^Q
\
26°'—F

.

ntf .

circuit

, , . ,„, .„ „, for eliminating ripple m out-
COmmutator ripple. When rectifier-filter Sys- put of direct-current gener-

tems are employed, it is essential that a load
ator '

resistance be connected across the output of the filter, as otherwise there
is no return path by which grid current can reach the cathode.

Regeneration in Self-biased Tubes.—The self-bias arrangements of
Figs. 259a and 2596 have a tendency to produce regeneration because
the amplified signal currents flowing in the plate circuit produce a voltage
drop across the bias resistance, and this drop is applied to the grids of
the tubes. In order to minimize this effect, the bias resistance is always
shunted by a condenser, as shown in Figs. 259a and 2596, in order to
short-circuit the bias resistance to alternating currents and prevent an
alternating-current voltage from developing across it. This expedient
is very effective at the higher audio and at radio frequencies where the
capacitive reactance of the condenser is very small, but fails at low audio
frequencies where the capacitive reactance is large.

Regeneration resulting from a grid-bias resistance acts exactly as
does regeneration produced by a common plate impedance (see Sec. 51)
and can be analyzed in the same way. Considering Figs. 259a and 2596,
it is readily demonstrated that 2

Actual amplification taking into) A
account regeneration from self bias/

= "

~^ZC
(194)

Rp + ZL + Ze

1 The terms A, B, and C to indicate filament, plate, and grid-bias batteries,
respectively, originated when vacuum tubes first began to be used. The first tube
circuits required filament and plate batteries, and, in order to differentiate clearly
between the two batteries, the early instructions designated the filament battery as
Battery A {i.e., Battery 1) and the plate battery as Battery B {i.e., Battery 2), and
these letters ultimately came to be used as the name of. the battery. Later, when the
importance of the grid-bias battery was discovered, it was naturally called a C battery
{i.e., Battery 3).

2 The derivation of Eq. (194) follows: The voltage eg acting on the grid of the
tube is (e, + er), where e, is the applied signal and er is the voltage developed across
the bias impedance Ze . The voltage er can be expressed in terms of eg by making
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where

A = vector amplification obtained without regeneration

M = amplification factor of tube
Rp = plate resistance of tube
Z c = impedance between terminals of bias resistance (impedance of

combination formed by bias resistance and shunting capacity)
ZL = load impedance in plate circuit of tube.

In pentode and screen-grid tubes when the plate resistance can be con-
sidered as substantially infinite in comparison with the load resistance,
Eq. (194) reduces to

Actual amplification taking into) _ A
account regeneration from self-bias/

~~
1 + GmZc

v195)

where Gm is the mutual conductance of the tube.

Examination of Eqs. (194) and (195) shows that in order for the

by-passing of the self-bias resistance to be adequate, the voltage developed
across the bias impedance Zc by the amplified plate current must be small
compared with the signal voltage being amplified. There is no difficulty

in meeting this requirement at radio and the higher audio frequencies, but
at low audio frequencies the capacity required tends to become excessively
large. The effect of insufficient by-pass condenser, or of no condenser at
all, depends upon the character of the load impedance in the plate circuit,

as is apparent from Fig. 261.

When there is an input transformer, the arrangement illustrated in
Fig. 262 provides a simple means of avoiding regeneration at the lower
audio frequencies. By making the reactance of the condenser Cc much
smaller than the resistance Rh the grid return to alternating current is

effectively to the cathode, so that any alternating voltage developed
across the bias impedance does not result in a potential being applied

use of the equivalent plate circuit of the vacuum tube, which leads to the relation

Ze

Zl + Rp + Zc

The voltage eg actually acting on the grid hence is

e* + er = e
> ~ zL + RP +zr°

Solving this for eg/e, gives

1 + v-Ze

Zl + Rv + Z,

Equation (194) now follows at once. *
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between the grid and cathode. At the same time the circuit arrangement
is such that to direct currents the grid is at ground potential while the
cathode is positive with respect to ground. By making the resistance #!

100 500 1,000 5,000 10,000

Frequency, Cycles per Second
Fig. 261.—Effect of insufficient by-pass capacity in different amplifiers employing self-

bias resistors.

large it is possible to meet the requirements for proper operation with a
reasonable value of capacity for Cc .

94. Sources of Anode Power.—The commonest sources of direct-
current power for operating the anode (i.e., plate, screen-grid, or space-
charge-grid) electrodes of vacuum tubes are

//? ^
rectifier-filter systems operating from commercial "ransform&r

lighting circuits, 110-volt direct-current lighting
circuits, dynamotors and vibrators operating from
low-voltage storage batteries, dry batteries, and
high-voltage storage batteries. Rectifier-filter sys- {

B,hs resistor

terns are most commonly used because of their Fig. 262.—Circuit
economy and convenience. Direct-current lighting: ,

hat a7oids regenera*ion
•_„, •«.„ {11ft ,, . ,.

& & from bias resistor when
circuits ol 110 volts are employed to a limited extent an input transformer is

in equipment designed so that it can be operated in
usecL

localities where this power is used for lighting purposes. Vibrators and
dynamotors are found in automobile radios, aircraft equipment, etc.,
where the only convenient source of power is a low-voltage storage
battery. High-voltage storage batteries are common in commercial radio
stations where enough tubes are in operation to provide a heavy direct-
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current load. Dry batteries, or "B batteries," are used primarily where
other sources of power are either not available or not convenient, as in

portable equipment, receivers in isolated locations, etc. Such batteries

consist of a number of small dry batteries assembled in a moistureproof

carton.

95. Rectifiers for Supplying Anode Power.—As a result of a long

period of evolution and development the high-vacuum thermionic

rectifier and the hot-cathode mercury-vapor rectifier have become prac-

tically standard in vacuum-tube power-supply systems. Mercury-arc

rectifiers are, however, used in some installations requiring very large

amounts of direct-current power, while copper oxide rectifiers find

application for such purposes as supplying direct current for speaker

fields.

High-vacuum Thermionic Rectifiers.—The* high-vacuum thermionic

rectifier consists of a vacuum tube containing an electron-emitting cathode

surrounded by an anode or plate electrode. Such a two-element tube

acts as a rectifier because it will pass current only when the plate is

positive with respect to the cathode, and so when placed in series with

an alternating supply voltage and a load impedance will permit current

to flow in only one direction.

The characteristics of the two-electrode vacuum tubes were discussed

in detail in Sec. 27 and are incorporated in the curves giving the relation-

ship between the anode current and anode voltage, such as those of Fig. 51.

When the plate voltage is not too large, the electrons are emitted from
the cathode more rapidly than they can be drawn to the positive plate,

causing a space charge to be formed in the vicinity of the cathode and
making the anode current substantially independent of the cathode

temperature. Under these conditions the current that the anode
draws from each part of the filament is proportional to the % power of the

anode voltage with respect to that part of the filament, and when the

voltage drop in the filament is negligible in comparison with the anode
voltage, which is nearly always the case in high-vacuum rectifiers,

the total anode current is almost exactly proportional to the % of the

anode voltage. If the anode voltage is very high, however, the electrons

are drawn away from the cathode as fast as emitted. The plate current

is then determined only by the electron emission and is independent of

the plate voltage, i.e., voltage saturation is present.

The important characteristics of the high-vacuum thermionic rectifier

are the allowable peak plate current and the maximum allowable peak
inverse voltage. The peak plate current represents the maximum
electron emission which the cathode can be counted upon to supply during

the useful life of the tube and is therefore determined by the cathode.

Since the rectifier never allows current to flow for more than half of the
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time, the average plate current, i.e., the d-c output current, will never

exceed one-half of the peak plate current and may be less. The maximum
allowable inverse plate voltage is the largest negative voltage that may be

applied to the plate with safety, and determines the direct-current voltage

that can be obtained from the rectifier tube. The exact relationship

between direct-current output voltage and the allowable inverse voltage

depends upon the rectifier circuit employed, but in general the inverse

voltage will be at least as great as the direct-current voltage and in

certain rectifier, connections will be t times as great.

High-vacuum thermionic rectifier tube's are constructed in much
the same way as the corresponding power tubes; in fact, most types of

rectifier tubes are merely standard filament-type three-electrode tubes

with the grid omitted. The only exception to this is in the case of small

rectifiers used in supplying anode power for radio receivers, where the

low inverse voltages encountered permit a construction that places the

plate very close to the filament. Large rectifiers are water cooled and

employ tungsten filaments just as do the water-cooled power tubes,

while the medium and small rectifiers are air cooled and make use of

either thoriated-tungsten or oxide-coated cathodes. The size of the

filament is determined by the required maximum peak plate current,

while the spacing of the electrodes and degree of vacuum determine the

maximum safe inverse voltage. The losses which must be dissipated

by the tube consist of the filament-heating power and the average plate

loss. The average plate power will never exceed one-half the instantane-

ous power that is dissipated in the tube when the voltage drop between

plate and filament has the value required to make the plate current

equal the allowable peak value, and is less than the plate loss in the cor-

responding power tube because, when there is no grid to shield the plate,

the full space current is obtained with a relatively low plate potential.

The characteristics of a number of representative high-vacuum thermionic

rectifiers are shown in Table XI.

The high-va'cuum thermionic rectifier can be built to withstand

inverse voltages in excess of 100,000, and commercial tubes having peak

plate currents of 7.5 amp. are available. The efficiency of the high-

vacuum thermionic rectifier is high, particularly when used to develop

large direct-current voltages, for the voltage drop in the tube is a rela-

tively small fraction of the output voltage, and the cathode-heating

power is only a small fraction of the output. The development of the

hot-cathode mercury-vapor tube has, however, limited the field of the

high-vacuum thermionic rectifier to the production of direct-current

voltages greater than those which can conveniently be obtained from

the mercury-vapor type of tube, and to low-power low-voltage applica-

tions (notably in broadcast receivers) where the superior ruggedness and
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freedom from transients of the high-vacuum type of tube makes it more
satisfactory than the hot-cathode mercury-vapor rectifier.

Table XL

—

Characteristics of Typical High-vacuum Thermionic Rectifier

Tubes

Rating
1

Filament data

Maximum

Type

allowable

peak plate

current,

milli-

amperes

(approx.)

Maximum
safe

(

inverse

voltage

Voltage

drop with

one-half

peak
current

Volts Amperes Watts Type

80* 250 1,400 62 5 2 10 Oxide

filament

5Z3* 500 1,400 61 5 3 15 Oxide

filament

83V* 400 1,100 22 5 2 . 10 Heater
84* 120 1,000 17 6.3 0.5 3.2 Heater
81 340 2,000 120 7.5 1.25 9.4 Oxide

filament

217A 600 3,500 210 10 3.25 32.5 Thori-

ated fila-

ment
836 l,000f 5,000 110 2.5 5 12.5 Heater

214$ 7,500 50,000 2,000 22.0 52.0 1,144 Tungs-

ten fila-

ment

* These tubes have two cathodes and two anodes, and so are essentially two half-wave rectifiers in

one envelope. The allowable plate current and voltage drop are given for a single anode, but the fila-

ment data are for both filaments.

t The maximum allowable average plate current in this tube is 0.25 amp.
t This is a water-cooled tube now becoming obsolete.

The Hot-cathode Mercury-vapor Rectifier. 1—The hot-cathode mercury-
vapor rectifier is essentially a high-vacuum thermionic rectifier which
contains mercury vapor in equilibrium with liquid mercury. The dis-

tinguishing characteristic of such a tube is that the plate is able to draw
the full electron emission of the cathode when only 15 to 20 volts positive

with respect to the cathode. The reasons for this behavior can be
explained as follows : When the plate is more positive than the filament,

some of the electrons collide with mercury molecules, and, if the voltage

1 For a more detailed discussion of tubes of this type see H. C. Steiner and H. T.
Maser, Hot-cathode Mercury-vapor Rectifier Tubes, Proc. I.R.E., vol. 18, p. 67,

January, 1930; H. C. Steiner, Hot Cathode Mercury Rectifier Tubes for High Power
Broadcast Transmitters, Proc. I.R.E., vol. 23, p. 103, February, 1935.
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difference between plate and cathode is at least 10.4 volts, which is the

ionization potential of mercury, some of these collisions will be sufficiently

severe to knock electrons out of the mercury-vapor molecules (i.e., will

cause ionization by collision). When the plate becomes about 15 volts

positive *with respect to the cathode, these ionizing collisions become

very numerous. The electrons thus produced are attracted to the

plate, but because of the low pressure of the mercury vapor (1 to 30 n)

the increase in plate current which results from the ionization is entirely

negligible. The positive mercury ions which result from mercury mole-

cules losing electrons are drawn toward the filament, but, being very

heavy, they move much more slowly than do the electrons (only about

J^oo as fast), so that, although the rate of production of positive ions is

relatively slow compared with the rate of emission of electrons from the

filament, the number of positive ions that is present at any one time in

the interelectrode space is of the same order of magnitude as the number

of electrons. The positive mercury ions therefore produce a positive

space charge that is of about the same magnitude as the negative space

charge produced by the electrons emitted from the filament, giving a

resultant space charge that approaches zero. This neutralization of the

negative space charge by the slow-moving ions permits the plate to draw

the electrons from the cathode as fast as they are emitted when the plate

is only 15 to 20 volts positive with respect to the cathode. The result is a

relation between anode voltage and anode current such as illustrated in

Fig. 85 and also discussed in Sec. 38.

Since the positive ions eventually fall into the filament, it might be

thought that the filament life of hot-cathode mercury-vapor tubes would

be very short. Experiments by Langmuir and Hull have shown, however,

that cathode disintegration by positive-ion bombardment with mercury

molecules does not take place to an appreciable extent unless the positive

mercury ions have fallen through a potential that is in excess of about

22 volts. If the plate is therefore never allowed to become more than 22 volts

positive with respect to the filament, the positive-ion bombardment of the

filament produces no injurious effect. It is therefore apparent that, at

plate voltages of 15 and 20 volts positive with respect to the cathode, it is

possible to produce sufficient ionization to enable the plate to draw the

entire electron emission of the cathode while at the same time avoiding

.cathode disintegration by positive-ion bombardment.

The important characteristics of the hot-cathode mercury-vapor

rectifier are the maximum allowable peak plate current, the maximum
permissible average plate current, and the maximum safe inverse plate

voltage. The peak plate current is determined by the electron emission

that can be obtained from the filament and is unaffected by the presence

of the mercury vapor. The safe average current is determined by the
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30,000

> 20,000

! 10,000

allowable heating of the plate. The maximum safe inverse plate voltage
is the sparking voltage through the low-pressure mercury vapor, and is

somewhat lower than would be the case with the mercury removed.
More care must be taken in the operation of hot-cathode mercury-

vapor rectifiers than is necessary with high-vacuum tubes. In the
first place the bulb temperature must be maintained between definite

limits because this temperature determines the pressure of the mercury
vapor. If the pressure is too low (low operating temperature), the
intensity of ionization is reduced to the point where the voltage drop
across the tube that is needed to cause neutralization of the negative
space charge exceeds the cathode disintegration value, while, when the
pressure is high (high operating temperature), the inverse voltage at which
spark-over or flashback takes place is reduced excessively. These effects

of temperature are shown in Fig. 263. In
the second place the instantaneous plate

current must never be permitted even
momentarily to exceed the allowable peak
plate current, since? in increasing the plate
current there is danger that the voltage
drop in the tube will reach the value at

which cathode disintegration starts. Thus
a momentary short circuit which would
merely heat up the plate of a high-vacuum
tube will cause permanent damage to a
mercury-vapor tube. Finally, the filament

Fig. 263.—Effect of operating f a hot-cathode mercury-vapor tube musttemperature on voltage drop and , u ux A r n •

flashback voltage of a hot-cathode De brought to lull operating temperature
mercury-vapor tube. The differ- before the plate voltage is applied, forence between the mercury and the ,, . ,J^

«*±^.ugu,

ambient (room) temperature rep- otherwise the voltage drop in the tube

llTZtt Sltem^ra
+

tuT ris^°f
*,
he durinS the warming-up process will exceedcoldest part of the tube and is de- ,

,

j.i. j v • . . ,

termined by the design. tne cathode-disintegration value and the
filament will be permanently damaged.

Where mercury-vapor types of rectifiers are employed, it is customary to
insert a time-delay relay in series with the rectifier plate circuit, which is
thereby held open until the filament has had time to reach its operating
temperature. 1

In connecting hot-cathode mercury-vapor rectifier tubes in parallel
in order to obtain high output currents, the anodes of the two tubes
should be connected to opposite ends of an inductance, to the center of
which is brought the line connection. This arrangement is necessary to

1 In very small hot-cathode mercury-vapor tubes the filament-heating time is
so small that it is common practice to turn on the filament and plate voltage
simultaneously.

40 60 80 100 120 ...

Condensed Mercury Temperature °C
5 25 45 65 85 105 125

Ambient Temperature °C
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insure that the two tubes will carry equal anode currents. Otherwise the

tube having the smallest internal voltage drop would usually carry nearly

all the current even when the difference in the voltage drops required

to produce copious ionization in the tubes is only a fraction of a volt.

The distinctive constructional features of a hot-cathode mercury-

vapor tube are the glass envelope, relatively small plate, and an oxide-

coated cathode having a filament voltage never over 5 volts. The glass

envelope and small plate can be used even in tubes havi»g the highest

anode current ratings because of the low power loss in the tube. The

Plate-^,

Shieldcap

Cathode —
assembly

Heatreftecf~

fagcylinders
enclosing

cathode

Supports f°r
rshield cap %

Cathode -

Shield

>Heat
reflecting

cylinders

^Heater
compartment'

Shield

Hot-cathode mercury-vaporfube
of large power rating

Hot-cathode mercury-

Cathode of high-power hoK vapor tube of loiy power

cathode mercury vapoHube rating

Fig. 264.- -Typical hot-cathode mercury-vapor tube, together with details of the heater
type cathode.

plate is usually in the form of a cup fitting over the cathode, as in Fig.

264, because this reduces the tendency to flash back, and also shields the

plate-cathode space from external electrostatic fields. Oxide-coated

cathodes are used because of their high efficiency, while low-filament

voltages are necessary because the total voltage drop in the tube is nor-

mally about 15 volts and the filament potential should be small compared
with this. In hot-cathode mercury-vapor rectifier tubes having high

Current ratings, the cathodes are usually of the heater type, constructed

as shown in Fig. 264a in the form of a cup containing vanes or disks that

are coated with emitting oxide. This provides a large emitting surface in

proportipn to heat-radiating area and is permissible because the space-

charge neutralizing action of the positive ions penetrates even into

the remote pockets of the cathode. Such a cathode is heated from a cen-

tral heater and is in turn surrounded by one or more shields which are

polished to reduce the radiation of heat.
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Compared with the high-vacuum rectifier the; hot-cathode mercury-
vapor tube has the advantage of higher efficiency, better regulation, lower

filament power, and low first cost. At the same time the mercury-vapor
tube has a limited inverse-voltage rating, displays a tendency to flash

back, produces radio-frequency transients, and will suffer damage to the

cathode as a result of momentary overloads. When these considerations

are balanced together, the result is that the hot-cathode mercury-vapor
tube is found to be best for use with transmitters, where the large powers
involved make economic considerations important, but not in radio

receivers where ruggedness and freedom from radio-frequency transients

are fundamental considerations.

Table XII.

—

Characteristics of Typical Hot-cathode Mercury-vapor Tubes

Rating Filament data

Type
Maximum
allowable

peak plate

current,

amperes

Maximum
allowable

average

plate

current,

amperes

Maximum
safe

inverse

voltage

Volts Amperes Watts

866

866A
872

872A
869A
857

870

1.0

1.0

5.0

5.0

. 10.0

40.0

450

0.250

0.250

1.25

1.25

2.5

10

75

7,500

10,000

7,500

10,000

20,000

22,000

16,000

2.5

2.5

5

5

5

5

5

5

5

10

6.75

18

30

65

12.5

12.5

50

33.75

90

150

325

Mercury-arc Rectifiers.—Mercury-arc rectifiers are used to provide

direct-current power in some of the very large radio transmitters. The
rectifiers used for this purpose are of the grid-controlled type developed for

industrial use, and give an output voltage that can be varied by changing
the phasing of the grid electrodes. Compared with a hot-cathode mer-
cury-vapor rectifier, the mercury arc has the advantage of lower operating

cost, since there are no tube replacements, and a peak current not limited

by the emission capabilities of a filament. As a consequence of these

factors a mercury-arc rectifier competes on more or less even terms with
the hot-cathode mercury-vapor rectifier in installations requiring power
of the order of 100 kw and more. 1

1 A description of a typical grid-controlled mercury-arc rectifier suitable for radio

use is described by S. R. Durand, Steel Cylinder Grid Controlled Mercury-arc Recti-

fiers in Radio Service, Proc. I.R.E., vol. 23, p. 372, April, 1935.
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Copper^ /Oxicfe
i ,' [Lead
yiflwasher

The Copper Oxide Rectifier.—The copper oxide rectifier makes use of

the fact that, when a thin film of cuprous oxide is

formed upon a metallic copper surface, the resistance

that this film offers to electrical currents is small for

currents flowing in one direction and high for currents

going the opposite way. Each individual copper oxide

film will stand a back voltage of only a few volts, so that

it is ordinarily necessary to employ a number of films in

series. This is accomplished by building up a pile of

alternate rectifying and lead washers, as shown in Fig.

265, and clamping the whole together,

the copper oxide-film type find their greatest usefulness ofthm-fiim rectifier
^^ * r °

. The cuprous oxide
for such low-voltage high-current uses as charging film is formed di-

batteries and developing direct-current power for rectly on the surface

. .
of the copper and

speaker fields, operating control equipment, etc. 1
has its thickness ex-

aggerated in_ the

Fig. 265—As-
sembly of units of

xvectiners 01 copper oxide type

96. Rectifier Circuits.—The various types of recti-
figure.

fier connections that may be employed with a single-

phase source of power are shown in Fig. 266, together with the wave

form of the voltage which is developed

across a resistance load.

The circuit shown at Fig. 266a, in

which a single rectifier is placed in

series with the source of alternating

« Half Vfeve Rectifier Circuit

—if © *-?,

onecyck
ofsupply

b Full Wave Circuit with Center Tapped Transformer

3
-®T

Load-.H
One cycle

\
ofsupply H

voltage and the load impedance, is

-©J

e Full Wave Bridge Circuit

3\

ci Voltage Doubling Circuit

3\
-©-

Onecyck
r^'ofsupply*]

.» . V—x

—

Y called a half-wave rectifier circuit. It

has the very^ great disadvantage of

delivering an output voltage that is

jVw/50/y*! far from being a continuous direct-

/^V^^/^V' current potential and of producing a

direct-current magnetization in the

core of the supply transformer as

a result of the rectified current that

flows through the secondary; it is

therefore seldom used.

The rectifier circuit most com-
Fig 266-Rectifier circuits for opera- , employed with a single-phase

tion with single-phase power sources,
^""J-j V/mf "J^

^
» ^

together with • wave forms of voltage power source is shown in Fig. 2666,
developed across a resistance load. and congists of two rectifier units

operating in conjunction with a center-tapped transformer in such a way

1 An excellent discussion of the theory of copper-oxide rectifiers is given by

J. Slepian, Thin Film Rectifiers, Trans. Amer. Electrochem. Soc, vol. 54, p. 201-, 1928.

Information on the performance of such rectifiers is given by L. O. Grondahl and

P. H. Geiger, A New Electronic Rectifier, Trans. A.I.E.E., vol. 46, p. 357, 1927.

• C,
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that the two tubes alternately supply rectified current to the load, giving

the so-called "full-wave" rectifier output voltage shown. Such a

full-wave rectifier not only produces a direct-current voltage that is more
nearly constant than that produced by the half-wave rectifier, but also

avoids direct-current saturation in the core of the supply transformer

since the direct-current magnetizations in the two halves of the trans-

former secondary are opposed to each other and give zero resultant

magnetization.

The bridge-type of full-wave rectifier shown at Fig. 266c requires four

rectifier units instead of the two called for by the center-tapped trans-

former arrangement, but has the advantage of requiring only one second-

ary winding instead of two. This circuit is widely used with copper-oxide

rectifiers but is seldom employed with rectifiers of the thermionic type

since the different cathodes are not at the same potential and so cannot

be connected in parallel and supplied from a single filament transformer

secondary.

The rectifier circuit shown at Fig. 266d is known as the voltage-

doubling circuit because it has the unique property of delivering a direct-

current voltage that approaches twice the alternating voltage which is

supplied by the transformer. This is accomplished because of the fact

that the two condensers d and C2 are alternately charged to the full

voltage of the transformer, and, since the condensers are in series, the

output voltage can reach twice that of the alternating supply. The
wave form of the output delivered by such a rectifier system depends

upon the load and the size of condensers Ci and C2 . The voltage-

doubling circuit finds its chief usefulness where the required direct-current

output voltage is greater than can be obtained from a single tube, as in

x-ray work.

Polyphase Circuits.-—When a polyphase source of alternating power is

employed, the number of possible rectifier connections is almost unlimited,

although only a relatively few of these are of practical importance. 1

The polyphase rectifier circuits most commonly used with three-phase

power sources are shown in Fig. 267 and develop across a resistance load

voltages that have the wave forms indicated in the figure. The three-

phase half-wave circuit is essentially three half-wave rectifiers of the

type shown in Fig. 266a, with each leg of the secondary Y forming

one phase. In such an arrangement each rectifier tube carries current

one-third of the time, and the output wave pulsates at three times the

frequency of the alternating-current supply. In order to avoid direct-

1 For a more complete list of polyphase rectifier circuits see R. W. Armstrong,

Polyphase Rectification Special Connections, Proc. I.R.E., vol. 19, p. 78, January,

1931. Also see D. C. Prince and F. B. Vodges, "Mercury-arc Rectifiers and Their

Circuits," McGraw-Hill Book Company, Inc., New York.
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current saturation in the transformer, it is necessary to employ a three-

phase transformer rather than three single-phase transformers.

The circuit of Fig. 2676, which employs six tubes and two three-phase

Y-connected secondaries, is essentially two three-phase half-wave recti-

fiers of the type shown in Fig. 267a connected in parallel, but with the

.polarities such that during the period when the output voltage of one

three-phase unit is at a minimum the output of the other unit is maximum,

(«) Three Phase Half Wave Rectifier Circuit

(
_One cycle

.

ofsupply

< load

QQGQ£
(b) Three Phase Hoilf Wave Double Y Rectifier Circuit

Three Pheise Full Wave Rectifier Circuit

~^~r
| _ One cycle ..

ofsupply

Fig. 267.—Rectifier circuits for operation with three-phase power sources, together with

wave forms of voltage developed across resistance load.

so that the ripple in the output wave is small and has a fundamental

frequency six times that of the power supply. The two three-phase

units are connected in parallel through an interphase reactor (or "balance

coil") which enables each three-phase unit to operate independently.

If it were not for this reactor, each tube would carry the load current

only one-sixth of the time, whereas with the reactor each tube carries

current one-third of the time, and at any instant there are always two

tubes delivering current to the load. The balance coil should have suffi-

cient inductance so that the alternating current flowing as a result of the

voltage that exists across the coil has a peak value less than one-half
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the normal direct-current load current (i.e., a peak value less than the
direct current in one leg). Since the direct current flows in opposite
directions in the two halves of the winding, no direct-current saturation
is present, and an air gap need not be provided in the core. The result is

that the interphase reactor requires only a small amount of material.
The three-phase full-wave rectifier circuit shown at Fig. 267c gives

the same output wave as does the double three-phase half-wave rectifier
of Fig. 2676 but differs in that the tubes are arranged so that full-wave
rectification is obtained through each leg of the secondary winding. This
circuit requires only one three-phase secondary and no interphase reactor,
but the filament transformer must have four separate secondaries.

Polyphase rectifiers are used where the direct-current power required
is in the order of 1 kw or more. Compared with the single-phase .circuits,

the polyphase rectifiers, particularly those of the full-wave type shown
in Fig. 2676 and c, develop an output voltage wave that is much closer
to a steady direct-current potential than is the case with single-phase
arrangements, and the more desirable polyphase circuits give a higher
output voltage in proportion to the peak inverse voltage and also utilize
the possibilities of the transformer more effectively.

Filament Transformers.—The filaments of thermionic rectifiers are
usually heated by alternating current obtained from a filament trans-
former having a secondary, or secondaries, insulated to withstand the
direct-current output voltage. In the case of small rectifiers, such as those
employed in radio receivers and low-power transmitters, it is common
practice to add a special secondary to the rectifier transformer for the
purpose of securing filament power, but where appreciable amounts of
power are involved it is preferable to employ a separate filament trans-
former. The number of secondaries required for filament heating ranges
from one in the case of the simpler circuits to four for the three-phase
full-wave circuit, where it will be noted one of the four secondaries
must have sufficient capacity to operate three filaments, while the other
three each supply only one filament. The filament windings are usually
provided with a center tap to which the cathode connection of the
rectifier is brought in order to equalize the flow of plate current in the
two legs of the filament.

In certain cases, notably "a-c-d-c receivers," and in power-supply
systems employing a storage battery and vibrator, heater-type rectifier
tubes are employed and are designed to have sufficient insulation between
heater and cathode to permit operation of the heater from a grounded
source.

97. Filter Circuits Having a Series-inductance Input.—The pulsating
voltage delivered by the rectifier output can be smoothed into a steady
direct-current voltage suitable for applying .to the anode circuit of a
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Fig. 268.—The filter circuits most commonly employed to smooth out the pulsating rectifier
output into a steady direct-current voltage.
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d- Currents in Individual Tubes
Tube I

kh k^
TubeH kh k^

Fig. 269.—Oscillograms showing action taking place in filter having a series-inductance
input when supplied power from a single-phase full-wave rectifier. These curves are
idealized in that they neglect transformer leakage reactance, tube drop, and the effect of
energy losses in the filter inductances and condensers.
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vacuum tube by being passed through an electrical network, commonly
called a filter, which ordinarily consists of series inductances and shunt
condensers. The most commonly used filter circuits are those shown in
Fig. 268 and may be divided into two general classes according to whether
the input consists of a series inductance or a shunt condenser. Each
type of filter may be further- subdivided according to the number of
sections or filter elements involved.

The action that takes place in a properly adjusted filter having a
series-inductance input can be understood from an examination of the

oscillograms of Figs. 269 and 270.(a) Circuit

nput

(c) Current Relations

Voltaae applied to load
(Substantially constant)

Consider first the case of a full-

wave single-phase rectifier deliver-

ing its output to the filter of Fig.

268c. The current flowing into the

filter tends to increase when the
voltage output of the rectifier is

high and tends to decrease when
the rectifier voltage is low, but, if

the input inductance is reasonablyCurrent in load v j. ~j

i*\r *•
i

-<s"bs^i
al'y consf""f)- large, as is the case in Fig. 269,

(d) Current in Individual Tubes .
'

Current in First Tube these variations in current are

relatively small, and to a first

approximation the input current

can be considered constant, with
each rectifier tube carrying the fuU
current for one-half of the time. 1

The first condenser tends to absorb
what variations there are in the cur-

rent entering the input inductance,

with the result that the voltage

that appears across the terminals

r3 tn
Current in SecondTube

Current in Third Tube

K1 rt
Fig. 270.—Oscillograms showing action

taking place in a filter having a series-induct-
ance input when supplied power from a
three-phase half-wave rectifier. These curves
neglect the effect of transformer reactance, - - —
tube voltage drop, and losses in the filter of this condenser is more nearlv
©lcuicnts

constant than is the input current.
The voltage across the first condenser is applied to the second induct-
ance and is smoothed out still more by the action of this inductance
and the second condenser, with the result that the potential appear-
ing across the load is substantially pure direct current with a value equal
to the average output voltage of the rectifier.

The action that takes place in the three-phase half-wave rectifier

circuit is somewhat similar and is shown in Fig. 270. The special

1 In the case of the full-wave bridge circuit there are always two rectifier tubes in

series so that each tube carries the full current half of the time even though there are
two tubes operating at any instant.
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Voltage Wave when Lj is Large
Output voltage ofrectifier

Total Current Entering Filter

s-LiSmalt

Voltage across Cj
(Approximate)

tallage
acrossLj

Current in First Tube

Moderately
large

Infinite

features to note here are that the output wave of this type of rectifier is

more nearly constant than that of the full-wave single-phase type, and
that each tube carries the output current only one-third of the time.

Examination of the oscillograms of Figs. 269 and 270 shows that the
voltage across the first condenser d is nearly constant at a value cor-

responding to the average voltage of the rectifier output. The potential
difference across the first filter inductance hence approximates the
difference between the actual instantaneous voltage of the rectifier

output and the average value of this output voltage. When the voltage
output of the rectifier is above the average, the current tends to increase,

while when it is less than the ave-

rage the current through the indue-
Circuit ^

tance decreases. The amplitude of ac^^£T^~^^^%^
the current variation that results " N—sp

,
|

off/iter

depends upon the size of the induct-

ance in the way that is shown in

Fig. 271. When the input induct-

ance is very large, the current vari-

ations are negligibly small, as shown
by curve a, and each tube passes a
wave of current that is approxim-
ately square. If the input induct-

ance is only moderately large, the

input current varies as shown at b,

and the current waves passed by the

individual tubes have a ratio of

average to peak value that is lower

than in case a. As the input induct-

ance is reduced, the current vari-

ations become larger until a point is

finally reached when the rectifier ceases to draw current continuously
throughout the cycle, which results in the condition shown at Fig. 271c.
This last condition is to. be avoided under normal operating conditions
because it leads to a low ratio of average to peak anode current in the
individual rectifier tubes and also results in poor regulation of the direct-
current potential.

Analysis of Voltage Delivered by Rectifier to the Filter.—The action
taking place in a filter having an input inductance of sufficient size to
maintain a continuous flow of current from the rectifier can be calculated
with an accuracy sufficient for most practical purposes by considering
that the rectifier applies to the filter input a voltage having a wave
shape shown by the idealized curves of Figs. 266 and 267. This neglects

the resistance and the leakage reactance of the transformer and the drop

n
Current in Second Tube

-b

FU
W

IT
-"^Pi

Fig. 271.—Oscillograms showing the
effect of changing the size of the series input
induetance when a single-phase full-wave
rectifier is used.
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in the rectifier but is justified because these factors are merely modify-
ing influences in rectifier-filter systems of the type used in supplying
anode power. The idealized output wave of the rectifier can be con-
sidered as consisting of a direct-current component upon which are super-

imposed alternating-current voltages. Thus, in the case of the full-wave

single-phase rectifier, the output wave has the equation

Output voltage of single-phase full-wave rectifier =

¥('-
2 2 2
k cos 2a)t — =-= cos 4:0)t — ^rp cos Gut
6 lo oo )

(196)

where E represents the crest value of the alternating-current voltage
applied to the rectifier tube and o> is the angular velocity (2irf) of the
supply frequency. In this case the direct-current component of the

Table XIII.

—

Characteristics of Rectifiers Operated with a Filter System
Having a Series Input Inductance

Voltage Relations (Direct-current compo-
nent of output voltage taken as 1.0)

o. R.m.s. value of transformer second-

ary voltage (per leg)

b. Maximum inverse voltage

c. Lowest frequency in rectifier output
(F = frequency of power supply) ....

d. Peak value of first three alternating-

current components of rectifier out-

put
Ripple frequency

Second harmonic of ripple fre-

quency
Third harmonic of ripple frequency

Current Relations:
Average anode current

Peak anode current
, Average current per anode

Direct-current load current
Transformer Utilization Factors:

g. Primary ,

h. Secondary

Rectifier circuit

Single-

phase,

full-wave,

center-

tapped

connection

Single-

phase,

full-wave

bridge

1.11*

3.14

2F

0.667

0.133
0.057

0.500

0.500

0.900

0.637

1.11

1.57

2F

0.667

0.133

0.057

0.500

0.500

0.900

0.900

Three-

phase,

half-wave

0.855
2.09

0.250

0.057
0.025

0.333

0.333

0.827

0.675

Double
three-

phase,

half-wave

Three-

phase,

full-wave

0.855
2.42

6F

0.057f

0.014

0.006

0.333

0.167

0.955
0.675

0.428
1.05

0.057

0.014

0.006

0.333

0.333

0.955
0.955

Note: This table assumes that the input inductance is sufficiently large to maintain the output
current substantially constant, and neglects the effects of voltage drop in the rectifier and the
transformers.

* Secondary voltage on one side of center tap.

t The principal component of the voltage across the balance coil has a frequency of ZF and a peak
amplitude of 0.500.
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output wave is 2/ir times the crest value of the alternating-current wave,

the lowest frequency alternating-current component in the output is

twice the supply frequency and has a magnitude that is two-thirds of

the direct-current component, and the remaining alternating-current

components are harmonics of this lowest frequency component. Table

XIII gives results of such analyses for the waves delivered by the single-

phase full-wave rectifier, by the three-phase half-wave rectifier, and by
the three-phase full-wave rectifier. It will be observed that in the

three-phase half-wave rectifier the lowest alternating-current frequency

is three times the frequency of the power supply, while in the three-phase

full-wave rectifier it is six times that of the power supply. In all cases

the amplitude of the alternating-current components diminishes rapidly

as the order of the harmonic is increased.

Calculation of Direct-current and Alternating-current Components of

Filter Output.—If the voltage drop in the rectifier and the leakage react-

ance of the supply transformer are neglected, the direct-current voltage

delivered to the load is less than the direct-current input to the filter,

as calculated from Table XIII, by an amount equal to the voltage drop

in the resistance of the filter inductances, and the regulation of the

output voltage is then the regulation that would result from the filter

resistances. Actually, the resistance and the leakage reactance of the

supply transformer and the voltage drop in the rectifier tube cause

the direct-current output voltage to be lowered somewhat and make the

regulation poorer, although Table XIII will give the magnitude of the

direct-current output voltage delivered to the filter input with an accu-

racy sufficient for most purposes.

The alternating-current voltage that appears across the output of

the filter is the potential that is developed across the filter output when
the alternating-current voltages given in Table XIII are applied to the

filter input. Since the smoothing action of the filter results from the

fact that the series inductances of the filter choke out these alternating-

current voltages, while the shunt condensers tend to short-circuit them,

the output condenser must have a reactance that is low compared with

the load resistance, while each inductance must have a high reactance

compared with the reactance of the condenser that immediately follows

it. Furthermore the input inductance must also have sufficient reactance

in relation to load resistance to satisfy Eq. (198) if current is to flow into

the filter throughout the cycle.

An exact determination of the alternating-current voltage that

appears across the output of the filter involves considerable labor because

of the complicated electrical networks involved, but for most purposes it-

is permissible to simplify the analysis by assuming that the reactance of

each condenser is small compared with the reactance of the inductances
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immediately preceding and following the condenser, and that the react-

ance of the output condenser is small compared with the load resistance.

The fraction of the alternating-current voltage applied to the filter input

that reaches the filter output is then given by the following equations. 1

For the filter of Fig. 268c:

Alternating-current voltage across load _ 1

Alternating-current voltage applied to input cu
4LiL 2CiC2

For the filter of Fig. 2686:

Alternating-current voltage across load _ 1

Alternating-current voltage applied to input co^LiCi

For the filter of Fig. 268a:

Alternating-current voltage across load _ R
Alternating-current voltage applied to input \/'R 2 -\- (a?Li)

:

(197a)

(1976)

(197c)

In these equations co is the angular velocity (2ir/) corresponding to the

frequency of the component involved, and the alternating-current

voltage applied to the input is given by Table XIII for different rectifier

connections. An examination of Eq. (197) shows that the filtering action

increases very rapidly with the number of filter elements, i.e., the number
of inductances and capacities. The filter is also seen to be more effective

the higher the frequency, and this, coupled with the fact that the largest

component of the alternating voltage in a rectifier output is always the

one having the lowest frequency, makes it permissible to neglect all

frequency components in the rectifier output except the fundamental

in calculating the alternating-current voltage that will appear across

the load. *

Factors Involved in the Design of Rectifier-filter Systems.—The input

inductance of a filter should ordinarily be of sufficient size to maintain a

continuous flow of current from the rectifier under normal operating con-

ditions, i.e., the crest or peak value of the alternating current flowing in

the input inductance should be less than the direct-current load current.

This condition is realized by satisfying the approximate relation2

1 The derivation of a relation such as given by Eq. (197a) is as follows: The
alternating current which flows in L\ as a result of an applied voltage E is

E/<aLi if the reactance of Ci is small compared with that of L\. Practically all

this current flows through Ci because of the much higher reactance of the path
through Li, so that the voltage developed across Ci is E/a) 2LiCi. This potential is

then applied to L 2 and C 2 , and, if the reactance of Cz is low compared with the load

resistance, a repetition of the method used to get the voltage,across C\ shows that the

alternating-current potential across d is E/uiLiL-i,C\C%, and Eq. (197a) follows at

once.
2 In order to insure a continuous flow of current in the rectifier, the crest value of

the alternating current flowing through the input inductance must not exceed the

average or direct current. Since the direct current is equal to the direct-current
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wjki
£.

lowest frequency component of alternating-current voltage in rectifier output
j^eff direct-current voltage in rectifier output

(198a)

where coLi is the reactance of the input inductance to the lowest ripple
frequency and R^ is the effective load resistance, i.e., the actual load
resistance plus direct-current resistances of the filter inductances. In
the case of the single-phase full-wave rectifier with 60-cycle supply, this
becomes

Ll = TT30 (198i>>

The higher the load resistance, i.e., the lower the direct-current load
current, the more difficult it is to maintain a continuous flow of current,
and with a givenL x Eq. (198) will not be satisfied when the load resistance
exceeds a critical value.

When the load on an inductance-input filter varies, the voltage
regulation will be poor unless Eq. (198) is satisfied at all times. In
order to do this with a practical inductance at small load currents, it is

necessary to connect a bleeder resistance across the filter output to
increase the current in the input inductance. Even then, with the
bleeder drawing a reasonable proportion of the total current, the input
inductance required will normally be larger than required for suppressing
hum. An economical way of meeting this situation is to make the air
gap of the input inductance small so that the incremental inductance is

high with small currents. With large currents the incremental induc-
tance drops, but Eq. (198) is still satisfied, and the filtering, though not
so perfect as with a larger input inductance, is still acceptable. An input
inductance adjusted to operate in this way is sometimes referred to as a
swinging choke.

The ratio of average to peak anode current depends upon the rectifier
connection and upon the size of the input inductance. Table XIII gives
the results for the common circuits when the input inductance is infinite.

When the input inductance is finite, the peak anode current is the sum
of the direct-current output current and the crest value of the alternating
current flowing in the input inductance. Since the largest part of this
alternating current is the component of lowest ripple frequency, the
following relation is approximately true, provided Eq. (198) is satisfied:

Peak current with finite input inductance _ Ex Ref{

Peak current with infinite input inductance
~

E~ ^L[ ^199^

voltage in the rectifier output divided by Ref! , while the crest alternating current
in the first inductance is very nearly equal to the fundamental ripple-frequency
voltage contained in the rectifier output, divided by the reactance wLi of the input
inductance to this lowest frequency component of the ripple voltage, Eq. (198a) follows
at once.



490 RADIO ENGINEERING [Chap. XI

#1 is the amplitude of the lowest frequency component of the ripple
voltage as given in Table XIII, E is the direct-current output voltage
of the rectifier, and Ret{ and a>Li have the same meaning as in Eq. (198a).

The maximum inverse voltage that the rectifier tube will be called
upon to withstand depends upon the rectifier connections and may vary
from only slightly more than the direct-current output up to t times

A.C.Supply

Rectifier Circuit

M?
Current in One-Half of Secondary

Current in 0+her Half of Secondary

LZL
Current In Primary

_J
r

this potential. Values for the com-
monly used circuits are given in

Table XIII.

A transformer used to supply
power to a rectifier will normally run
hotter than when delivering the same
amount of energy to a resistance

load because of the irregularly shaped
current waves drawn by the rectifier.

Thus in the case of the full-wave

single-phase rectifier the current

waves with a large input inductance
have the shape shown in Fig. 272.

The ratio of direct-current power
output to the normal alternating-

current rating for the same trans-

former losses is called the utilization

Fig. 272.—Wave shapes of current in
primary and secondary windings of a
center-tapped transformer supplying a
single-phase full-wave rectifier operat-
ing into a filter with large series input factor of the transformer and depends

upon the rectifier connections.
Table XIII gives the utilization factor of the primary and secondary
windings for some of the more commonly used rectifier connections.

By making use of Eqs. (197), (199), and Table XIII it is possible to
design rectifier-filter combinations having an input inductance and to
calculate everything about the performance except the voltage regulation 1

with an accuracy that is sufficient for most practical purposes. The
method by which this is done is illustrated by the following example:

Example.—It is desired to design a three-phase half-wave rectifier-filter system
to operate from a 60-cycle power supply and to deliver a direct-current output of
2500 volts and 0.4 amp. with a ripple that must not exceed 2 per cent. If the direct-
current resistance of the filter inductances is neglected, the rectifier must deliver a
direct-current output voltage of 2500 volts, and Table XIII shows that the r.m.s.
voltage which each secondary leg must develop is 2500 X 0.855 = 2135 volts. Since
the utilization factors of the primary and secondary, as given by Table XIII, are
0.827 and 0.675, respectively, each leg of the primary must have a rating ef 2500 X
0.4/(3 X 0.827) = 403 watts, and each leg of the secondaiy a rating of 2500 X 0.4/

1 Methods have also been devised for calculating the voltage regulation, but these
are so complicated as to be beyond the scope of this book. For further information
see D. C. Prince and F. B. Vodges, he. cit.
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(3 X 0.675) = 493 watts. Table XIII shows that, in order to satisfy Eq. (198),

wLi/i2eff > H", since R& = 2500/0.4 = 6250 while « = 2x180, Li must be not less

than 1.38 henries. Tentative calculation based on Eq. (1976) shows that the filter

of Fig. 2686 with C\ = 1.0 y.i and L\ = 9.8 henries will keep the ripple voltage down
to 2 per cent and will be generally satisfactory. Reference to Table XIII and Eq.

(199) shows that the peak anode current will be 0.4(1 + 0.14) = 0.456 amp., while

the maximum inverse voltage that each rectifier must stand is 2500 X 2.09 = 5225

volts. Type 866 mercury-vapor tubes (see Table XII) would meet these require-

ments. In actual practice the secondary voltage of the transformer would be made

($ Actual circuit

Transformer)

r* - -*- - ->r<-

'Pectiffer Filter

AC. SI

supply

U_i&I" *J c
;

'c i

(b) Equivalent circuit

L R

E sin

(cjt+o>t )

Reff

(c) Actual shape ofvoltage wave across input
condenser C

(d) Actual wave shape of current flowing through

tube

ft A
Fig. 273.—Actual and equivalent circuits of condenser-input filter system, together with

oscillograms showing operation under typical conditions.

greater than 2135 volts by perhaps 10 per cent to compensate for the loss of voltage

caused by the resistance of the filter inductance, the voltage drop in the rectifier,

the leakage reactance of the transformer, and the transformer resistance. ,

98. Filter Circuits Having a Shunt-condenser Input.—When the

input to the filter is a shunt condenser, the action is somewhat different

from that which takes place when a series inductance is used, as is appar-

ent from the oscillograms of Fig. 273. Each time the crest alternating-

current voltage of the transformer is applied to one of the rectifier anodes

the input condenser charges up to just slightly less than this peak voltage,

and then discharges into the first inductance until another rectifier anode
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reaches a peak potential, when the condenser is charged again. The
rectifier current flows only a small part of the time, since during most
of the cycle the condenser is more positive than all the anodes. During
this discharge period the condenser voltage drops off nearly linearly

because of the fact that the first filter inductance draws a substantially

constant current from the input condenser. The result is that the input

condenser applies a saw-toothed voltage wave to the first inductance.

This first inductance and the remainder of the filter then act to prevent

the alternating-current voltage across the input condenser from reaching

the load.

The detailed action that takes place in a condenser-input filter system

depends upon the load resistance, the input capacity, the leakage react-

ance and resistance of the transformer, and the characteristics of the

rectifier tube, in a way that is relatively complicated. For purposes of

analysis the circuit of Fig. 273a can be replaced by the approximate

equivalent circuit of Fig. 2736. Here the rectifying action of the tube is

replaced by a suitable switch S which is assumed to be closed whenever

one or the other of the rectifier anodes is conducting current and which

is open the remainder of the time. The voltage drop produced in the

rectifier tube is accounted for by placing a fixed resistance Rr in the

circuit as shown. The transformer is replaced by an equivalent generator

having a voltage equal to the open-circuit secondary voltage Es sin cot

measured to the center tap and having an internal impedance equal to

the effective leakage inductance L and effective resistance Rs , which are

measured between one of the secondary terminals and the center tap

when the primary winding is short-circuited. (Note that Rs depends

upon both primary and secondary wire resistances.) The input con-

denser is represented by C, and "the first inductance of the filter system

'

is assumed to draw a constant current Io, which is equal to the direct-

current voltage Eq developed across the input condenser divided by the

effective load resistance {i.e., actual load resistance plus resistance of

filter inductances).

An analysis of the voltage and current relations existing in the equiva-

lent circuit of Fig. 2736 gives the results shown in Fig. 274, in which the

direct-current voltage across the input condenser, the peak space current

through the rectifier tube, and the ripple voltage are expressed as a

function of load resistance for various circuit parameters, assuming a

60-cycle source of power and the full-wave rectifier circuit of Fig. 273a. 1

1 This analysis is carried out as follows: Assume that E sin (cot + iot ) represents

the applied voltage, with t = being the instant at which the current starts to flow

through the rectifier tube (i.e., when the applied voltage in rising just becomes equal

to the voltage across the condenser). Then to is the time that elapses between the

instant when the applied voltage passes through zero and the instant when the current
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Discussion of Properties.—Consideration of Figs. 273 and 274 shows
that the addition of a shunt condenser to the input of a filter produces

certain fundamental changes in behavior. The output voltage is

appreciably higher than with an inductance input while the ripple voltage

is less, and the direct-current voltage across the filter input drops as the

load current increases instead of being substantially constant. Also

the ratio of peak to average anode current in the tube is higher, and the
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Charts giving performance of condenser input filter systems for 60-cycle power
source and full-wave rectifier.

utilization factor of the transformer is always rather poor with condenser

input systems.

The effect of the circuit parameters upon the performance of the con-

denser-input system is shown in Fig. 274, while the detailed mechanism

starts to flow. At time t = the switch S in Fig. 2736 is assumed to be closed and to

remain closed until a time fa when the resulting pulse of current becomes zero, when
the switch is assumed to be opened and to remain open"until the next half cycle when
the second rectifier anode draws current.

During the interval from t = to t = ti, during which S can be considered as

closed, the sum of the voltage drops in the circuit is equal to the applied voltage,
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that produces these results is illustrated in Fig. 275. With the usual

circuit proportions the direct-current voltage output and the regulation of

this voltage depend primarily upon the load resistance and the source

impedance (i.e., impedance formed by the tube and transformer resistance

and the transformer leakage inductance) and only to a moderate extent

upon the input-condenser capacity. It will be noted from Fig. 2746

that under certain conditions the leakage inductance resonates with the

input capacity to give a higher output voltage with a small input capacity

than with infinite input capacity. The ripple voltage is determined

primarily by the input capacity and load resistance, and is affected only

slightly by the source impedance. The shape of the current pulses flow-

ing through the rectifier tube, and particularly the ratio of peak to average

(a) Effect of load resistance
Voltage across input condenser

~~\sLow load
resistance

Current flowing through tube

l(\ \f\i;—Low load
' resistance

(c) Effect of leakage inductance
Voltage across input condenser

^2=^==-_af5^pr==-__
(Increased

/ "\ "jr^" \ ~$rj leakage
I \ ' \ inductance

Current flowing through tube
~\ ^'Increased

leakage
inductance

(b) Effect of input-condenser capacity
Voltage across input condenser

r \ /

'High capacity
input condenser

Current- flowing through tube

£—High capacity

\ input condenser

(d) Effect of tube and transformer
resistance
Voltage across input condenser

"Increased
resistance

Current flowing through tube

.
^'Increased
^ resistance

Fig. 275.—Effect of circuit parameters on behavior of condenser-input filter system.

value of these pulses, is controlled by the load resistance and source

impedance, but tends to be independent of the input capacity.

It is apparent that, when a high output voltage with good regulation

is desired, the source impedance should be made as low as possible. On

giving the differential equation

E sin (orf + o)i ) = L-~ + Ri + ^j Pidt - I t\ + E sin wt (200a)

This can be rewritten as:

E sin (wt + o)t ) — E sin ut + c 4 + Ri + i idt (200&)

The notation is indicated in Fig. 2736. It will be noted that the term E sin u>U is the
voltage across the condenser at the time t = 0. Inspection of Eq. (2006) shows that

this is an ordinary differential equation of an R-L-C circuit, with the equivalent of
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the other hand, when it is important that the peak currents be kept down,

a high source impedance is desirable. A low value of ripple voltage across

the input condenser requires the use of a large input capacity. In

three separate applied voltages given by the terms on the left-hand side of the equation.

Starting with the initial conditions that at t = 0, i = 0, and di/dt = 0, and following

the usual method of solving differential equations, the solution is found to be

For oscillatory case Q./LC > -R 2/4L2
):

i = /oji - V 1 + (i)

2

*
-"' sin [# + arctan (I)] |
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For non-oscillatory case (1/LC < R 2/4L2
):

f { -v/w2 + as 2 / »

\

-

+ g J
sin («f + cdQ - t) - a _ g

*-°"' sin ( «*o - 7 + arctan
—J

V<o 2 + «i'
e_arf sin (^ _ T + arctan -")

f (2016)
«2 — «1

.
\ ' "1/ )

where
i = anode current at time t

j = d-c output current of rectifier

E = crest alternating-current voltage developed by one-half of transformer

secondary

R = resistance in series with transformer secondary (see Fig. 273)

L = leakage inductance of one-half of transformer secondary (see Fig. 273)

X = ooL t,
- reactance of leakage inductance plus input capacity at power-

supply frequency

« = 2tc times power-supply frequency

Z = y/R 2 + X2

7 = arctan X/R

a. = R/2L *

.

.

ai = a - V«2 - ££

a2 - a + V"2 - LC
C = capacity of input condenser

t — time

U = time elapsed between zero of voltage wave and instant when anode current

starts to flow (see Fig. 273)

M = sin (u>t — y)

2V" = o
+ " sin

(
w< o - y + arctan ^j

Equations (201o) and (2016) give the current that flows through the rectifier

tube from the instant U at which the current begins to flow until some instant U at
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considering source impedance, it makes little difference to a first approx-

imation whether the impedance results from high resistance in tube and

transformer or from high leakage inductance, as the effects of both are

similar.

When hot-cathode mercury-vapor tubes are employed with condenser-

input filter systems, the voltage drop across the tube is constant at

approximately 15 volts for all currents. This can be taken into account

by calculating the performance as though the tube had zero resistance, and

then reducing the direct-current voltage by 15 volts while keeping the load

current, ripple voltage, and peak space current unchanged. The equiva-

lent circuit of Fig. 2736 also applies to inductance-input systems under

conditions where the input inductance is insufficient to satisfy Eq. (198&),

since the input inductance is then equivalent to added leakage inductance.

This makes it possible to determine the amount of inductance that must

be placed in series with the input lead to keep the peak space current

which the instantaneous current as given by the equations becomes zero, after which

the current remains zero until the second anode becomes positive. It is to be noted

that the current through the rectifier tube can never reverse in polarity even in the

oscillatory case.

The d-c load current 7 is the average current flowing through the rectifier,

and so is obtained by averaging the pulse of current over
1

a half cycle of the supply

frequency. That is

7 = 2/ r~
h
i dt (202a)

where i is the current given by Eq. (201), /is the supply frequency, and h is the time

at which the anode current becomes zero (see Fig. 273).

"It will be noted that, in order to obtain a solution of Eqs. (200), it is necessary

to know Jo, ti, and t , and that at the same time Jo depends upon i, h, and to. Because

of the complexity of the relations involved, a straightforward solution of Eqs. (200)

is impractical. The most satisfactory procedure for finding the current pulse corre-

sponding to a load current 7o consists in assigning a reasonable value to U in Eq. (200a)

or (2006) and then calculating and plotting the current from t = up to the instant

t = h at which the current pulse becomes zero. The area under this curve of current

is determined by a planimeter, and the average value over the length of time 1/2/ is

determined. This average represents the direct-current value of the pulse, and, if

U was correctly chosen, will equal Jo. If, as is usually the case, this is not true in the

first trial, then further values of U are tried until the correct value is found.

The voltage developed across the input condenser is

:

Voltage across C { _ w a .n t ,
1 C1

.- j t
'!<$

from t = to t

7 J = E sin arfo + ifi * - T
~§ (2026)

Voltage across C I 7" / i \

from « - «, to t - M L E S'n ** + Ajf ~ ') <**'

where i is given by Eq. (201a) or (201b), as the case may be, and the notation is as
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down to a safe value when hot-cathode mercury-vapor tubes are employed

with a condenser-input filter system.

The use of the curves of Fig. 274 in calculating the performance of

condenser-input filter systems can be understood by the following

example

:

Example.—A load of 4000 ohms is to be supplied by direct current from a con-

denser-input rectifier filter system. The power transformer develops a potential of

300 volts r.m.s. on each half of the secondary. The effective leakage inductance

and resistance are 40 mh and 125 ohms, respectively, and a Type 80 rectifier tube is

used. The input condenser is 4 mf , and is followed by a single-section filter consisting

of a 10-h choke with 400 ohms resistance and an 8-mf condenser across the output.

The first step in the solution is the determination of the effective load and source

resistances. The former is the actual load resistance plus the choke resistance, or

4000 + 400 = 4400 ohms. The average resistance of the rectifier tube is approxi-

mately 62/0.125 = 498 ohms, so that the source resistance is 125 + 498 = 623 ohms.

Reference to Fig. 274 shows that, for these values of source and load resistances and

input capacity, one has

Eq/E .

.

-* max/Jo

Er/Eo-

For L =0

0.73

2.9

0.12

ForL =0.1 ForL = 0.040

0.73

3.00

0.115

0.73

2.95

0.127

The last column is obtained by interpolation between the first two. From this column

one has:

D-c voltage across input condenser = 0.73 X 300^^2 = 309

D-c voltage across actual load = 309 X 4000/4400 = 281

D-c current in load = 309/4400 = 0.0703 amp.

Peak space current = 0.0703 X 2.95 = 0.207 amp.

Ripple voltage across input condenser = 0.127 X 309 = 39 volts crest

39
Ripple voltage across load [from Eq. (197 o;j

(754)2 x 10 X 8 X 10-«

0.86 volts crest

above. The direct-current voltage E developed across the input condenser is 1he

average of the condenser voltage, or

E = E sin coto + -^ £- + i dt dt (202d)

The ripple voltage across the input condenser can be obtained by harmonic analysis

of the wave represented by Eqs. (2026) and (202c).

The principal approximations involved in the above analysis are: (1) the rectifier

is replaced by a fixed resistance during its conducting period; (2) the current flowing

into the first inductance is assumed to be constant throughout the cycle; (3) the

source of power exciting the primary of the power transformer is assumed to have zero

internal impedance. The errors that result from these approximations are small

under practical circumstances, and the method of analysis is capable of giving an

accuracy that is sufficient for all ordinary design purposes. The use of a constant
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Filters with shunt-condenser inputs are generally employed in radio

receivers, small public-address systems, etc., when the amount of direct-

current power required is small. Compared with inductance-input

filters, the condenser-input arrangement produces a higher direct-current

voltage, but has poorer regulation, higher peak space currents, and
poorer transformer utilization. As a consequence the condenser-input

arrangement is not favored where large power is required or where regula-

tion of the direct-current voltage is important.

99. Rectifier-filter Systems. Miscellaneous Comments.—The recti-

fier and filter connections that should be used in a, particular case depend

upon the individual circumstances. Polyphase rectifiers are preferred

when the direct-current power is in the order of several kilowatts or

more because the ripple in the output of a polyphase rectifier is of small

magnitude and of high frequency and so can easily be filtered out.

Smaller outputs are most conveniently obtained from single-phase full-

wave rectifiers, usually of the center-tapped transformer type shown in

Fig. 2666.

Filters with series-inductance inputs are always used in polyphase

circuits and are also preferred with high-power single-phase rectifiers

because of the high ratio of average to peak current that is obtained with

a series-inductance input. The use of a shunt-condenser input causes

the ripple voltage, appearing across the filter input to be less than with

the series-inductance input, but the ratio of average to peak rectifier

current is smaller, so that the condenser input is employed only in

low-power single-phase rectifiers, such as those used to supply plate

power for broadcast receivers. • The filter inductances may ordinarily be

placed in either the positive or negative lead. 1

The condensers used in filters must be capable of continuously with-

standing a direct-current voltage that is equal to the crest alternating-

current voltage applied to the rectifier. Ordinarily a single condenser

should be used to withstand the entire voltage, rather than several con-

densers in series. When condensers are in series, the direct-current

voltage stress divides between them in proportion to their leakage resist-

resistance to represent the voltage drop in the rectifier tube is perhaps the most serious

of the approximations, but, if the resistance is chosen so that the voltage drop pro-

duced by the peak rectifier current is equal to the voltage drop actually across the

tube at this instant, the error will be small.

This footnote is based largely on material in the thesis submitted by Dr. R. L.

Freeman in partial fulfillment for the doctor's degree at Stanford University.
1 However, if it is essential that the hum output be extremely small, then the filter

chokes must be placed in the ungrounded lead or there will be a residual hum caused

by the capacity to ground of the transformer secondary winding. See F. E. Terman

and S. B. Pickles, Note on a Cause of Residual Hum in Rectifier-filter Systems, Proc.

I.R.E., 22, p. 1040, August, 1934.
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ances rather than their dielectric strength, and the leakage resistances

are variable and uncertain.

The inductance coils used in the filter must have laminated iron cores,

with an air gap that is sufficient to prevent the direct current from

saturating the iron. The inductance that is effective to the alternating

currents will vary with the superimposed direct current as discussed in

Sec. 6 and will normally be greatly lowered by the presence of the direct

current. The insulation between the winding and the core must be

capable of withstanding the full direct-current voltage delivered by the

rectifier output.

The transformers used in rectifier-filter systems that supply power to

radio receivers and high-gain audio-frequency amplifiers are often

provided with grounded electrostatic shields between the primary and
secondary. Such a shield prevents disturbances that originate on the

power line from being transferred to the output through capacity between

the primary and secondary windings.

a- Fil+er wi+h Parallel
Resonant Trap Circuit

b-Fil+er wi+h Series
Resonant Shunt Circuit

c-Tapped Choke Type
of Resonant Filter

Fig. 276.—Filter circuits using tuned elements.

The effectiveness of a filter in suppressing a particular frequency can

be improved by tuning one of the series inductances to parallel resonance

at the desired frequency as shown in Fig. 276a, or by tuning one of the

shunt capacities to series resonance as shown in Fig. 2766. Such arrange-

ments, however, have the disadvantage that the tuning reduces the

attenuation of the other frequency components of the ripple, and also

that each resonant circuit must be individually adjusted.

The tapped-choke arrangement of Fig. 276c was at one time exten-

sively used in radio receivers; it has the advantage of giving less hum
with the same total filter condenser capacity than do conventional

circuits. For effective hum suppression the capacity Co' must be so

adjusted in relation to the tap on the coil that the branch through Co'

offers a capacitive reactance such that the alternating-current hum
voltage developed across the left-hand section of the coil will induce a

voltage in the right-hand portion of the coil which exactly bucks out the

hum voltage applied to the filter. Under such conditions there is no

a-c current flowing in the right-hand side of the coil and there is a com-
plete cancellation of the hum having the frequency for which the adjust-

ment has been made. While the tapped-choke arrangement is both

simple and effective, the introduction of electrolytic condensers has
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shifted the economic balance in such a way that this system is now seldom
used.

Filters using series resistance instead of series inductance are com-
monly employed where high voltages and low

5—wvw—.—>. currents are involved, or where it is necessary to

input spc Output drop the voltage. Such an arrangement is illus-

Fig. 277.—Resistance-
trated in FiS- 277 and results in a suppression given

condenser filter. approximately by the formula

Alternating-current voltage arcoss load _
Alternating-current voltage applied to input

~

where

R = series resistance

C = shunting capacity following the series resistance

w = 2x times the ripple frequency involved.

1

RwC (203)

R.F.

choke
Filter
choke

To tube
filaments and
speaker field

R.F. Electrolytic
bypass filter con-
condenser densers

6-V. battery
Fig. 278.—Circuit diagram of non-synchronous vibrator power supply.

100. Miscellaneous Supply Systems. Vibrator Systems. x—The vibra-
tor power-supply system produces direct-current plate power from a
storage battery by using a vibrating contact to change the direct current
from the battery into alternating current which can be stepped up in

voltage by a transformer and rectified to produce high-voltage direct-

current power. A typical vibrator circuit is shown in Fig. 278, in which
the vibrator operates on the same principle as the ordinary buzzer.
The resistances R and the condenser Ci are for the purpose of preventing
sparking at the contacts, while the condenser C absorbs transients that
would otherwise produce radio interference, and the radio-frequency
chokes prevent radio-frequency surges from getting into the battery.

Another form of vibrator power system known as the synchronous
type is shown in Fig. 279. Here the vibrating armature has a pair of

1 For further information see Walter Van B. Roberts, Vibrator Power Supply from
Dry Cells, Electronics, vol. 7, p. 214, July, 1934; Vibrators, Electronics, vol. 9, p. 25

;

February, 1936.
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¥

contacts that rectify the output voltage of the secondary, thereby dis-

pensing with the rectifier tube required in the non-synchronous arrange-

ment of Fig. 278.

The vibrator represents an inexpensive means of obtaining plate

power from a storage battery, but has the disadvantage of a limited life

and of requiring a relatively complicated filtering and shielding system

to prevent surges from producing interference in the radio receiver. The
synchronous type of vibrator is more = n

complicated than the non-synchronous ! |

—

• '

type, but eliminates the rectifier tube «

| ] ft* 11^' Filter;

with its voltage drop and so is used about ! ? 7 ±"tf |—

I

-
J^^CH *"*" B

as frequently as the non-synchronous
| |

arrangement. •

Dynamotor.—A dynamotor is a com- '

bined motor generator having two or
fe rfcfiofie

more separate armature windings and a T

common field circuit. One of the arma- \6V battery

ture windings is operated from a low- Fig. 279.—Circuit diagram of syn-
chronous vibrator power supply.

voltage direct-current power source,

commonly a storage battery, to give motor operation, while the other

windings then serve as generators to produce the desired direct-current

voltages.

Dynamotors using permanent magnetic fields and operating from a

storage battery are often used for supplying the anode power required by
automobile radio receivers. Compared with the vibrator systems the

dynamotor has the advantage of longer life and less trouble from radio-

frequency surges, but is considerably more expensive.

Self-rectifying Circuits.—If an alternating voltage is applied directly

to the plate of an oscillator in place of the usual direct-current potential,

the oscillator will operate on the positive half cycles of the applied

voltage and so will generate wave trains having the character shown in

Fig. 280. These are known as interrupted continuous waves (abbrevi-

ated I.C.W.) and are occasionally used in radio telegraphy. Another

type of self-rectifying oscillator circuit is shown in Fig. 281, in which

the two plates of a two-tube oscillator are supplied with alternating-

current voltages that are 180° out of phase, and a large inductance is

inserted in the common filament return lead. This arrangement is

electrically equivalent to a single-phase full-wave rectifier circuit with a

filter consisting of a single inductance (see Fig. 268a). When the induc-

tance is large, the total current drawn by the two tubes is substantially

constant, and the generated oscillations will also be of constant amplitude.

Practically, however, it is impossible to maintain the total current entirely

constant, and as a result modulated oscillations are generated.



502 RADIO ENGINEERING [Chap. XI

Self-rectifying oscillator circuits find their chief usefulness under

conditions where the complications of a rectifier-filter system are to be

avoided. These circuits are not suitable for ordinary commercial radio

transmitters because the voltage that is applied to the plates of the

oscillators is not constant, and as a result the generated oscillations suffer

both frequency and amplitude modulation.

Anode Power for Aircraft Radio Equipment.—Aircraft radio receivers

commonly obtain plate power from a small dynamotor operating from

the 12-volt storage battery on the plane. Anode power for airplane

Fig. 280.—Interrupted continuous waves generated by applying an alternating-current

voltage directly to the plate of an oscillator.

transmitters is more of a problem, however, because the power require-

ment is large. The most common arrangement employs a dynamotor

operating from the 12-volt storage battery of the plane, together with a

battery-charging generator operated from the airplane engine. This

arrangement has the disadvantage of giving only about 30 min. emergency

service when the battery is fully charged but with the plane engines not

operating. In large planes the demand for electrical power for lighting,

starters, fuel pumps, etc., is becoming so heavy that the present trend is

toward the use of a generator driven by an auxiliary gasoline engine.

(a)- Tubes in Push Pull

R.FChoke

(b)-Tubes in Parallel
R.EChoke

rHigh voltage
i transformer
V

REChoke RFChokz

Fig. 281.—Self-rectifying oscillator circuits capable of generating oscillations of substan-

tially constant amplitude if the filter choke is very large.

Problems

1. Explain the alternating-current hum effects that are produced in a filament-

type radio-frequency amplifier tube that is operated from alternating current, keeping

in mind that the radio-frequency coupling circuits will not transfer audio-frequency

voltages.

2. Determine a suitable by-pass condenser for the bias resistor of a resistance-

coupled amplifier using a 6C6 tube and designed according to the fourth column of

Table VII, Chap. V, assuming that the regeneration from the bias impedance is not

to affect the amplification seriously for frequencies above 60 cycles.
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3. In the resistance-coupled amplifier of Fig. 97 the bias resistor is 6000 ohms.
Calculate the actual amplification curves for Ce = 0.01 mf when the by-pass con-
denser in parallel with the bias resistance is (a) 1.0 mf, (b) omitted.

4. Discuss the practicability of using a self-bias arrangement consisting of a
resistor between cathode and ground for (a) a Class C amplifier, (b) a linear amplifier
and (c) a Class B audio amplifier.

'

5. In a push-pull Class A audio amplifier, explain why it is that no by-pass con-
denser is needed in shunt with the bias resistor between cathodes and ground.

6. a. Explain why in a Class AB push-pull amplifier the bias arrangement of
Pig. 259c is equivalent to a self-bias arrangement such as Fig. 259a and b, while the
arrangement at d behaves more nearly as a battery bias.

6. On the assumption that the anode voltage is obtained from a rectifier-filter
system, discuss the relative power-transformer secondary voltages required for the
various bias arrangements of Fig. 259.

7. Explain why it is customary to design a rectifier tube with a maximum per-
missible plate dissipation that is less than the plate dissipation that would result if
the allowable peak current were drawn continuously through the tube by applying a
direct-current anode voltage.

8. If the negative lead of a power-supply system is to be grounded, discuss the
difference m insulation requirements of the transformer secondary winding for (a)
the single-phase circuits of Fig. 266, (6) the polyphase circuits of Fig. 267.

9. Describe in detail the way in which the three-phase fuU-wave rectifier circuit
of Fig. 267c operates.

10. From the information given in Table XIII and Fig. 266 discuss the relative
merits of the full-wave bridge versus the full-wave center-tap circuit for single-phase
rectification where an inductance input is used in the filter.

11. a. Check the results given in Table XIII for the single-phase full-wave center-
tapped connection.

6. Check the results given in Table XIII for the three-phase half-wave circuit.
12. The power supply for the final power amplifier of the transmitter of Fig. 282

employs six Type 869A hot-cathode mercury-vapor tubes in a three-phase full-wave
circuit operating from 60 cycles. The power supply is rated at 18,000 volts and
4 amp., and has a single-section inductance-input filter consisting of 0.5 henries and
3.0

1

mf. Neglecting the resistance of the filter inductance and the leakage reactance
and resistance of the power transformer, calculate (a) peak current through the
rectifier tubes, (6) peak inverse voltage, (c) secondary voltage of power transformer,
(d) kva rating of transformer primary and secondary windings, (e) amount of 360-
cycle and 720-cycle ripple voltage appearing in the output.

13. a. In the power-supply system of Prob. 12, determine total power loss in the
six rectifier tubes, including both filament power and plate dissipation, and from this
calculate the rectifier efficiency. In evaluating the tube loss assume a tube drop of
12 volts.

6. Assume the Type 869A hot-cathode mercury-vapor tubes of (a) are replaced by
Type 214 high-vacuum tubes, which have a tube drop of approximately 1000 volts for
the current which will flow through the tube with this power-supply system. Deter-
mine the total rectifier tube power (both filament power and plate dissipation) Cal-
culate the over-all efficiency of the rectifier and the extra power required with high-
vacuum tubes as compared with hot-cathode mercury-vapor tubes.

14. Design a power-supply system for operating a push-pull Class C amplifier
using 852 tubes (allowable plate loss 100 watts per tube), and operating at Eh

=
3000 volts. The maximum allowable ripple voltage is 2 per cent and the available
power is 60 cycle, single phase. Use hot-cathode mercury-vapor rectifier tubes
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16 Two Type 46 tubes are to be used in a push-pull circuit as Class B audio

amplifiers, with a plate potential of 400 volts. The plate current drawn by the com-

bination with no applied signal is 12 ma, and with full signal is 130 ma. Design a

suitable inductance-input filter system which will maintain good regulation from no

signal to full signal and which will not have more than 1 per cent ripple voltage.

16. Explain in a qualitative manner why in a condenser-input filter (a) the direct-

current output voltage increases with load resistance, (6) the ripple voltage across the

input condenser decreases with increased load resistance, and (c) the ripple voltage

becomes more and the direct-current voltage less when a smaller input condenser is

used? ,

17 a In a particular condenser-input rectifier-filter system the power transformer

develops a potential of 375 r.m.s. volts across hah the secondary, while the effective

transformer resistance and leakage inductance referred to one-half of the secondary

are respectively 92 ohms and 28 mh. If a 4-mf input condenser is employed with a

5Z3 tube, calculate and plot direct-current voltage and ripple voltage across the input

condenser, and the peak anode current as a function of load resistance.

b. Design a filter system to follow the input condenser which will make the ripple

in the filter output less than 0.01 volt when the load resistance is 2500 ohms.

18. Explain why electrolytic condensers are extensively used for filter condensers

up to about 500 volts peak and for cathode by-pass condensers, but are not suitable

for blocking condensers, etc.

19 In a vibrator supply system such as shown in Fig. 278, sketch oscillograms

showing (a) current flowing in each half of primary, (6) -voltage across each half of

the primary, and (c) voltage across the secondary winding.

20 Describe the operation of the self-rectifying circuit of Fig. 281, with particu-

lar reference to the action of the choke in the common lead. In this discussion sketch

oscillograms illustrating the general character of the plate voltage and plate current

in each tube and the voltage and current in the choke.



CHAPTER XII

RADIO TRANSMITTERS

101. Radio Transmitters. General Considerations.—A radio trans-

mitter is essentially a device for producing radio-frequency energy that is

controlled by the intelligence to be transmitted. A transmitter accord-

ingly represents a combination of oscillator, power amplifiers, harmonic
generators, modulator, power-supply systems, etc., which will best

achieve the desired result. Inasmuch as these various elements which
go to make the completed transmitter have already been individually

considered, the present chapter is devoted to a consideration of combina-
tions most commonly employed in commercial equipment.

Commercial transmitting equipment is ordinarily mounted on a
framework of structural-steel members fronted by a vertical metal panel

containing the controls and meters necessary for adjusting and monitoring

the transmitter. All equipment appearing on the panel is at ground
potential, and instruments which must be observed during adjustment or

operation and which are. not at ground potential are located behind the

panel and viewed through windows. The steel frame is normally
enclosed with wire mesh of some sort and is provided with doors that

cut off the transmitter power when opened. Typical examples of this

general type of construction are to be found in Figs. 283, 284, and 289.

This type of construction requires a minimum of floor space in proportion

to the amount of apparatus involved, makes the transmitter accessible

for inspection and repairing, and eliminates all hazard to persons.

The design of most radio transmitters, particularly those intended for

broadcast and short-wave transmission, is dominated by the need of

maintaining the transmitted frequency as nearly constant as possible

over long periods of time. In broadcast work two or more transmitters

are commonly assigned the same carrier frequency, and in order to

minimize the resulting interference it is essential that the carrier fre-

quencies be as nearly as possible the same. In short-wave work, par-

ticularly with code transmitters, the side bands required are so narrow

that the frequency separation between transmitting stations is deter-

mined primarily by the frequency stability of the carriers. For example T

"Sk code transmitter operating at a speed of 1000 letters per minute requires,

according to Sec. 72, a side band 131 cycles wide. With perfect stability

505
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of the carrier frequency two such transmitters could operate on fre-

quencies differing by only 300 cycles, and a relatively limited space in

the frequency spectrum could accommodate a large number of trans-

mitters. Actually, however, it is impracticable under commercial

conditions to maintain the carrier frequency of a short-wave transmitter

closer than about 0.03 per cent to the assigned value, so that, if the

carrier frequency is 20,000 kc, the actual frequency spacing must be of

the order of 12,000 cycles. The importance of frequency stability is

more or less proportional to the carrier frequency, since a given percentage

of variation represents a smaller number of cycles at a low than at a high

carrier frequency.

102. Code Transmitters.—The design of a code transmitter depends

primarily on the frequency stability required and the power to be gener-

ated. Where the frequency stability must be high, as is the case with

most types of short-wave code transmitters, the entire design must be

built around some form of oscillator that will maintain a constant

frequency, such as a crystal oscillator, a resonant line oscillator, etc.

Where the frequency stability need not be particularly great, as is the

case in long-wave transmitters and in certain classes of short-wave

equipment such as amateur transmitters, it is often possible to introduce

a number of simplifications by sacrificing frequency stability. Typical

examples of the most commonly used types of code transmitters are

discussed in the following paragraphs.

Crystal-controlled Commercial Short-wave Code Transmitters.—-When

the frequency stability of the transmitted carrier is of importance, one

of the most satisfactory arrangements is to employ a crystal oscillator, to

control the frequency. With such an arrangement the entire design

must be built around the fact that the amount of power that can be con-

trolled by a crystal is relatively low, while the highest frequency obtain-

able commercially from a crystal is of the order of 6000 kc. Greater

power requires the use of Clasps C amplifiers, while higher frequencies

involve the use of harmonic generators. The usual crystal-controlled

short-wave transmitter makes use of a crystal oscillator involving a

tube having a rating of the order of 7}4 watts and generating a frequency

in the range 1500 to 4000 kc. The crystal is followed by an amplifier

tube, commonly termed a buffer amplifier, which isolates the crystal

from the remainder of the transmitter. In order to be sure of the

highest possible frequency stability, the buffer tube is usually operated so

that it draws little or no grid current, and the crystal and buffer tubes

normally have a separate power supply and operate continuously even

when the key of the transmitter is up. The buffer tube is followed by

harmonic, generators and Class C amplifiers as required to develop the

required power output and frequency.
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The characteristic features of a well-designed crystal-controlled short-

wave code transmitter are illustrated by the high-power transmitter

shown in Fig. 282. This particular transmitter is designed to operate
in the frequency range 3000 to 21,500 kc (100 to 14 meters wave length)

and is capable of delivering a power output of 30 to 40 kw. The trans-

mitter itself is divided into two parts, the first of which is an exciter unit

containing the crystal oscillator, buffer amplifier, harmonic generators,

and power amplifiers capable of delivering 1-kw output. The second unit

is a one-stage power amplifier using water-cooled tubes, and it is con-

nected to the exciter unit by a short transmission line. This arrange-

ment, with the final power amplifier separated from the remainder of the

transmitter, is frequently used in high-power equipment because it

simplifies the problem of shielding the low-power-level circuits from the
strong fields produced by the final power amplifier. The exciter unit can
be considered as a complete transmitter of moderate power, and its output
can be delivered directly to an antenna if desired.

The sequence of tubes in the exciter unit is as follows:

7/4-watt triode crystal oscillator.

75-watt screen-grid buffer amplifier.

75-watt screen-grid frequency doubler.

75-watt screen-grid frequency doubler (second doubler).

500-watt screen-grid tube used as frequency doubler when output frequency is

in excess of 12,000 kc, and otherwise employed as power amplifier.

Two 500-watt screen-grid tubes in push-pull amplifier circuit.

The final power amplifier unit consists of two water-cooled tubes in a
neutralized push-pull circuit.

The crystal oscillator employs the circuit shown in Fig. 206, and is

followed by a buffer amplifier consisting of a screen-grid power tube.

By the use of suitable shielding and a separate power supply for the
crystal oscillator and buffer tubes, the generated frequency is virtually

independent of the conditions existing in the remainder of the transmitter.

In order to prevent the frequency from varying with temperature in the

,

case of X- or F-cut crystal plates, an oven is provided for maintaining the
crystal temperature constant, and the crystal is operated at a relatively

low amplitude so the internal heating due to its own losses will be small.

The harmonic generators and amplifiers following the buffer tube are

of the Class C type and increase the crystal output to approximately 1 kw.
For frequencies above 12,000 kc the three tubes following the buffer

amplifier are all adjusted to generate second harmonics, and the crystal

is ground to generate a frequency one-eighth of that to be transmitted.
For frequencies in the range 6000 to 12,000 kc the crystal is ground to

one-fourth of the transmitted frequency, and only two harmonic genera-
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tors are employed, the third tube being used as an ordinary Class C
amplifier. Likewise in the frequency range 3000 to 6000 kc only one

harmonic generator is employed, and the remaining tubes are used as

Class C amplifiers.

Tuning is accomplished in the exciter unit by means of variable

condensers, changing inductance coils as required, and by short-circuiting
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turns of the inductance coils. In the power-amplifier unit rough tuning

can be accomplished by changing coils and by adjusting the tuning

capacity in steps, while fine tuning makes use of a copper ring rotated

in the field of the inductance. Several crystals are provided in the

crystal holder, and switches operated from the panel make it possible to

have available two frequencies of transmission, with the change over,

from one to the other requiring only a few seconds.

Three separate anode power-supply systems are provided. The

crystal oscillator and buffer amplifier operate from a single-phase center-

Fia. 283a.—Exrfter unit of transmitter of Fig. 282—front view of pane!.

tapped rectifier using Type 866 mercury-vapor tubes. A voltage dividing

resistance across the output of the rectifier makes it possible to obtain

anode, screen-grid, and control-grid bias voltages from a single rectifier.

The remainder of the exciter receives its anode power from a three-

phase full-wave rectifier using Type 872 mercury-vapor tubes in conjunc-

tion with a filter consisting of a series input inductance followed by a

shunt condenser. This un ;
t delivers 3000 volts direct current, which

is applied directly to the plates of the 500-watt screen-grid power-ampli-

fier tubes. Lower voltages for the other tubes and for the screen grids

are obtained cither by means of voltage-dropping resistances from the

3000-volt source or from a 1500-volt tap obtained by connecting to
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the neutral point of the secondary star through a filter inductance. This

tap causes three of the six rectifier tubes to do double duty by also func-

tioning in a three-phase half-wave circuit to give 1500 volts output. The
grid-bias voltages required by the exciter are obtained either from a

1000-volt motor generator or from a suitable rectifier-filter arrangement

with the aid of a voltage-dividing resistance. The power-amplifier unit

has a separate throe-phase full-wave rectifier using Type 869A mercury-

Fiu. 283ft.- Excite of t i-;insiriit tor of Fij;. 282—rear view with shielda in place.

vapor tubes and delivering a direct -current output of 4 amp. at 18,000

volts. The filter consists of a 0.5-henry series input inductance followed

by a 3-juf shunt condenser.

It is to be understood that this description of the transmitter has

dealt only with the outstanding features and ha,s omitted innumerable

details that must be taken into account in the actual construction in

order to obtain satisfactory results. 1 For example it is necessary to

1 For further details concerning an earlier but only slightly different version of this

transmitter, see I. F. Byrnes and J. B. Coleman, 20-40 Kilowatt High-frequency

Transmitter, Proc. I.R.E., vol. 18, p. 422, March, 1930,
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shield the parts of the transmitter from each other by means of copper

shields, the location of which is indicated by the dotted lines of Fig. 282;

Radio-frequency choke coils and by-pass condensers must also be pro-

vided in many places not shown in this schematic diagram if parasitic

oscillations and regeneration are to be avoided, and it is also necessary

to arrange the various parts of the transmitter in relation to each other

in such a way as to minimize undesirable stray couplings while making

the connections as short and as direct as possible.

Fig. 283c- -Exciter unit of transmitter of Fig. 282—roar view with covers of shields

removed.

Photographs showing different views of the complete transmitter

are given in Figs. 283 and 284 and serve to bring out the more obvious

features of construction.

While the high-power transmitter that has been described incor-

porates all the typical features of a short-wave crystal-controlled code

transmitter, it is of course possible to modify the layout in many details.

Thus the buffer tube is often made. to serve as a harmonic generator by
tuning its tank circuit to twice the frequency generated by the crystal.

Triodes are also commonly used as harmonic generators instead of

screen-grid tubes, and can be used as radio-frequency amplifiers in place

of screen-grid tubes provided neutralized circuits are employed. In
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some cases the harmonic-generator tubes are called upon to generate

the third or even the fourth harmonic instead of the second, although

the power output on these higher harmonics is small. Sometimes tuned

circuits use only the capacities supplied by tubes, leads, etc., and are

adjusted to resonance by varying the circuit inductance.

p
. ..„__._ ,_

Fig. 284a.—Front view of 30- to 40-kw output power amplifier.

Crystal-controlled Short-wave Amateur Code TraitKm titer.—Amateurs
interested in short-wave telegraphy have developed a great variety of

low-power code transmitters. The better grade of these employ crystal

oscillators followed by harmonic generators and Class C amplifiers as

required to develop the desired frequency and output power. A typical
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transmitter of this class is illustrated in Fig. 285, and makes use of a

crystal oscillator followed by a harmonic generator and a push-pull

Class C amplifier using neutralized triodes. Descriptions of innumerable

transmitters of this type are to be found in the amateur's handbooks and

magazines, and many of these transmitters represent great ingenuity

Fig. 284?).—Rear view of 30- to 40-kw output power amplifier.

in adapting available tubes to give a maximum power output in propor-

tion to cost. While amateur equipment is usually designed to operate

less conservatively than commercial equipment, the essential features

are the same as for commercial equipment; in fact many low-power

commercial transmitters are essentially commercial adaptations of

amateur designs.
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Master-oscillator Power-amplifier Transmitters.—Master-oscillator
power-amplifier arrangements are commonly used in transmitters operat-
ing at frequencies below 500 kc, since the percentage frequency stability
required at these lower frequencies is less than with short-wave trans-

Class C amplifier

Crystal Harmonic
oscillater

Antenna

. battery

, # - 4 +EB "Ec
. .

Fig. 285.—Typical amateur crystal-controlled code transmitter.

mitters. Master-oscillator power-amplifier transmitters are also employed
to some extent in portable equipment, in amateur work, and in other
circumstances where the transmitter is required to operate somewhere
within a band of frequencies but is not required to maintain any exact
frequency to a high degree of precision.

Master
oscrl/ator

Hf*

Intermediate Final
power amplifier power amplifier

Bypass
condenser

-125 V 125V 2000

V

U/WV\^|-|

Fig. 286.—Simplified circuit diagram of 2-kw ship transmitter designed for use in the
frequency range 125 to 500 kc. This transmitter consists of a master oscillator and inter-
mediate and output amplifiers and is keyed by opening the ground connection of the plate
and grid return leads.

Compared with crystal-controlled transmitters, the master-oscil-
lator power-amplifier arrangement has the advantage of simplicity.
The master-oscillator can operate at the transmitted frequency and can
be designed to develop sufficient power to excite the final power amplifier
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directly. This eliminates the chain of frequency multipliers and Class

C amplifiers commonly required to develop large powers when crystal

control is employed.

A typical master-oscillator power-amplifier transmitter for marine

radio-telegraph communication at frequencies below 500 kc is shown in

Fig. 286. This consists of a master oscillator, followed by a buffer

power amplifier which excites a final Class C power amplifier. A typical

low-power master-oscillator power-amplifier short-wave transmitter is

illustrated in Fig. 287 and consists of a master oscillator which excites a

screen-grid Class C power amplifier directly.

The frequency stability of a master-oscillator power-amplifier arrange-

ment is usually less than that of a crystal-controlled transmitter because

'Blocking condenser for shunt feed

By-pass
condenser-^

i

^»^*W/& &£&£.,„«

By-pass
t

\~

condense,

1
;' condenser

St;*1—
To antenna

By-pass condenser

A. C.powersupply*

To oscillator filaments
'->2

->J
To amplifier
filaments I+4 l

Fig. 287.—Circuit diagram of typical low-power master-oscillator power-amplifier short-

wave transmitter.

of the variation in oscillator frequency with temperature, electrode

voltages, etc., but, by careful attention to design details and by placing

voltage regulators in the power-supply systems, the frequency stability

can be made quite high, in fact, adequate to meet the governmental

regulations for code transmitters. If, in addition, the master oscillator

and its associated tuned circuits are placed in a compartment that is

maintained at constant temperature, the frequency stability can be

still further improved. Transmitters of this latter type, involving a

low-power tuned-circuit oscillator followed by harmonic generators and

Class C amplifiers, have a frequency stability comparable with that of the

ordinary crystal-controlled transmitter.

Transmitters Employing a Simple Oscillator.—Simple oscillators

delivering their output directly to the antenna have the disadvantage

that any change in the load, such as might be produced by wind blowing
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on the antenna, reacts upon the oscillator and tends to change the
frequency. It is consequently necessary with such transmitters to
arrange matters so that the inherent frequency stability is as high as

possible and so that the load is essentially a resistance that is relatively

loosely coupled to the tank circuit of the oscillator.

103. Keying of Code Transmitters.—The output of a high-power
crystal-controlled transmitter is ordinarily turned on and off in accord-
ance with the characters of the telegraph code by means of a keying
system which operates on one of the low-level amplifier or harmonic
generator tubes in such a way as to remove the alternating-current excita-

tion from the grids of the large tubes. The full power output is thus
controlled by keying only a small amount of energy and a low-power
relay can be used. The crystal oscillator and its buffer tube normally
have an independent source of anode power and are allowed to operate
continuously in order that the generated frequency may reach an equilib-

rium value that is unaffected by the rapidity and character of the keying.
There are a number of ways by which a power-amplifier or harmonic-

generator tube may be prevented from delivering output to a succeeding
tube. A typical example is illustrated in the schematic diagram of the
high-power transmitter shown in Fig. 282. Keying is accomplished here
in the first doubler stage by reducing the plate voltage supplied to

the doubler tube to the point where the output is insufficient to bring the
instantaneous grid potential of the succeeding tube above cut-off. The
keying unit consists of two 50-watt tubes in parallel, the plates of which
are fed in parallel with the plate of the first doubler tube through a
common resistance from the 3000-volt power supply. When the key is

down, a negative bias exceeding the cut-off value is placed on the grids

of the keying tubes so that the keying unit draws no current and allows
normal voltage to be applied to the plate of the doubler tube. When
the key is up, a slightly positive voltage is applied to the grids of the
keying tubes, causing these tubes to draw a large plate current through
the series resistance and hence to reduce the potential that is applied to
the plate of the doubler tube to a very low value. Another method
consists of an arrangement that places a large additional bias voltage
on the grid of one of the amplifier or harmonic-generator tubes when the
key is up and removes the extra bias when the key is down. The added
bias is made sufficient to block the tube and so prevents operation of the
transmitter.

In the master-oscillator power-amplifier type of transmitter the ideal

keying arrangement would permit the oscillator to operate continuously
from a separate power source and would key in the power-amplifier

circuit. From a practical point of view, however, a separate power
source for the master oscillator is seldom justified. A variety of methods
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are employed for keying such transmitters, including the use of a relay
in the high-voltage supply, a key or relay in the primary circuit of the
plate-supply transformer, and various means for blocking one or more
of the tubes. A typical arrangement of the latter type is illustrated in
Fig. 286, and involves grounding the grid and plate return leads through
the key. 1 When the key is down, the tubes operate in a normal manner;
when the key is up, the plate and the filament assume the same potential
(i.e., ground potential), causing the negative plate lead and hence the
grid potential to become negative with respect to the filament, thereby
blocking the tubes. A modification of this method is shown in Fig. 287,
where the key removes the ground from the amplifier filaments to block
operation.

Transmitters in which there is an oscillator that delivers its power
directly to the radiating system are usually keyed in the same manner
as master-oscillator power-amplifier arrangements.

Keying Troubles.—A proper keying system gives clean-cut dots and
dashes having constant carrier frequency and produces a minimum of
interference. To achieve this it is necessary to pay proper attention
to the details of the keying action.

Constant carrier frequency means freedom from frequency variations
during the interval of a dot or dash, and also freedom from drift in fre-
quency during operation. Frequency variation during a dot or dash
produces an effect commonly termed a chirp, and may be the result
either of power-supply systems with poor regulation or of rapid heating.
Gradual drifts in frequency during transmission can be attributed to
gradual heating of tuned circuits, tubes, etc., causing the frequency to
drift steadily during use and to be different for continuous operation than
after a period of rest. These slow drifts can be virtually eliminated in
crystal-controlled oscillators by proper design, and in the case of other
systems can be minimized by operating tubes and equipment conserva-
tively and by sending out dots during otherwise idle intervals in order
to maintain the temperature somewhere near normal.

Some keying systems fail to give clean-cut dots and dashes, particu-
larly when the speed of keying is high. Thus, if the keying is done on
the primary side of the plate power transformer, a brief interval must
elapse after the key is depressed before the normal direct-current voltage
is obtained from the filter output, while, after the key breaks the circuit,

the transmitter will continue to operate for a brief time as a result of the
energy stored in the filter inductances and capacities. 2 The result is

1 For other keying methods in which one or more of the tubes are made inoperative,
see "Radio Amateur's Handbook," American Radio Relay League.

2 Other methods of keying also produce transients that distort the code characters
somewhat. For example, in the keying arrangement of Fig. 282 the load on the
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that the code- characters are rounded off and tails tend to form after each
impulse; with very fast keying there may be actual overlapping.

Code transmitters with poorly designed keying systems also commonly
produce interference in near-by radio receivers even when these are

tuned to an entirely different frequency from the transmitted carrier.

This interference is in the form of thumps or clicks which occur as

the key makes and breaks its circuit. Such key clicks are caused by
high-order side-band frequencies produced by the sudden starting and
stopping of oscillations. In a hypothetical case where the transmitted

energy is assumed to be turned on and off instantly, the resulting wave
can be considered as containing side-band components extending all

the way from zero to infinite frequency, and, although the amount of

energy at any one frequency is extremely small, interference is produced in

near-by radio receivers. The remedy for key clicks is either to make
the radiated energy pass through tuned circuits which suppress the

high-order side-band components or to use a time delay or lag circuit

in association with the keying so that the transmitted signals are turned

on and off gradually rather than abruptly, thereby preventing the genera-

tion of high-order side bands. Either method is satisfactory. In the

former it is necessary to provide proper shielding so that the undesired

side-band components will not be radiated without passing through the

tuned circuit; in the latter method it is necessary to proportion the lag

circuit carefully to avoid seriously distorting the code characters, while

at the same time suppressing the clicks.

104. Radio-telephone Transmitters.—In radio-telephone transmitters

the output is modulated in accordance with the intelligence to be trans-

mitted, instead of being simply turned on and off by means Of a key.

The usual radio-telephone transmitter consists of a stable oscillator,

usually a crystal oscillator, followed by a chain of amplifiers, one of which
is modulated by one of the methods described in Chap. IX. The
oscillator is practically never modulated because the accompanying
frequency modulation would result in the production of high-order side

bands. The modulation may take place in the final power amplifier,

which is referred to as "high-level" modulation, or may take place in

one of the lower power stages, which is termed "low-level" modulation.
In the latter case it is necessary that all the amplifiers following the

modulated stage be linear amplifiers in order to avoid distortion of the

modulation. The use of low-level modulation has the advantage of

requiring only a small amount of modulating power, but the disadvantage

rectifier-filter system supplying the final power tubes varies with the keying, thus
setting up transients in the filter system which distort the transmitted impulses. For
further information concerning such transients, see Reuben Lee, Radio Telegraph
Keying Transients, Proc. I.R.E., vol. 22, p. 213, February, 1934.
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of requiring linear amplifiers, which are difficult to adjust and which

also have low average efficiency when handling modulated waves. Hlgh-

Fio, 289a,—Views of RCA 1-kw broadcast transmitter,

level modulation eliminates the necessity of linear amplifiers but requires

correspondingly more audio-frequency modulating power. Both systems

are capable of giving satisfactory performance, so that the choice is
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determined by an economic balance between power costs, tube costs, etc.,

and this depends to a considerable extent upon the design details and the

type of audio-frequency power amplifier employed.

2 3

Fig. 28%.—Views of EGA 1-kw brostdeast transmitter.

Broadcast Transmitters.—The transmitters used in radio broadcasting

represent the highest development in radio-telephone transmitters from

the point of view of frequency stability, fidelity of modulation, etc.
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Crystal-controlled oscillators are universally employed to meet the
frequency-stability requirements, and, since the broadcast frequencies
are in the band 550 to 1500 kc, it is possible to grind crystals to generate
the desired carrier frequency and thereby to dispense with harmonic
generators. The crystal oscillator is followed by one or more stages of

Class C buffer amplifiers, after which comes the modulated amplifier.

In the case of low-level modulation this is followed by one or more stages
of linear amplification. The only methods of modulation employed to
any extent in broadcast work are the grid-modulated and plate-modulated
Class C amplifiers, both of which permit complete modulation with
relatively little distortion.

Schematic diagrams of typical broadcast transmitters are shown in

Figs. 288, 290, and 291. The transmitter of Fig. 288 is an RCA 1-kw
model employing high-level modulation. The tube sequence in the
radio-frequency chain is as follows

:

5-watt crystal oscillator.

73^-watt screen-grid Class C amplifier.

100-watt neutralized triode Class C amplifier.

Two 100-watt triodes operated as neutralized push-pull Class C amplifiers.

Four 250-watt triodes connected in parallel push-pull, and plate modulated.

The audio-frequency system consists of a three-stage amplifier, the final

stage of which is a Class B audio amplifier capable of delivering sufficient

audio power (about 800 watts) to modulate completely the output of

the final radio-frequency power amplifier. Photographs of this trans-

mitter are shown in Fig. 289.

The schematic diagram of a 50-kw Western Electric transmitter using
low-level modulation is shown in Fig. 290. The tube sequence in the
radio-frequency system is as follows

:

5-watt crystal oscillator.

5-watt Class C buffer amplifier.

50-watt Class C amplifier.

50-watt plate-modulated Class C amplifier.

Two 250-watt tubes as linear push-pull amplifiers.

Two 35-kw water-cooled tubes as linear push-pull amplifiers.

Six 35-kw water-cooled tubes as linear push-pull amplifiers.

The audio-frequency system consists of a two-stage amplifier, the final

stage consisting of a 250-watt tube operated as a Class A amplifier.

Complete modulation is obtained by operating the modulated radio-

frequency amplifier at an appreciably lower plate voltage than the

modulator tube.

The schematic circuit diagram of a 5-kw Western Electric transmitter

employing low-level grid modulation is shown in Fig. 291. The sequence

of tubes in the radio-frequency chain is as follows

:
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5-watt crystal oscillator.

5-watt buffer amplifier.

Two 5-watt tubes connected in parallel as Class C amplifier.

Two 250-watt tubes connected in push-pull and grid modulated.

Two 10-kw water-cooled tubes as push-pull linear amplifier.

The audio-frequency system consists of a two-stage amplifier, the second

stage being a single triode capable of developing an undistorted power

output of 10 watts when operating as a Class A amplifier. When the

linear amplifier is omitted and the output of the modulator is delivered

directly to the antenna, the result is a 100-watt transmitter suitable for

low-power broadcast stations.

In comparing these three transmitters certain essential differences

will be noted. The arrangement employing high-level modulation with a

Class B audio amplifier has a greater over-all power efficiency and a

smaller installed tube capacity than the other systems in proportion to

carrier power and so tends to be preferred in high-power stations where

the power and tube cost is high. 1 Low-level modulation, while less effi-

cient than high-level modulation employing Class B modulators, has the

advantage of requiring less audio-frequency amplification and of avoiding

the possibility of audio distortion which develops in Class B audio ampli-

fiers not carefully supervised. Grid modulation has the advantage of

requiring relatively little audio power, but the disadvantage of making

the modulator efficiency quite low.

The performance of a commercial broadcast transmitter leaves very

little to be desired. Thus the manufacturers of the transmitter of Fig.

288 specify the following performance:2

Carrier stability ± 10 cycles.

Frequency response flat within 1 db from 30 to 10,000 cycles.

Audio harmonics (r.m.s.) less than 2.5 per cent at 400 cycles for 95 per cent

modulation.

Short-wave Radio Telephone Transmitters.—Transmitters used for

broadcasting at high frequencies are similar to the broadcast transmitters

described above except for the fact that harmonic generators must be

employed between the crystal oscillator and the modulator to obtain

1 A description of a 500-kw broadcast transmitter employing high-level Class B
audio modulation is describedby J. A. Chambers, L. F. Jones, G. W. Fyler, R. H.

Williamson, E. A. Leach, and J. A. Hutcheson, The WLW 500-kw Broadcast Trans-

mitter, Proc. I.R.E., vol. 22, p. 1151, October, 1934. This transmitter is notable in

that the Class B audio amplifier required to modulate the 500-kw carrier completely

consists of eight 100-kw water-cooled tubes developing an undistorted power output

of approximately 800 kw.
2 An extensive survey of the problem of high-quality broadcasting is given by

Stuart Ballantine, High Quality Radio Broadcast Transmission and Reception, Proc.

I.R.E., vol. 22, p. 564, May, 1934.
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the high frequencies. Short-wave transmitters used for airplane, police,

amateur, and other similar purposes are similar in a general way to

short-wave broadcast transmitters but need not ordinarily meet the

same high requirements with regard to stability of carrier frequency,

audio-frequency range, and distortion. This permits the use of other

modulation systems, such as the suppressor-grid modulated or control-

Crysfal
oscillator

Class C amplifieror Suppressor-grid

harmonic generator modulated amplifier

i £ ^^tennot

+ Et

Suppressorbias

Fig. 292.—Typical amateur telephone transmitter employing suppressor-grid modulation.

grid modulated Class C amplifier in which the grid is driven positive.

An example of a typical amateur transmitter employing suppressor-grid

modulation is shown in Fig. 292.

Transmitters designed for use in airplanes must be light in weight,

compact, and have the highest possible over-all power efficiency. This

requires care in the design, and in some cases resort to special circuit

arrangements to utilize effectively the full possibilities of the equipment.

Oscillator

Firsr radio
frequency
amplifier

-f

YSecondradio -

frequency .. y1

amplifier % -*

Fig. 293.

Audio
amplifier

-Schematic circuit diagram of Western Electric 50-watt transmitter intended for

airplane use.

An example of such an arrangement is the Western Electric transmitter

of Fig. 293. This consists of a crysfal oscillator with the crystal ground

to the frequency to be transmitted, followed by two stages of screen-grid

radio-frequency amplification. Modulation is accomplished by simul-

taneously modulating the screen voltage of the tubes in both stages of

radio amplification. The adjustment is such that the carrier wave is
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partially modulated in the first radio-frequency amplifier tube, and this

partially modulated wave is then completely modulated in the second

Fig. 294.—Photographs of typical airplane short-wave telephone transmitter.

radio-frequency amplifier. With this particular transmitter it is possible

to obtain complete modulation of a 50>watt carrier with only 1 watt of
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audio power and with a maximum distortion of less than 10 per cent.

Photographs illustrating the kind of construction commonly employed
with airplane equipment are given in Fig. 294.

Long-wave Radio-telephone Transmitters.—Radio-telephone transmit-
ters operating below 500 kc are usually of the master-oscillator power-
amplifier type with the modulation introduced into one of the Class C
amplifiers. An example of such a transmitter is shown in the schematic
circuit diagram of Fig. 295, which is a United States Coast Guard 500-

watt transmitter intended for use in the frequency range 125 to 500 kc,

and including provision for either telegraph or telephone communication.
The transmitter consists of a 50-watt oscillator, an intermediate radio-

frequency amplifier made of three 50-watt tubes in parallel, and a 1-kw

Amplifier Modulated

3-50wa+t Amplifier

tubes 1-kw. tube
^Neutralizing condenseA

T

Bias barfery +2,000 V. +1,000'V

Fig. 295.—Circuit diagram of radio-telephone transmitter in which the frequency is
controlled by a master oscillator. This transmitter is intended for use in the frequency
range 125 to 500 kc, and is not arranged to give 100 per cent modulation.

output amplifier. Telephone communication is obtained by modulating
the plate circuit of the output amplifier by a 1-kw modulator tube, the
grid of which is excited by a 50-watt audio-frequency amplifier tube.

105. Miscellaneous Features of Radio Transmitters. Control and
Monitoring Systems.—Large radio transmitters are usually made so that
the transmitter may be placed in operation by pressing a single push
button. The circuit thus closed causes the various contacts to be made
in the proper sequence and with the requisite time delay, and interlocks

are provided to prevent damage to the transmitter if some part fails

to function. Transmitters are also provided with a certain amount of

relay protection which will take care of overvoltages, undervoltages,
failure of the circulating water in water-cooled tubes, short circuits, etc.

Satisfactory performance of radio transmitters is insured by system-
atic monitoring of the carrier frequency and the; quality of the signals.
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The frequency of broadcast transmitters is continuously checked against
a secondary standard of frequency consisting of a carefully designed and
operated crystal oscillator. The signals of other types of transmitters are
normally checked periodically for frequency against a primary or second-
ary standard located within range of the transmitted signals.

In code transmitters the character of the transmitted signals obtained
with hand keying is usually observed at the transmitting station by
listening on an insensitive well-shielded radio receiver. In high-speed
transmission, tape or oscillograph recording is used to detect faultykeying.

The usual provisions for monitoring the quality of signals transmitted
by a radio-telephone transmitter comprise a loud-speaker operated by
rectifying a portion of the modulated output with a linear detector, and
some method, commonly a cathode-ray device, for observing the linearity
and degree of modulation. In this way it is possible to maintain a
close check upon the performance of the transmitter and to detect
improper operating conditions such as oVermodulation and other forms of

• distortion.

Hum in Radio-telephone Transmitters.—In broadcast transmitters
trouble is commonly experienced from the alternating filament current
modulating power-line hum upon the carrier in sufficient amount to
cause annoyance during intervals when the carrier is otherwise unmodu-
lated. Remedies include the use of direct-current generators for supply-
ing filament power, the introduction of a neutralizing hum in the
audio-frequency system, and the use of negative feedback as discussed
below. ,

Application of Negative Feedback to Radio-telephone Transmitters—
The amplitude distortion and hum in the modulation envelope can be
greatly reduced by making use of a modified form of negative feedback.
One method of doing this is to apply a small portion of the radio-frequency
output to a linear rectifier, thereby developing an audio-frequency voltage
that reproduces the modulation envelope. This audio frequency is

then fed back into the audio-amplifier system in the same way as a
portion of the output is superimposed upon the input in the negative
feedback amplifier discussed in Sec. 52. . An alternative arrangement
applicable to linear amplifiers but not to modulated amplifiers consists
in simply coupling the input and output tuned circuits in such polarity as
to give negative feedback. When the feedback process is properly
carried out, the result in either case is essentially the same as in the
ordinary feedback amplifier, there being a marked reduction in both
alternating-current hum and in the distortion of the modulation envelope.

In applying negative feedback to radio-frequency systems it is

necessary to take the same precautions as in ordinary negative feedback
amplifiers, keeping in mind that a stage of tuned radio-frequency amplifi-
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cation produces phase shifts in the modulation envelope which are of the

same order of magnitude as the phase shifts produced in a single stage of

audio-frequency amplification.

The transmitters shown in Eigs. 290 and 291 make use of negative

feedback. Here a portion of the output is rectified by a full-wave recti-

fier tube and is introduced into the grid circuit of the next-to-final audio

stage in such a manner that the phase is correct for negative feedback.

Suppression of Harmonics.—Since Class C and linear amplifiers

generate harmonics, it is necessary that care be taken to avoid the

radiation of energy on frequencies other than the desired carrier fre-

quency. The tank circuit of the final power amplifier helps greatly in

suppressing the undesired harmonics, particularly if the effective Q of the

circuit is high. However, in the case of high-power transmitters addi-

tional selectivity is required. This is commonly supplied by placing

between tank circuit and antenna a coupling system involving induc-

tances and capacities designed to discriminate very strongly against the

harmonics of the carrier frequency, while transmitting the desired carrier

and side bands with relatively little discrimination. The effectiveness

of suppression obtained increases with the reactive volt-amperes circulat-

ing in the network, depends somewhat, upon the extent the total induc-

tance and capacity is subdivided, and is increased by the use of capacitive

coupling. 1

It is to be noted that the use of a push-pull connection will eliminate

second harmonics provided the push-pull .stage is balanced and the

coupling between the tank circuit and the antenna is so arranged that

stray capacities do not transfer second-harmonic energy.

Simultaneous Two-way Telephone Conversation on the Same Frequency.

Radio-telephone channels that are links in wire telephone systems

sometimes make use of the same frequency for transmission in both direc-

tions. This presents special problems because the radio receiver that

picks up the signals from the distant transmitting station is necessarily in

close proximity to the local transmitting station which is operated on the

same frequency. Trouble is avoided by making use of relays which

switch the lancj lines to the transmitter or to the receiver, depending on

whether the speech is coming into, or going out of, the radio system.

The normal relay position connects the receiving equipment to the land

lines and disconnects the transmitters. If, however, voice currents are

received at the radio station from the land lint;, a relay disconnects the

1 For a detailed discussion of methods for avoiding harmonic radiation and particu-

larly for information on the design of coupling networks, see J. W. Labus and Hans

Roder, The Suppression of Radio-frequency Harmonics in Transmitters, Prpc. I.R.E.,

vol. 19, p. 949, June, 1931; Yuziro Kusunose, Elimination of Harmonics in Vacuum-

tube Transmitters, Proc. I.R.E., vol. 20, p. 340, February, 1932.
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receiving equipment from the land lines and places the transmitter on
the circuit instead. In order that no speech will be lost during the
brief interval when the relays are changing the connections, a time delay
provided by an artificial line or a long speaking tube is placed between the
point in the circuit where the voice energy operates the relay and the

.
point where the relay contacts change the connections. A schematic
diagram of the circuits involved is shown in Fig. 296. 1

Production of Single Side-band Signals.—Radio-telephone signals
consisting only of a single side band with the carrier and companion side
band suppressed have certain advan-
tages. Such signals are produced by
initially modulating the audio-fre-

quency signals upon a relatively low
carrier frequency using the balanced
modulator system of Fig. 231 to sup-
press the carrier. The undesired side

band is then eliminated by the use
of filters, which can be made suffic-

iently selective to separate one side

band from the other provided the
carrier frequency is not too great.

The remaining side band is then
modulated upon a second carrier

wave of considerably higher frequency than the first, and -one of
the resulting side bands is again selected by the use of suitable filters.
This process can be repeated as many times as is necessary to bring the
frequency up to the desired value, after which linear amplification is
employed to produce the required power. The only single side-band
radio system in commercial operation is the long-wave transatlantic
telephone which has the schematic transmitter layout illustrated in
Fig. 297. 2

Synchronous Operation of Broadcasting Transmitters.—In a number of
instances the carrier frequencies of two or more broadcast stations have
been synchronized in order to reduce interference. The usual method of
doing this involves the use of a relatively low control frequency trans-
mitted over telephone wires. For example, in one installation a 4-kc

1 Arrangements of this type are used in most radio links which attempt to provide
two-way talking service, even when different transmission frequencies are used in thetwo directions. For example, see G. C. Crawford, Echo Elimination in Trans-atlantic
bervice, Bell Lab. Record, November, 1927.

2 A corresponding single side-band short-wave radio-telephone system has been
devised and used experimentally for transatlantic operation with considerable success
See F. A. Polkmghorn and N. F. Schlaack, A Single Side Band Short-wave System fo-
Transatlantic Telephony, Proc. I.R.E., vol. 23, p. 701, July, 1935

Fig. 296.—Circuits, involving voice-
operated relay and time-delay network for
making possible two-way radio-telephone
communication using the same frequency
for transmission in both directions.
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signal is transmitted to each broadcast station and is used as a reference

against which the frequency actually transmitted is continuously com-
pared by automatic means.' If the transmitted frequency deviates from
synchronism with a harmonic of the reference frequency, means are

provided by which the transmitted frequency is automatically brought

back to the desired value. A number of variations of this general

procedure are possible, such as transmitting the control frequency by
radio, continuously comparing the two transmitted frequencies against

each other and then either automatically or manually adjusting one of

the transmitters if the frequency difference becomes excessive, etc. 1

Adjacent Channel Interference. 2—Radio-telephone transmitters some-

times produce interference on frequencies that are outside of the normal
side-band range and yet are relatively close to the carrier frequency.

Such adjacent channel interference is caused by high-order side bands

resulting either from distortion of the modulation envelope or from

Speech
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Balanced
Mcdu later

33,700-

S

33,700+S
33,700-S

First

Oscillator

SecondRtter
Transmits
41.000 to

71,000 Cyclei

3 .

Stage
—IAmplifier

__| Water
Cooled Tube

- Amplifier

To

ag-hnna

55,500+5

122,900-S

55,500+S

Second
Oscillator

33,700
Cycles

89,200
Cycles

Fig. 297.:—Schematic -layout of long-wave transatlantic telephone, showing how the single

side band is generated and amplified to a high-power level.

frequency or phase modulation of the transmitter. Thus, if the highest

modulation frequency supplied to a transmitter is 5000 cycles, distortion

of the. modulation envelope produces second-order side bands that

extend to 10,000 cycles on either side of the carrier, fifth-order side bands

extending 25,000 cycles, etc. These extended side bands will commonly
interfere with the local reception of signals from distant transmitters

long before the distortion involved is of sufficient magnitude otherwise to

impair the transmitter performance. Overmodulation caused by
occasional audio-frequency peaks is the commonest cause of adjacent

channel interference, since, when the peak value of the modulating

voltage becomes greater than that required for 100 per cent modulation,

1 For further " information on synchronized broadcast .transmitters, see L. McC.
Young, Present Practice in the Synchronous Operation of Broadcast Stations as

Exemplified by WBBM and KFAD, Proc. I.R.E., vol. 24, p, 433, March, 1936;

G. D. Gillett, Some Developments in Common Frequency Broadcasting, Proc. I.R.E.,

vol. 19, p. 1347, August, 1931.
2 For further information on this subject, see Ira J. Kaar, Some Notes on Adiacent

Channel Interference, Proc. I.R.E., vol. 22, p. 295, March, 1934.
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the trough of the modulation envelope will be zero for a portion' of the

time, giving rise to a distortion that ordinarily contains high-order

harmonic components.

Phase and frequency modulation produce high-order side bands as

explained in Sec. 81, and hence can give rise to adjacent channel inter-

ference. Frequency modulation occurs when the oscillator is modulated,

or when the buffer amplifier located between the oscillator and the

modulated stage allows the modulation to produce a reaction back upon

the oscillator. Phase modulation occurs when the tank circuit of the

modulated amplifier or one of the succeeding linear amplifiers is not

tuned exactly to resonance, or when there is some coupling between

circuits carrying modulated currents and circuits on the oscillator side

of the modulated tube which carry unmodulated currents.

Transmitters Employing Frequency and Phase Modulation.—Frequency

and phase modulation are similar to each other insofar as the end result

is concerned, but differ in the.method by which the modulation is obtained

and in the effect of the modulating frequency upon the modulation index.

rFixedplate *

—

<Wir> + c D
Flexible J r?\/£\ \ b.FChoke *
magnetic r-j

diaphragm |/

Modulating TF[ T
current 3 I

•

1

Fig. 298.-r-Simple arrangement for producing a frequency-modulated signal.

The term frequency modulation is hence commonly used to designate

phase modulation as well as pure frequency modulation. No commercial

communication system using frequency modulation has yet been placed

in operation, but extensive experimental work upon such systems is

being carried out, and these systems show promise for communication at

very high frequencies. •

Pure frequency modulation is obtained by. varying the generated

frequency in accordance with the amplitude of the modulated voltage.

This can be accomplished in various ways, a typical arrangement being

illustrated in Fig. 298. Here the modulating energy actuates an elec-

tromagnet that, displaces a diaphragm representing one plate of a con-

denser that is part of the tuning capacity of the' oscillator. A simple

•method of obtaining phase modulation is illustrated in Fig. 299a. Here

a portion of the energy from a master oscillator is amplitude-modulated

in any convenient manner, and after being shifted in phase by 90° is then

combined with a larger amount of unmodulated energy from the same
master oscillator. The resulting wave has a phase and amplitude

that vary with the modulation as illustrated by the vector diagrams of

Fig. 2996, and after being passed through a limiting amplifier to remove
the residual amplitude modulation represents a phase-modulated wave.
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The modulation index obtained with frequency or phase modulation
is increased by the use of harmonic generators. Thus, if the original

phase modulation represented a 20° variation in phase, three successive

frequency dpublers would increase the phase variation to 2 X 2 X 2 X 20
= 160°.

Secrecy Systems.—In radio extensions of telephone systems it is

desirable to preserve privacy. One possible method of doing this con-

sists in inverting all the speech frequencies by transmitting the high

speech frequencies as low modulation frequencies and the low audible

frequencies as high modulation frequencies. This can be accomplished

by heterodyne action. Thus, if the frequency band to be transmitted

is 400 to 3000 cycles, heterodyning the speech band with 3400 cycles and
then separating out the difference frequencies by means of a suitable filter

will transform an original 3000-cycle sound to 400 cycles, an original

400 cycles to 3000 cycles, and so on. At the receiving end the speech can
be restored by a second heterodyne operation. The system can be made

(b) Vector relations for

different values of Eg

(a) Circuit >»fcEpa
Oscillator

Ampltf-uo/e
rnoc/ulcftor Lirhi'ter

Ea+ eb;vV ^ ;" B

*)0°phase
shiftT

Modulating voltage

Fig. 299.—Method of generating a phase-modulated wave.

still more difficult to decipher by allowing the heterodyning frequency to

wobble slowly about 3400 cycles and then to wobble the heterodyning
oscillator at the receiver correspondingly. Other secrecy systems involve
such operations as dividing the audible range into bands such as 400 to

1000 cycles, 1000 to 1600 cycles, etc., and interchanging these bands
by making use of the heterodyne principle. If, in addition, means are

provided for automatically changing the method of rearrangement every
few moments according to a prearranged system, complete privacy is

practically assured. ' *

Interrupted Continuous Waves.—In code transmitters it is sometimes
desired to interrupt the transmitted dots and dashes at. a rate approxi-
mately 1000 cycles per second, giving what is termed I.C.W. (interrupted

continuous waves). This is commonly accomplished by the use of a
self-rectifying circuit using 500-cycle power or by the use of some form of

motor-driven interrupter or chopper. Interrupted continuous waves
can be received upon ordinary radio receivers without heterodyne action;
they also have the advantage in short-wave work that a certain amount of

frequency diversity is obtained as a result of the side bands produced by
the interruptions.
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Size of Successive Tubes in the Radio-frequency Chain.—The size of

successive tubes in the chain of radio-frequency amplifiers is determined
by the fact that the final amplifier tube must deliver the required output,
while each preceding tube must deliver sufficient output to excite the
tube that follows it. Inasmuch as the driving power required by a
particular tube depends greatly upon the exact operating conditions,
the size of tube required for excitation will depend greatly upon the design
details. Furthermore, the exciting power required by different tubes of
the same type will often vary considerably as .a result of variations in

secondary electron emission at the control grid; Consequently it is

usually desirable to design conservatively and to provide considerably
more driving power at each stage than is expected to be required under
ordinary conditions.

Transmitters for Very High Frequencies.—At frequencies exceeding
about 20 megacycles crystal-oscillator arrangements become complicated
because of the large number of harmonic generators required. Under
such circumstances ordinary oscillators, in which the frequency is made
stable by employing a specially designed resonant circuit having an
extremely high Q, are commonly employed. The most widely used
arrangement of this type makes use of a resonant transmission line to
control the frequency as discussed in Sec. 67. 1 When temperature com-
pensation is incorporated, the frequency stability compares favorably
with that of crystal-controlled transmitters.

For wave lengths down to about }i to 1 meter it is still possible to
•employ master-oscillator power-amplifier arrangements, the preferable
arrangement being to develop the final output power from a harmonic
generator. 2 At shorter wave lengths it is necessary to employ electron
oscillators either of the Barkhausen or split-anode type. Means have
been devised for modulating the output of such oscillators so that radio-
telephone signals can be transmitted, although in general these modulation
systems all

-

introduce an undesirably large amount Of frequency
modulation.

106. High-efficiency Systems for Radio-telephone Transmitters.—
None of the layouts that have been described for radio-telephone trans-

mitters are ideal. The high-level plate-modulated systems require a

1 Another form of high-frequency oscillator having a high Q-resonant circuit is

described by F. A. Kolster, Generation and Utilization of Ultra-short Waves in Radio
Communication, Proc. I.R.E., vol. 22, p. 1335, December, 1934. This employs a
specially designed one-turn inductance so arranged that the losses in the inductance
and in the associated fining capacity are extremely low. With temperature com-
pensation such an arrangement compares favorably with the resonant-line oscillator,

although it is not so satisfactory structurally.
2 See N. E. Lindenblad, Development of Transmitters for Frequencies above 300

Megacycles, Proc. I.R.E., vol. 23, p. 1013, September, 1931.
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very large amount of undistorted audio-frequency power, whieh is difficult

to obtain,, and high-level grid modulation, while requiring relatively little

audio power, is very inefficient. Low-level modulation on the other hand

requires the use of linear amplifiers, which have low average efficiency

when designed to handle a completely modulated wave. In order

to overcome or minimize these disadvantages, a number of high-efficiency

systems as described below have been devised.

Controiled-carrier Transmitters. 1—This type of transmitter, employs

low-level modulation so arranged that the carrier is turned on and off as

the amplitude of modulation varies. The transmitted wave in a. typical

case is therefore as illustrated in Fig. 300,* with the carrier amplitude

varying in accordance with the envelope of the modulating voltage.

When such a wave is applied to a linear amplifier, the average loss is

Modulating voltage

-^ms^^^-
Carrier- control led
modulated wave

,- Modulation

Carrier
amplitude

Fig. 300.—Wave transmitted from a station employing controlled carrier.

low because during the silent intervals little or no excitation is applied

to the linear amplifier and the tube losses are low, while during the peaks

of modulation the linear amplifier is developing full output but is then

operating under conditions favorable for high efficiency. Furthermore,

with ordinary sounds, the average amplitude is much less than the peaks,

which are also relatively infrequent. The satisfactory reception of a

carrier-controlled signal presupposes the use of automatic volume control

of suitable characteristics at the receiving point in order that the output

will be substantially independent of the carrier amplitude.

A typical circuit for producing a modulated wave having controlled

carrier is illustrated in Fig. 301 . Here low-level plate modulation using ^a

Class B audio modulator is employed. The contK)l of the carrier is
1

1 For further details concerning controlled-carrier transmitters, the reader is

referred to recent issues of QST and Radio. Condensed information or, the same

subject is to be found in "Radio Amateur's Handbook" and "The Radio Handbook."
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obtained by using a separate power-supply system for the plate circuit

of the modulated tube, and varying this supply voltage in accordance

with the modulation envelope by using the d-c current in the plate circuit

of the" Class B tubes to control a saturable reactor in series with

the primary circuit of the. power-supply system. Since the d-c plate

current of the Class B audio tubes is proportional to the amplitude of the

modulating voltage, the saturation of the saturable reactor will vary

likewise, causing the voltage across the primary of the power transformer

to increase as the modulation comes on and to decrease during the quiet

intervals.

The controlled-carrier transmitter has the advantage of enabling a

given linear amplifier to develop nearly twice as much power output for a

.. Modulated amplifier

Power supply system for

modulated amplifier

Class B
#

amplifier-

To Egfor
class B stage

Auto transformer
j

for boosting uq v
voltage '££

Fig. 301. -Circuit of controlled-carrier transmitter, showing saturable reactor method of

control.

given average dissipation as when an ordinary modulation system is

employed. The chief disadvantage is that, unless some form of time

delay is employed, there is a tendency for distortion to occur when the

amplitude of modulation is suddenly increased, siriceMhe amplitude of

the carrier cannot be increased instantly. Furthermore it is necessary

that the receiver have automatic volume control with suitable time con-

stants. The result is. that, while the controlled-carrier system of trans-

mission is not suitable for broadcast use, it has found considerable favor in

amateur work and in otner transmitters where a limited amount of dis-

tortion can be tolerated and where economy is of importance.

High Efficiency Obtained by Dynamic Shift of the Operating Condi-

tions. 1—The reason for the low average efficiency of linear amplifiers is

1 This method of obtaining high efficiency was developed independently but more

or less simultaneously by the author and J. N. A. Hawkins. For further details see
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that, when the carrier is unmodulated, the adjustments must be such that

the minimum plate voltage of the linear amplifier exceeds half the direct-

current supply voltage. This is necessary to accommodate the peak

amplitudes occurring with complete modulation., The average efficiency

can hence be improved by allowing the direct-current plate voltage to vary

in accordance with the envelope of the modulating voltage in such a way
that- at the peak of the modulation the direct-current plate voltage of the

linear amplifier is large, while during unmodulated intervals the direct-

current plate voltage is reduced to 65 per cent or thereabouts of its peak.

By varying the grid bias along with the plate voltage so that the operating

Modulating vol+oige

Pla+e vol+age

Grid vol+age

Fig. 302.—Oscillograms illustrating the action of a linear amplifier operated at high
efficiency by dynamic shift of the operating point.

point is always maintained at the same cut-off or projected cut-off point,

the linearity of the amplifier will not be interfered with. Oscillograms

illustrating the operation are shown in Fig. 302.

A typical schematic circuit for carrying out the necessary operations is

illustrated in Fig. 303. Here a saturable reactor is used to control the

voltages applied to the grid and plate electrodes of the linear amplifier.

The d-c current for this reactor is obtained by rectifying a portion of the

audio-frequency signal, so that the saturation will therefore vary with the

J. N. A. Hawkins, A -New High-efficiency Linear Amplifier, Radio, no. 209, p. 8, May,
1936; Expanding Linear Amplifier Notes, Radio, no. 210, p. 63, June, 1936; F. E.

Terman and F. A. Everest, Dynamic Shift, Grid Bias Modulation, Radio, no. 211,

p. 22, July, 1936.
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envelope of the modulation envelope. Only a portion of the grid bias is

obtained from the variable source, and the ratio between fixed and variable
bias is so proportioned that, as the saturation of the reactor is varied, the
ratio of plate-voltage change to grid-voltage change is equal to the ampli-
fication factor of the tube,, thereby maintaining the desired operating
condition, irrespective of the saturation of the reactor. In- such an
arrangement the plate-supply voltage during the quiet intervals is just
sufficient to accommodate the un-
modulated carrier with a reasonable

margin of safety. As the modula-
tion comes on, the reactor satu-

rates, increasing both grid and plate

voltages and thereby enabling the
linear amplifier to accommodate
the increased amplitude of the
exciting voltage.

These principles can also be
applied to obtain a high-efficiency

grid or suppressor-modulated am-
plifier. It is merely necessary to

readjust the relative proportions ifgnal

of variable and fixed grid bias so
that, when the exciting voltage is

present, but with no modulating
voltage, variation in the saturation

of the reactor will not produce
appreciable change in the carrier

output. The modulation is then

Variable
biaspower
supply

Plate
power
supply

-Ox

Output

Rectified current

Auto transformer
for boosting
voltage

^Saturable
reactor

Fig. 303.—Schematic circuit for high-
efficiency linear amplifier employing dy-
namic shift of the operating point.

superimposed upon the control-grid or suppressor as the case may be.
As compared with controlled carrier, the dynamic-shift method of

obtaining high efficiency has the advantage of higher efficiency and of
providing a carrier of constant amplitude. The chief disadvantages are
the accessory equipment required to produce the dynamic shift and the
fact that, unless time delay is introduced in the audio-frequency circuits
leading to the modulator, there will be a tendency toward distortion when
the modulation suddenly increases, exactly as in the case of the controlled
carrier.

High-efficiency Linear Amplifier.—It is possible to maintain the average
efficiency of a linear amplifier at a value exceeding 60 per cent by an
ingenious arrangement due to Doherty. 1 A schematic diagram of this
amplifier is illustrated in Fig. 304a. Here the amplifier is divided into two

l For further information see W. H. Doherty, A New High Efficiency Power
Amplifier for Modulated Waves, Proc. I.R.E., vol. 24, p. 1163, September, 1936.
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parts: Ai, which delivers its output to the load through an artificial

line equivalent to a quarter-wave-length transmission line, and A 2 which

(a) Fundamental circuit
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(b) Practical circuit
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Fig. 304.—Schematic diagram of Doherty's high-efficiency linear amplifier.

delivers its output directly to the load. A phase shift of 90° is provided in

the excitation of one of the amplifiers to compensate for the 90° phase

shift in the artificial line and to- allow the outputs of the two amplifiers to
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add. Amplifier A\ is adjusted to operate as an ordinary linear amplifier

while A 2 is biased so that no plate current flows until the exciting voltage

exceeds the value corresponding to the carrier amplitude. 1

The circuits are so designed that, when the carrier voltage is applied to

A\ and there is no plate current flowing in A%, the effective load impedance

in the plate circuit of amplifier A\ is such as to make the minimum plate

voltage of this tube quite small, while at the same time the alternating-

current voltage across the load impedance {i.e., in the plate circuit of

A 2) is exactly half the alternating- current voltage in the plate circuit of

A 1. If the load impedance required in the plate circuit ofA 1 is a resistance

Ri, then the required relations are realized by making the load impedance

actually used in the plate circuit of A 2 a resistance JRi/4 and by designing

the quarter-wavelength line to have a characteristic impedance Ri/2. 2

With this arrangement the amplification is substantially linear, while the

efficiency normally exceeds 60 per cent.

The operation can be explained as follows : For exciting voltages that

do not exceed the carrier amplitude, amplifier A 2 is inoperative and A\

functions as an ordinary linear amplifier developing an output voltage

proportional to the exciting voltage. When the exciting voltage exceeds

the carrier amplitude, however, A 2 also supplies energy to the load. . This

causes the equivalent load impedance to the A 2 end- of the transmission

line to be increased because the output from A% increases the voltage across

the load in proportion to the current delivered to the load by the line.

•Now in a quarter-wave-length transmission line the impedance at the

sending end" of the line is equal to Zo2/Z 2 , where Z is the characteristic

impedance of the line and Z2 is the equivalent load impedance at the

receiving end. ' Consequently, as amplifier A 2 delivers energy to the load,

the impedance which the sending end of the line presents to the plate of

A 1 is decreased, thereby enabling A 1 to deliver more output power with the

same alternating-current voltage in the plate circuit, until at the peak of a

completely modulated wave each tube delivers to the load twice as much
energy as the carrier power. .

The details involved are illustrated in Fig. 304d for an actual case. It

will be noted that the alternating voltage in the plate circuit of tube A\

increases almost linearly with excitation up to the carrier level and then

flattens off abruptly at a value for which the crest alternating voltage is

1The bias voltage required to accomplish this is very nearly equal to half the bias

required for cut-off with the plate-supply voltage used, plus an added bias voltage

equal to the crest amplitude of the exciting carrier voltage. This is arrived at by

noting that the alternating voltage in the plate circuit of amplifier A 2 when there is no

modulation is just slightly less than half the direct-current plate-supply voltage.

2 The series reactance Xi and shunt reactance X 2 required in the artificial lines of

Figs. 304 and 305 to make the length exactly a quarter wave length and to have a

characteristic impedance Zq are X\ = X2 = Zo.
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only slightly less than the battery potential. The d-c plate current and
hence the input power do not flatten off, however, but continue to increase
almost linearly with the exciting voltage up to an amplitude corresponding
to the peak of the modulation cycle. The alternating voltage in the plate
circuit of amplifier A 2 \i.e., the output voltage) is substantially linear up
to the peak of the modulation cycle, while the d-c current of the second
tube does not begin to flow until the exciting voltage approaches the
carrier value, but it then increases rapidly and becomes equal to the d-c
current of amplifier A x at the peak of the modulation cycle.

Tube Ay operates with low plate losses and good efficiency because,
when the exciting voltage equals or exceeds the carrier value, the minimum
plate voltage is small, while, with exciting voltages less than the carrier

value where the efficiency is low, the power input and hence the plate
losses drop off rapidly. Tube A 2 likewise operates with low plate losses

and good efficiency because no current flows in the plate circuit, until the
minimum plate potential is approximately half the supply voltage, and
then there is not much input to the tube until the crest of the modulation
cycle is approached, when the tube operates as a high-efficiency Class C
amplifier. As a consequence the over-all efficiency in practice is of the
order of 60 to 65 per cent, and is substantially independent of the degree of

modulation.

The average power developed in the high-efficiency linear amplifier

is divided unevenly between the tubes. With no modulation A :L develops
the full carrier output and A 2 has no output, while with full modulation
the powers developed by Ai and A 2 are, respectively, 0.93 and 0.57

of the carrier power. Hence the output of A i is roughly constant at the
carrier value, while the output of A 2 is approximately equal to the side-

band power. The division of losses is still more uneven, since A 2 operates
on the average at Higher efficiency than Ai, and also is called upon to

develop power only in proportion to the modulation. The result is

that, although A 2 must develop as much power to the peak of the modula-
tion cycle as A\, the plate dissipation that must be provided in A 2 is

much less. •
.

In practical high-efficiency amplifiers it is permissible to combine the
receiver-end capacity C" of the line with the tuned load circuit, while a
low-impedance path to harmonics in the plate circuit of Ax can be obtained
by substituting for the capacity at the A i end of the line a sharply resonant
circuit detuned just enough to offer the required capacitive reactance, as

in Fig. 3046. An alternative arrangement which permits the use of a
transmission line with low characteristic impedance and hence low Xi is

shown in Fig. 304c. In arranging for the excitation of amplifiers Ax and
A 2 it is commonly found that, with an adjustment that causes the carrier

input to develop the proper output in A h the peak of the modulation



Sec. 106] RADIO TRANSMITTERS ,
543

cycle will cause the grid of A i to be driven so far positive- that the grid

current and hence the driving power will be excessive. This trouble Can

be avoided by obtaining part of the bias for Ax from a grid-leak arrange-

ment so that the bias will increase at the peak of the modulation cycle,

or i.t can be avoided by using a phasing arrangement consisting of a

quarter-wave-length line arranged as shown in Fig. 3046. In this latter

arrangement, increased grid current reduces the impedance at the grid end

of the line and thereby lowers the voltage at the peaks, and incidentally

reduces the driving power.

In the practical adjustment of a high-efficiency linear amplifier the 90°

phase shift required between the grids of the two tubes can be realized

with the aid of a cathode-ray oscillograph. In tuning up the plate circuit

of the arrangement shown in Fig. 304a and b, the usual procedure is to

make the line inductance Xx the calculated value and then to adjust the

tuned load circuit LC until a cathode-ray oscillograph shows a 90° phase

difference at the two ends of the line. The condenser C at the sending

end of the line is then adjusted for minimum plate current in Ax when
the exciting voltage is such as to make A 2 inoperative. The load is theli

coupled into the tank circuit LC and adjusted until the voltage across the

load is half the voltage across the sending end of the quarter-wave-length

line when the excitation is such as to make A 2 inoperative. With the

circuit of Fig. 304c the adjustment procedure is the same except for the

fact that the point at which the transmission line is tapped to the tuned

circuits affects the load coupling required and also the tuning adjust-

ments of condensers C and C.
This type of amplifier, while very new, shows every prospect of becom-

ing important in cases involving high power. The Over-all efficiency

obtainable is higher than with any other system, even including high-level

Class B audio modulation, while at the same time the advantages of low-

level modulation are retained. The chief disadvantage is that, since the

artificial line is not exactly a quarter wave length, long to the side-baiid

frequencies, the system does not function exactly as outlined, particularly

when the modulation frequency is high, with consequent distortion at

high modulation frequencies.

High-efficiency Grid- and Suppressor-modulated Amplifiers.—The same
principles outlined above can be applied to grid- or suppressor-modulated

amplifiers to obtain high-efficiency high-level modulation with low audio

power. A schematic circuit diagram is illustrated in Fig. 305, and is

essentially the same as for the linear amplifier of Fig. 304 except that the

tubes, instead of being excited with a modulated wave, are excited by an

unmodulated carrier voltage, with a modulating voltage applied' to either

control or suppressor grids. Amplifier A i is operated as an ordinary grid-

6r suppressor-modulated tube with the circuit adjustments such that with



544 RADIO ENGINEERING [Chap. XII

no modulation and the second amplifier inoperative the minimum plate

voltage will be small, while the alternating-current voltage in the plate

circuit of A 2 is half the voltage in the plate circuit of A\. The second

amplifier is so biased that it delivers output only on the positive half

cycles of the modulation. Under these circumstances the tubes divide

the load exactly as in the case of the high-efficiency linear amplifier, and
the average efficiency is approximately the same, i.e., at least 60 per cent.-

Grid phasing Quarter wavefength
Y-line->\ \<- 'me —>t

Carrier
wave o

Audio modulating
vof+age

JiMP' X
T ,7£

Tx7x7

Fig. 305.—Schematic diagram of high-efficiency grid-modulated amplifier

Outphasing System of Modulation.—This is an ingenious arrangement

which takes advantage of the fact that, when the side-band frequencies

are shifted 90° from the phase position existing in an amplitude-modulated

wave, the envelope of the resulting wave is . of substantially constant

amplitude irrespective of the amount of side band present. 1 Such a

wave can be amplified without distortion and with high efficiency by

Crystal

Oscillator

Buffer

Amp.

Audio Modulating

Voltage

(a)

i—| Class C.

Amplifier

(b)

Class C—j-»- Class

f
[Amplifi

ri+9o°
L_JPhase shi

(0
Class C
Amplifier

(d)

Balanced
Modulator

J

shift

^'•Double side-band
(no carrier)

\ I (cTj \~\
J •— Class C —•->-

90°

Phase shift

(a')

Class C
Amplifier

~~w~
Class C

Amplifier

Phase

Shift
Class C
Amplifier

Load
Impedance

Vector Diagram for Carrier

(c)A-.
/ JvResu/tant

\~i differential

(c')\/ output

Vector Diagram
for Side-bands
(cj,_

differential

output

(%>$-Resultant

Fig. 306.—;Schematic layout of transmitter employing crtltphasing modulation.

a Class C amplifier, after which it can be converted back into an ampli-

tude-modulated wave by a suitable phase shift of the carrier with respect

to the side-band components.

1 The wave that results from this shift in phase of the side-band components is

practically identical with a phase-modulated wave, the only difference being that

there are no second- and higher order side bands present. The result can therefore,

be termed a quasi phase-modulated wave.
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A practical arrangement for carrying out the necessary operations is

illustrated schematically in Fig. 306. The balanced modulator shown can

be of the type illustrated in Fig. 231 and produces side-band frequencies

substantially free' of carrier. A portion .of the output of this modulator
is shifted +90° in phase and combined with the output of the Class C
amplifier marked a, while another portion is shifted in phase — 90° and
combined with the output of the Class C amplifier marked a\ These
resultant outputs are then amplified to the desired power level, and provi-

sion is made for shifting slightly the relative phases of the two amplifiers.

The outputs of the two final Class C amplifiers marked c and c' in Fig. 306
are then connected to the load so that the input to the load is .the vector

difference of the outputs of the amplifiers. With this arrangement the

carrier supplied to the load is the difference of two equal vectors which are

almost but not quite in phase opposition, and so is almost 90° out of phase
with the carriers in the individual amplifiers as shown by the vector

diagram of Fig. 306. On the other hand the side-band frequencies com-
bine substantially in phase in the output because they were initially in

opposite phase in the two amplifier branches. As a result, the original

modulated wave is regained in the output.

The outphasing system of modulation combines the advantages of low-

level modulation with the high efficiency of Class C amplification, and
with proper adjustment it will give very low distortion. The method has

been used commercially in several of the high-power French broadcasting

,
transmitters with entirely satisfactory results. 1

Problems

1. Design a code transmitter delivering 300 watts output at a frequency of 7500 kc
and having crystal control with the crystal operating at hah the transmitted frequency.

The design includes a complete circuit layout with circuit constants specified as far

as possible, choice of tubes, and rough determination of tube-operating conditions

(such as preliminary estimates of grid bias, driving power, d-c plate current, plate

efficiency, etc., for each stage). In this problem make full use of tube data given in

tube manuals, and provide approximately 100 per cent more driving power than
estimates indicate is necessary. .

2. Explain in detail the operation of the keying system used in Fig. 287.

3. Explain .why the transmitter of Fig. 282 does not produce serious key clicks.

4. a. Make sketches of the systems used in the transmitters of Figs. 288, 290, and
291 to couple the modulator tube to the modulated amplifier.

b. In each pf these arrangements explain the factors that determine the extent

to which the high and low audio frequencies fall off as a result of imperfect coupling.

5. In the transmitter of Fig. 288, draw to a large scale the circuit of the output
stage (the part to the right of the dotted line), label each circuit element, and explain

its purpose.

.

1 For further information see H. Chireix, High Power Outphasing Modulation,

Proc. I.R.E., vol. 23, p. 1370, November, 1935.
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6. In the transmitter of Fig. 288 determine values for the filter inductance and
condenser such that the ripple voltage modulated upon the transmitter output will
not produce a degree of modulation exceeding 0.001.

7. In the transmitter of Fig. 290, explain (a) the purpose of the resistance shown
in series with the neutralizing condenser of the 50-watt modulated tube, (b) the reason
for the resistance between ground and the center of the tank^circuit inductance of the
first linear amplifier employing 35-kw tubes.

8. Design a crystal-controlled transmitter for operation at 1600 kc and capable of
developing 50 watts of completely modulated carrier, with high-level plate-modulation.
The design includes circuit for radio-frequency and modulator stages, selection of
tubes (from tube manual), specification of circuit constants, and rough determination
of such tube-operating conditions as expected output, d-c plate current, grid driving
power, grid bias, etc. In this problem make full use of tube data given in tube
manuals, and provide 100 per cent more driving power for each stage than estimates
indicate will be needed. ' •

9. Repeat Prob. 8, only using either control-grid or suppressor-grid modulation.
10. In a radio-telephone transmitter where the modulator does not have sufficient

capacity to modulate the carrier completely, it is possible to adjust the linear amplifier
following the modulator in such a manner as to make the degree of modulation of the
output of the linear amplifier greater than the degree of modulation of the input wave.
Explain how this could be done, and discuss the advantages and disadvantages of the
arrangement. •

11. In a radio-telephone transmitter, the effective Q of the tank circuits Carrying
the modulated waves determines the extent to which the higher side-band frequencies
are discriminated against. If the total response for all the circuits is not to fall
below 60 per cent for a modulation frequency of 5000 cycles in the transmitter of
Fig. 290, what is the highest effective Q permissible at a carrier frequency of (a)
600 kc, (6) 1500 kc?

y W
12. The discrimination against the higher audio frequencies mentioned in Prob. 11

is commonly compensated for by equalization in the audio-frequency system. Explain
the limitations of such equalization when the degree of modulation is high at the higher
modulation frequencies.

13. Draw a separate diagram of the negative feedback arrangement employed in .

the transmitter of Fig. 290, and explain the action in detail.

14. Draw a circuit showing a negative feedback arrangement in which the radio-
frequency output of a linear amplifier is fed back to a preceding linear amplifier.
Explain how the circuit functions and discuss its advantages and difficulties. *

15. It will be noted in Figs. 288, 290, and 291 that the 50-kw transmitter is pro- »vided with a much more elaborate network for suppressing harmonics than the lower
powered transmitters. Explain the reason for this.

16. Lay out a block diagram of a system for generating a single side-band signal
having a carrier frequency of 20,000 kc, when the essential speech range of 250 to
3000 cycles is to be transmitted and it is assumed that niters are available which will
effectively separate frequencies that differ by 1 per cent.

17. In a broadcast transmitter, 10 watts of energy radiated on an adjacent channel
would produce appreciable interference. If this energy is assumed to be due to fourth-
harmonic amplitude distortion at the transmitter when the carrier is completely
modulated at 5000 cycles, calculate the maximum percentage distortion that is allow-
able for a 50-kw transmitter.

18. Explain why problems of adjacent channel interference become more impor-
tant as the transmitter power increases.
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19. What is the maximum permissible phase modulation (in degrees) that can be

tolerated in a 50-kw broadcast transmitter if: (a) each second-order side-band fre-

quency is to represent less than 10 watts of energy available for adjacent channel

interference, (6) same for each third-order side-band component, (c) same for each

fourth-order side-band component.

[In order to solve this problem it will be necessary to use a table of Bessel's func-

tions, or to use the series expressions for the functions. In the latter case the computa-

.

tions can be simplified by noting that with the small arguments involved not mort

than one or two terms of the series need be used.]

20. Explain why the arrangement of Fig. 299 does not produce true phase modula-

tion if the limiter is removed.

21. A linear amplifier is used to amplify the output of a controlled-carrier modu-

lator. If the carrier amplitude for complete modulation is 500 watt's, what will be

the approximate plate loss and plate efficiency when (a) the full carrier is' applied to

the amplifier but there is no modulation at the moment, (6) the full carrier is com-

pletely modulated, (c) the carrier has half the" full amplitude and there is no modula-

tion, (d) the carrier is as in (c) but is fully modulated.

22. Assuming reasonable, values of plate efficiency, estimate the total plate

losses and the total power input (including modulator and radio-frequency tubes)

required for a broadcast transmitter developing a 50rkw carrier when (a) unmodulated,

and (6) completely modulated for the following systems: (1) high-level plate modula-

tion using Class A 'audio system, (2) high-level plate modulation employing Class B
audio system, (3) low-level modulation followed by conventional linear amplifier,

(4) low-level modulation followed by Doherty high-efficiency linear amplifier, (5)

outphasing system of modulation, (6) low-level modulation followed by linear amplifier

employing dynamic shift of the operating point.

In making these estimates neglect all low-level radio-frequency stages and all

modulation stages except the last stage of high-level systems.

23. Design a high-efficiency linear amplifier capable of delivering a carrier output

of 10 kw. The design includes selection of tubes, circuit layout including specification

of circuit constants, determination of tube operating voltages, and design of artificial

lines.



CHAPTER XIII

RADIO RECEIVERS

107. Characteristics of Broadcast Receivers.—The most important
characteristics of a receiver for radio-telephone signals are the sensitivity,

the selectivity, and the fidelity. The sensitivity represents the ability of

the .receiver to respond to small radio-signal voltages, and is measured
quantitatively in terms of the voltage that must be induced in the antenna
by the radio signal to develop a standard output from the power amplifier.

This standard output has been arbitrarily chosen as 0.05 watt in a non-
inductive load resistance having a value corresponding to the load resist-

ance into which the power amplifier is designed to operate. The
sensitivity is arbitrarily defined as the effective value of- the carrier volt-

age that must be induced in the antenna to develop this standard output
when the carrier is modulated 30 per cent at a frequency of 400 cycles.

The sensitivity is measured with the radio receiver tuned to give maxi-
mum response at the carrier frequency involved and with the volume
controls adjusted for maximum volume. A curve showing the sensitivity

of a typical broadcast receiver as a function of canier frequency is shown
in Fig. 307.

Selectivity is the property that enables a radio receiver to discriminate

between radio signals of different carrier frequencies. Selectivity cannot

be defined in a single term as can sensitivity but must be expressed in the

form of curves, such as those of Fig. 307, which show the amount by
which the signal input must be increased in order to maintain the standard

output as the carrier frequency is varied from the frequency to which
the receiver is tuned. These curves therefore indicate the extent to

which interfering signals are discriminated against, and in general will

depend somewhat on the carrier frequency.

Fidelity represents the extent to which the receiver reproduces the

different modulation frequencies without frequency distortion. The
fidelity of a radio receiver is expressed in curves, such as that of Fig. 307,

which give the variation in audio-frequency output voltage as the modula-

tion frequency of the signal is varied. In order to facilitate comparison,

the output is expressed in terms of the ratio of actual output to the output

obtained when the modulation frequency is 400 cycles.

Measurement of Receiver Characteristics.—The characteristics of a radio

receiver are measured by using an artificial signal to represent the voltage
• 548
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that is induced in the receiving antenna. This artificial signal is applied
to the input terminals through a network or "artificial antenna" that
simulates the impedance of the actual antenna with which the receiver is

to be used. In making this test the receiver output is determined by-

substituting a resistance load of the proper value for the loud-speaker
and measuring the audio-frequency power in this resistance. The experi-

mental set-up is illustrated in Fig. 308.

The equipment for pfoduping the artificial signal is called a standard
ignal generator, and consists of a thoroughly shielded oscillator coupled
to an attenuating system that is capable of producing known voltages
from about 1 /j,v up to perhaps 200,000 ixv. Provision is normally made
for modulating this voltage any amount up to 100 per cent at all modula-
tion frequencies that will be encountered. x The artificial antenna used in

making receiver tests depends on the circumstances. For the regular

broadcast band (550 to 1500 kc) the standard antenna consists of a capac-
ity of 200 ij-fxi, a self-inductance of 20 /xh, and a resistance of 25 ohms, all in

Input
,-f of rect

terminals
receiver

Standard
signal

generator

Artificial
antenna /'/

-AWw-ll-onnmfJ •
Receiver

_JL # under test —T
atput

indicator

Modulating
voltage

Fig. 308.—Schematic arrangement, of equipment for making measurements of receiver
performance.

series. For automobile radios the artificial antenna is a series capacity of
1Q0 md combined with 60 /x/if shunted across the receiver input terminals,
while a resistance of 400 to 600 ohms is commonly employed in tests of
short-wave performance of all-wave broadcast receivers.

Miscellaneous Characteristics and Considerations.—In addition to the
sensitivity, selectivity, and fidelity, .a broadcast receiver has other proper-
ties that, warrant consideration. Among these are characteristics of the
automatic-volume-control system, susceptibility to cross-talk interference,
alternating-current hum level, noise level, audio power output obtainable
without excessive distortion, and the nature and amount of the amplitude
distortion in the output at different power levels. These characteristics
are discussed further in Sec! 109, and can be readily found by appropriate
methods. 2

.

^Ttie testing of broadcast receivers is of such importance that standards have
been established for carrying on the more important types of measurements on radio
receivers. These are described in greater detail in the Report of the Standards Com-
mittee of the Institute of Radio Engineers.

2 For example, see F. E. Terman, "Measurements in Radio Engineering," 1st ed.,

Chap. IX, McGraw,-Hill Book Company, Inc. '
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108. Typical Broadcast Receivers.—Practically all broadcast receivers

are of the superheterodyne type, and accordingly have a schematic layout

following that indicated in Fig. 309. The radio-frequency section is

tuned to the signal frequency, and delivers a signal voltage at the grid

of the first detector. The first detector (also called mixer and converter),

together with its associated oscillator, converts the incoming oscillations

to a fixed predetermined " intermediate " frequency by use of the hetero-

dyne principle. The intermediate-frequency section between the two

detectors is tuned to this predetermined difference frequency and delivers

an intermediate-frequency voltage to the second detector where the

modulation envelope is recovered from the wave by rectification. The

resulting audio frequency is then amplified by the audio-frequency system

and delivered to the loud-speaker for reproduction.. While all superhete-

rodyne receivers follow the general scheme outlined in Fig. 309, individual

receivers differ greatly in detail. Thus the radio-frequency section may

include one or more stages of amplification, or may be a simple tuned

Radio
Frequency
Section

Oscillator

and isf

Detector
Section

Intermediate
Frequency
Section

Second
Detector

Audio
Frequency
Section

Fig. 309.—Schematic diagram of superheterodyne receiver.

circuit between the antenna and first detector. The first detector and

oscillator section may involve any of the arrangements discussed in

Sec. 88. Likewise, the intermediate-frequency section may consist of a

simple tuned circuit between first and second detectors, or may include

one or two stages of amplification. The second detector is nearly always

of the diode type, while the audio-frequency system normally contains

at least one stage of voltage amplification followed by a power amplifier

commonly employing a push-pull connection.

All receivers also offer some combination of special features such as

automatic volume control, manual volume control, tuning indicators,

tone control, quieting arrangements, automatic frequency control, etc.

The number and exact nature of these incorporated in a particular receiver

varies greatly with the . price and is affected by merchandizing

considerations.

Typical Broadcast Receivers.—A general picture of the broadcast

receiver situation can be obtained by considering a number of typical

circuit arrangements. The receiver of Fig. 310 is a six-tube medium-

price superheterodyne designed to cover the regular broadcast band

(540 to 1800 kc) and one short-wave band (1800 to 6600 kc) .
In addition
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to the rectifier, there is a pentagrid converter, variable-mu intermediate-
frequency amplifier, diode detector providing delayed automatic volume
control, and an audio-frequency system consisting of a resistance-coupled
high-mu voltage amplifier and a power pentode. A simple form of bass
compensation is employed in connection with the manual volume control,
and a tone control is also provided.

A very simple midget type of superheterodyne receiver employing
only four tubes is shown. in Fig. 311. The tube line-up, exclusive of the
rectifier, consists of a pentagrid converter and a regenerative second
detector of the grid-leak type, followed by a pentode output tube.

A relatively high priced all-wave broadcast receiver is shown in
Fig. 31-2. This is a 13-tube receiver, with the frequency range of 540 to
18,000 kc divided into three bands. The tube line-up, not counting the

Y 3
Sft'*

f Det-Osc.

-f—
6A7

50u.uf 2nd. Det
77

Output
' 41

0.09/u.f 250tiuA ^ ;I0meg- ' ^
rQ Hum bucking
<3 co//

Intermediate frequency 460 kc.

J-'ww-L,

300r>.

Pig. 311.—Circuit diagrams of. typical midget superheterodyne of simplest and most
inexpensive type.

two rectifier tubes, consisfs of one stage of tuned radio-frequency
amplification, followed by a pentagrid converter, one stage of inter-
mediate-frequency amplification, a combined diode detector and triode
audio-frequency

. voltage amplifier in one envelope, a second audio-
frequency voltage amplifier, and a pair of push-pull output tubes 1 capable
of delivering approximately 20 watts of undistorted audio power. In
addition there are three tubes employed in an automatic-frequency-control
system, and one (essentially a lamp) for producing volume expansion.
The receiver incorporates automatic volume -control, manual volume
control with bass compensation, and a tone control. The intermediate
frequency transformers have three tuned circuits coupled to each other in

1 These tubes are of the direct-coupled type described by Charles F. Stromeyer,
General Theory and Application of Dynamic Coupling in Power Tube Design Proc
I.R.E., vol. 24, p. 1007, July, 1936.



554 RADIO ENGINEERING [Chap. XIII

-«->•

Ss 1*

-ouwr

-rmnry**

—

=r<-> tVV
*"-S.

o
+»
3
08

"v*-.
a

3

U§>8|£ 03

tooSo
^°s

•4- 0>

11 !>

>^ »
sssH o

CK OOO d> h
0^t-(N 3

>i

Ti
-J? «

SOOO.B. rfl

c ooo-n Ml

(TOoOm
41

0)Tj-OO-i- 3
,1-mooioc
u. —m—

CO
T—

1

o

> a

<ri.
tjE.

•T3

+5

b_: 3
< (4

o w

>v. Ti
< 0) 0J

"££C<o
jej

o-Fi a
(J OO S

< .
ou

o
W

-£o

^-r^n!;.



Sec. 108] RADIO RECEIVERS- 555

such a way as to produce a flat-top resonance curve about 10'kc wide and

having very steep sides.

Another all-wave broadcast receiver incorporating a different com-

bination of features is illustrated in Fig. 313. This is a 13-tube super-

heterodyne receiver, which covers the frequency range 540 to 23,000 kc in

four tuning bands. In addition to the rectifier, the tube line-up consists

of either one -or two' stages of tuned radio-frequency according to the

frequency band, a first detector-oscillator combination consisting of a

pentagrid converter tube with a separate oscillator feeding energy to the

innermost grid of the tube, two stages of intermediate-frequency amplifica-

tion, a diode-pentode tube functioning as the detector and first audio-

frequency stage, a trio'de audio-frequency voltage amplifier, and a push-

pull Class A power amplifier capable of developing 10 watts of undistorted

power. The second detector uses separate diodes for automatic volume

control (A.V.C.) and detection. An auxiliary tube is Used to operate a

tuning indicator, while the thirteenth tube is for "quieting " and functions

only in the broadcast band. Two loud-speakers are provided, one for

high and one for low.and moderate audio frequencies. The band width to

which the intermediate-frequency amplifier responds can be controlled

by varying a resistance in series with a tertiary winding in the interme-

diate-frequency transformers. The manual volume control includes a

bass-compensating arrangement. The tone control for reducing the high-

frequency response is made inoperative when the selectivity on the

intermediate-frequency amplifier is set for high fidelity.

Miscellaneous Types of Receivers.—There are several special-purpose

types of broadcast receivers of sufficient importance to warrant considera-

tion. These are the automobile radio, the battery radio, and the alter-

nating-current-direct-current type of receiver. The automobile radio

differs from the ordinary broadcast receiver primarily in that it obtains

both filament and plate power from a 6-volt storage battery. This is

accomplished by using 6-volt heater tubes and obtaining anode power by

one of the systems described in Sec. 100. The circuits of the automobile

receiver are essentially the same as any other receiver, except that the

input is designed to operate with a different type of antenna.

In battery receivers economy of filament and anode power is the

major consideration. Such receivers employ tubes especially designed

for low filament power (such as the 2-volt series of tubes), and usually

have Class B audio amplifiers in the power stage to reduce the anode power

requirements.

The alternating-current-direct-current receiver is designed to operate

either from 110 volts direct current or 110 volts alternating current. It

employs heater-type tubes with 25-volt filaments that are connected in

series across the 110-volt line. Plate power in the case of alternating-
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current supply is obtained by directly rectifying the line voltage without
the use of a transformer, using a half-wave rectifier, while with direct-
current lighting circuits the anode power is obtained directly without the
need of rectifying, although for convenience the d-c current is usually
passed through the rectifier tube and the filter system is used to eliminate
ripple voltages. The general circuit arrangements employed in alter-
nating-current-direct-current receivers are the same as in other receivers
except that, since one side of the receiver is directly connected to. the
110-volt power system, care must be taken in the construction to prevent
shock hazard.

Some of the very cheap midget receivers employ a simple tuned-radio-
frequency amplifier circuit. A typical receiver of this type is illustrated
in Fig. 314, arid has a tube line-up consisting of a rectifier, one stage of

0.01 A£Power

Hum neut
coil

l/OV.

H:

1,500 ohms

lOfJbf

' Fig. 314.-

"•"
300 •¥

-Simple tuned radio-frequency type of circuit such as employed in some of the
very cheapest midget receivers.

tuned-radio-frequency amplification, a power detector, and a pentode
power tube.

109. Broadcast Receivers ; Miscellaneous Features.—Numerous spe-
cial features and

. considerations are involved in broadcast receivers.
Some of these have already been discussed in connection with amplifiers,
detectors, power-supply systems, etc. The more important of the
remainder are discussed below.

Automatic Volume Control—All except the least expensive receivers
are provided with some form of automatic volume control (abbreviated
A.V.C.) to maintain the carrier voltage at the detector substantially
constant. .This is accomplished by biasing the grids of the radio-
irequency, intermediate-frequency and sometimes the converter tubes
negatively with a direct-current voltage derived by rectifying the
carrier. 1 An increase in the signal hence increases the negative bias and

*In some cases less control bias is applied to the final intermediate-frequency
amplifier than to the remaining tubes, in order to minimize distortion in this tube with
strong signals. This is done in the receiver of Fig. 312.
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thereby tends to counteract the increased signal by reducing the amplifica-

tion, while, if the signal becomes weaker, the automatic-control bias is

correspondingly less and the gain of the controlled tubes increases.

The actual details of automatic-volume-control systems may vary

greatly. A simple diode detector can be Used for both detection of the

signal and for producing an automatjc-volume-eontrol bias by arrange-

ments as illustrated in Fig. 239. In other cases a double diode detector

is used, with one diode serving as the ordinary detector while the other

develops the automatic-volume-control bias.

The performance of an automatic-volume-control system can be

improved by delaying the control action until the signal voltage at the

detector exceeds a predetermined value. Typical means of obtaining

delay action are illustrated by the receivers of Figs. 310 and 313. In

Fig. 310 the delay is obtained by connecting the anode of the second

diode to the automatic-volume-control line and connecting the cathode of

this anode, to a point that is negative with respect to ground. With no

signal the conductivity of this second anode causes the A.V.C. system to

assume the potential of the second cathode, i.e., a moderate negative

bias. This bias is maintained on the A.V.C. system until the rectified

signal develops a direct-current voltage equal to the second cathode

voltage, at which point the second diode becomes non-conducting and the

automatic-volume-control system functions in the usual manner. In the

receiver of Fig. 313 separate diodes are used for detection and A.V.C,

with the A.V.C. anode biased negatively by the amount of delay desired.

In some cases a separate intermediate-frequency amplifier stage is

employed to supply voltage to the automatic-volume-control •
rectifier.

When amplification of this type is employed to increase the voltage

applied to the volume-control system, or when the rectified direct-current

voltage is amplified before being used for. control purposes, the system is

termed amplified automatic volume control. By combining such amplified

control with delay action, it is possible to maintain the carrier amplitude

at the detector more nearly constant than is otherwise possible.

The automatic-volume-control bias is ordinarily applied to all radio-

frequency and intermediate-frequency amplifier tubes (except possibly

the tube preceding the detector) and also to the first detector. The

controlled tubes are always of the variable-mu type in order to minimize

crosstalk.

Manual Volume Control.—All receivers are provided with a manually

operated volume control to control the level of the reproduced sound.

When the receiver also has automatic volume control, the manual control

is practically always a potentiometer in the grid circuit of the first audio-

frequency amplifier tube. In the case of very" cheap receivers that have

no automatic volume control, the manual control ordinarily operates by



Sec. Id9] RADIO RECEIVERS 559

varying the bias voltage on the grids of the radio-frequency tubes and is

sometimes combined with an antenna shunting system that reduces the
input voltage to the receiver at low volume settings.

Bass Compensation.—The characteristics of the human ear are such
that, when sounds are reproduced at lower than normal volume levels,

the low notes appear to be abnormally weak while, when the sound is

reproduced at greater than normal level, the low notes appear to be
abnormally loud. 1 ' In order to correct for this, the manual volume con-
trol of most receivers is arranged so that at low levels the intensity of the
low notes is not. reduced so much as is the volume of the higher pitched
sounds. A simple example of such a bass-compensated volume control is

found in the receiver of Fig. 310, where at low-volume settings the section
of the potentiometer in use is shunted to ground through a resistance and
capacity combination which has a lower impedance to high frequencies
than to low frequencies and which thereby discriminates against the
former. Other arrangements are used in the receivers of Figs. 312 and
313.

Tone Control.—Most receivers provide a tone control so that the listener

may discriminate against the higher audio frequencies. The tone control
is usually some form of resistance-capacity combination, with the arrange-
ments shown in the receivers of Figs. 310, 312, and 313 being typical.

Tuning Indicators.—In receivers . provided with automatic volume
control, difficulty is encountered in tuning the receiver because the
automatic-volume-control system tends to maintain the output constant
even when not tuned exactly to resonance. At the same time, with slight

mistuning the carrier is on the side of the response curve of the receiver,

and considerable distortion results. Consequently, various devices have
been developed for providing assistance in tuning the receiver.

The simplest form of tuning indicator is a direct-current meter through
which flows the rectified output of the second detector. The tuning is

then adjusted for a maximum deflection of the instrument. Another
common arrangement employs a light valve actuated by the d-c current
of the detector to vary the width of a shadow band. A more recent'

development in tuning indicators is a special miniature cathode-ray tube
in which the luminous area is a sector of a circle having an angular spread
determined by the negative bias applied to a pair of control electrodes.

By deriving this bias from the automatic-volume-control system the size

of the luminous area serves as an aid to tuning.

Automatic-frequency-control Systems.—The difficulty of accurately
tuning a receiver having automatic-volume-control, as well as troubles

caused by drifts in frequency of the beating oscillator when receiving

short-wave signals, can be eliminated by an arrangement that will
1 Further discussion of the characteristics of the ear is to be found in Sec. 148.
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automatically shift the beating oscillator frequency so as to produce an
intermediate frequency of exactly the proper value, provided the tuning is

approximately correct. This is termed automatic frequency control

(abbreviated A.F.C.) and is employed in the receiver of Fig. 312. Here
the A.V.C. and A.F.C. systems are operated from a separate intermediate-

frequency amplifier tube which has a load impedance consisting of a
tuned primary circuit to which is coupled a tuned secondary circuit. 1

These are connected to a double diode tube as shown, so that the voltage

applied to one diode is the vector sum of a component derived from the
primary circuit and a component derived from the secondary circuit

while the Voltage applied to the second diode is the vector difference

of these two components. The diodes are so arranged that two bias

voltages are obtained, one proportional to the bias developed by one of the

diodes and used for A.V.C. purposes, while the other is equal to the differ-

ence between the rectified voltages developed by the two diodes and is used
to control the oscillator frequency. The operation of the device takes

advantage of the fact that the voltage component produced by the second-
ary circuit is in quadrature with the voltage component obtained from the
primary circuit provided the frequency of the signal is exactly in resonance
with the secondary circuit. Under such conditions identical voltages are

applied to the two diodes and the A.F.C. bias is zero. However, if the
signal frequency differs from the resonant frequency of the secondary,
there will be a phase shift away from the quadrature relation. This
makes the voltage applied to One diode greater than the voltage applied
to the other, so that the A.F.C. bias will be either positive or negative
depending upon which diode receives the larger signal. This A.F.C. bias

is applied to the grid of a pentode tube in which the plate circuit is in

parallel with the tuned circuit of the oscillator, while the control grid is

supplied with an exciting voltage that is 90° out of phase with the alter-

nating voltage acting in the plate circuit. In such an arrangement the
amplified grid voltage acting in the plate circuit draws from the oscillator

a current 90° out of phase with the voltage across the oscillator circuit, so
that the tube acts as a tuning reactance having a magnitude depending
upon the amplification of the tube and hence upon the grid bias developed
by the A.F.C. system. By proper arrangement of polarities, any devia-

'

tioti of the intermediate frequency from the proper value will cause the
oscillator frequency to be shifted so as to reduce the deviation greatly.

Quieting Systems.—In tuning a sensitive receiver provided with auto-
matic volume control, the noise output between stations is high because,

1 A detailed discussion of the practical design of such A.F.C. systems is given by
R. L. Freeman, Improvements in A.F.C. Circuits, Electronics, vol. 9, p. 20, November,
1936. D. E. Foster and S. W. Seeley, Automatic Tuning, Simplified Circuits, and
Design Practice, Proc. I.R.E., vol. 25, p. 289, March. 1937.
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when no signal is being received, the A.V.C. system increases the sensi-
tivity of the receiver to the maximum possible value. Arrangements for
eliminating this interstation noise are variously known as Q circuits,
quieting systems, squelch circuits, etc. A typical arrangement is

employed in the receiver of Fig. 313; where a' tube 7\ is so arranged that it

biases the grid of the first audio tube beyond cut-off unless the grid bias on
Ti approaches or exceeds cut-off. By using the A.V.C. system to bias T l

it is then possible to make the receiver inoperative until a carrier of pre-
determined amplitude is present.

Volume Expander.—In broadcasting, the operator at the transmitting
. station usually finds it necessary to reduce the intensity of the very loudest
passages in order to prevent overmodulation of the transmitter, and- also
to increase the intensity of the weakest passages in order to prevent their
loss in the noise level: The full volume range of the original signal can,
however, be restored at the receiver by introducing an" inverse effect,

using an automatic volume expander such as discussed in Sec. 48. A very
simple form of volume expander is used in the receiver of Fig. 312, and
consists of a special lamp connected in shunt with the voice coil of the
loud-speaker. During weak passages the filament of the lamp has
sufficiently low resistance to shunt a considerable portion of the output
power around the loud-speaker, but during loud passages the lamp'
filament becomes hot, thereby increasing the filament resistance and
so increasing the proportion of the total

output that is delivered to the loud-speaker.

110. Alignment.—In the superhetero-

dyne receiver the radio-frequency circuits

are tuned to the incoming signal being re-

ceived while the resonant frequency of the

oscillator circuit must at the same time
differ from the signal frequency by an
amount equal to the intermediate frequency.

This introduces a problem of alignment, or tracking, since in the ordinary
.receiver the. various circuits are adjusted simultaneously by a single

control.

The usual procedure is to use tuning condensers in which the various
sections are as nearly identical as possible, and then to attain the neces-

sary tracking by the use of trimmer condensers and by proper- coil induc-

tances. In a receiver covering only the regular broadcast band the.

radio-frequency stages are aligned at the high-frequency end of the band
by means of adjustable shunt padding condensers, as illustrated in Fig.

315, while at the low-fr.equency end of the band exact alignment is

obtained by bending the end plates of the condensers. When care is

taken to insure that the coils and condensers are initially very nearly

li^-- Tuning
condenser.

-. Trimmer
condenser
(Adjustable)

Fig. 315.—Trimmer system foi
tuned radio-frequency amplifier
circuit.
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alike, satisfactory tracking will then be obtained over the entire band,

except possibly for the antenna circuit, where the wide variety of antenna

constants encountered makes perfect alignment under all conditions

impossible.

The oscillator of a superheterodyne receiver is ordinarily tuned by a

condenser that is identical with the condenser gangs used with the radio-

frequency circuits, and is made to track, (i.e., to produce the required

difference frequency) by using series and parallel trimmer condensers

RADIO FREQUENCY
CIRCUIT

OSCILLATOR CIRCUITS

Shunt trimmefShunt trimmer
on condenser on coil

- Series trimmer—^

-Shunf trimmer''

Oscillator -—
~"^//

(Properadjustment)^/ /

- //• '
Cross-over^* " ////

points
~~~^f/ /

Antenna andyy//\
radio frequency//// \\

'sJ'-- Oscillator'
inductance
too larae

Dial Rotation

Fig. 316.—Trimmer systems for superheterodyne oscillator circuits, together.with schematic

curves showing kind of tracking obtained for typical cases.

as shown in Fig. 316, together with the proper choice of tuning inductance.

Analysis of the equivalent circuits of Fig. 316 shows that by a suitable,

choice of C2, Cs or C4, and Li/L it is possible to make the difference in

the resonant frequency of the radio-frequency and oscillator circuits

exactly equal to an assigned value at three settings of the tuning condenser.

Furthermore, if two of these frequencies of perfect tracking are near the

extremes of the tuning range, while the third is located near the middle,

then the actual tracking will be almost perfect throughout the tuning

range, as shown in Fig. 316. A mathematical analysis of the problem

involves a rather complicated series of manipulations based upon th*
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circuits of Fig. 316, but the essential results are incorporated in the follow-

ing equations: 1

For shunt trimmer on condenser:

(i _ i)
\n2 P/

C2 = Cofo
2[~

CS = ^f~ . \ (204)

For shunt trimmer on coil:

Co/,

-OW)
c2 = ^

c^W^ry ) (205)

Li = L\W \Ct + cj

where, in addition to the notation of Fig. 316,

/o .

= intermediate frequency

/i, fz, /s — frequencies at which exact tracking is required

a = /i + /* + /a

& 2 =/l/2+/l/3 +/2/3

c 3 = /1/2/3
•

d = a + 2/o

P = (6
2d-'c3

)/2/

n 2 = (c sd + /
2
Z
2)/m2

• Co = 25,330/X/o2 = capacity required to tune L to / .

All frequencies are expressed in megacycles, inductance in microhenries,

and capacities in micromicrofarads. These formulas assume, that the
distributed capacity of the coil is a part of the tuning capacity C, which
though an approximation is still sufficiently accurate for ordinary design
purposes. 2

1 This follows Laboratory Series Report UL-8, RCA Radiotron Company. Other
equivalent formulas are given by V. D. Landon and E. A. Sveen, A Solution of the
Superheterodyne Tracking Problem, Electronics, vol. 5, p. 250, August, 1932; Hans
Roder, Oscillator Padding, Radio Eng., vol. 15, p. 7, March, 1935; A. L. M. Somerby,
Ganging the Tuning Controls of a Superheterodyne Receiver, Wireless Eng. and Exp.
Wireless, vol. 9, p. 70, February, 1932.

2 In actual practice the effect of the coil capacity is taken into account by a slight

experimental readjustment of the shunt-trimmer capacity during the alignment
process.

.,

•
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Tracking Problem, in All-wave Receivers.—In. all-wave receivers the
tracking problem is complicated by the fact that it is not possible to bend
the end plates of a condenser gang to line up the low-frequency end of one
band without thereby throwing out the adjustment for all other bands.
The usual arrangement in all-wave receivers is to employ separate shunt
trimmers associated with each coil. In the radio-frequency section, the
high-frequency end of each band is aligned by adjustment of these trim-
ming condensers, while accurate control of the coil inductance, maximum
condenser capacity, stray capacity, etc., is ordinarily depended upon to
insure proper lining up at the low-frequency end of each tuning range. 1

Each oscillator coil of an all-wave receiver is provided with its own
series and shunt-trimming condensers following the arrangement of

Fig. 316. This makes it possible to adjust each band separately. The
shunt trimmer is always adjustable, while an adjustable series trimmer is

used for the lower frequency bands. In the high-frequency bands the
required series capacity is so large that the most practicalarrangement is a
fixed condenser. Tracking at the low-frequency end' of the band is then
obtained either by careful manufacturing control of the coil and condenser
constants to insure uniformity or by individually adjusting the inductance
of the oscillator coil.

In some of the less expensive two-band receivers only one set of coils is

provided, and band changing is accomplished by short-circuiting a portion
of each coil, as in the receiver of Fig. 310. In such an arrangement the
receiver is aligned only for the regular broadcast band, and manufacturing
control of coil and condenser uniformity is depended upon to maintain at
least passable tracking for the short-wave band.

Experimental Procedure for Aligning Receivers.—The alignment of a
receiver can be readily carried out experimentally by using a test oscillator

and some form of output indicator. The first step is to line up the inter-

mediate-frequency amplifier. This can best be done with a frequency-
modulated test oscillator combined with an output indicator consisting
of a cathode-ray tube and a synchronized sweep circuit, 2 but- a simple test

oscillator with ordinary output indicator can be used if nothing better is

available. The alignment is carried out by working step by step through
the intermediate-frequency circuits from second detector toward the first

detector, always applying the test oscillator -to the grid of the tube imme-
diately preceding the circuits under adjustment.

1 In some cases, particularly in the high-frequency bands where a small change in
the inductance of the lead wires represents a considerable percentage change in the
total inductance of the tuned circuit, it is necessary or desirable to adjust the circuit
inductance individually for each coil by varying the position of a turn of the coil or by
adjustment of the lead wires.

s See F. E. Terman, op. cit., p. 333, for further discussion of such test devices.
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The next step is to align the radio-frequency and oscillator circuits for
the broadcast band. The receiver dial and test oscillator are set to a
frequency somewhere near the high-frequency end of the band, and the
test oscillator is connected to the antenna input and adjusted so that
only a small output is obtained. The shunt-trimming condensers on the
radio-frequency stages are then adjusted until the output is maximum,
after which the shunt trimmer on the oscillator condenser is varied to
give maximum receiver output. 1 The receiver dial and test oscillator are
then set to a frequency at the low end of the band, and the series padding
condenser of the oscillator is adjusted for maximum response. If the
receiver covers only the regular broadcast band, it is also permissible to
improve the alignment of the radio-frequency stages by bending the end
plates of the condensers. Finally, receiver and test oscillator are retuned
to the original high frequency, and the shunt-trimmer condenser on the
oscillator is checked to make sure that the change in the series padding
condenser has not affected the required shunting condenser. The receiver
is now perfectly aligned at the high-frequency end of the band, and the
oscillator tracks at both high- and low-frequency ends, and also at an
in-between frequency determined by the oscillator inductance which the
manufacturer placed in the receiver.

In all-wave receivers this process is repeated for each band, except that
for the higher frequency bands the series trimmer on the oscillator is

usually non-adjustable.

In the design of receiver tuning systems the usual procedure consists in
calculating the. proper oscillator inductance by Eq. (204) or (205), and
then with this inductance in the circuit aligning the high- and low-fre-
quency ends of the band by series and shunt trimmers as explained.
As a final check, the exact location of the third frequency of perfect
tracking (the "cross-over" point of Fig. 316) is obtained experimentally
by noting the extent to which one of the trimmers must be readjusted to
obtain perfect alignment at different dial settings. If the crossover
point is at too high a frequency, the oscillator inductance is then too high,
and vice versa, as indicated in Fig. 316.

111. Broadcast Receivers; Construction and Design Considerations.
Broadcast receivers are mounted on a chassis of plated sheet iron bent in

the form of an inverted tray and suitably punched to receive sockets, coils,

transformers, etc., which are usually held in place either by eyeletting or
by Self-tapping screws. This chassis is then slipped into a cabinet which is

essentially a piece of furniture rather than an electrical device, and is

connected to the loud-speaker by means of a flexible cord terminated in a

1 All oscillator adjustments are preferably made while rocking the receiver tuning
dial slightly in order to take care of any slight interaction between the oscillator and
radio-frequency stages. . J-> --

..".
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plug. Photographs showing the construction of typical receivers are

shown in Figs. 317 to 321. The tubes, transformers, coil assemblies,

Fig. 317.—Top and bottom of chassis of high-adelity receiver of Fig. 312.

gang tuning condenser, electrolytic condensers, and other bulky items are
usually mounted on the top side of the chassis, while small parts such as
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by-pass condensers, resistors, etc., are placed below along with most of the
wiring. The arrangement of parts is carefully worked out to avoid
troubles from hum, regeneration, etc., while at the same time providing
for accessibility and ease of construction. In the wiring, leads carrying
high-frequency currents, and also low-level audio-frequency leads, are as
short and direct as possible. Shielded wires are sometimes employed and
it is always necessary to place the critical leads carefully in order to avoid
regeneration and whistles. The exact arrangement of the other leads is

unimportant, and these are frequently run "haywire," as shown in Fig.
317, in order to reduce the cost of production.

The maximum possible use is made of sub-assemblies in the construc-
tion, because this simplifies the production and makes it easier to locate
trouble. Thus coil assemblies with their associated shield cans, trimmer
condensers, etc., are commonly constructed and tested separately and
mounted upon the chassis as a single unit.

Cost is of prime importance in the design and construction of com-
mercial equipment. Garbon-stick resistors with pigtail leads and tubular
by-pass condensers with cardboard covering and pigtail leads are employed
wherever possible. These are wired directly into the circuits so as to be
self-supporting or are arranged on mounting strips, according to the
circumstances. Chokes, coils, and transformers are avoided wherever
possible in order to reduce cost. The filter system for supplying the
voltage to the power stage is nearly always a single-section shunt-con-
denser arrangement employing electrolytic condensers together With a
choke provided by the field of the loud-speaker. Additional filtering for
the remaining tubes is obtained by resistance-condenser combinations as
seen in Figs. 310 to 314. •

The radio-frequency coils of broadcast receivers are very small, and
are usually, although not always, mounted in a shield can. The tuning
coils for the regular broadcast band are either single layer or bank wound,
preferably of Litz wire, while coils for the high-frequency bands of all-

wave receivers are nearly always a single layer of solid wire. Uniformity
in coil inductance is. obtained by grinding the coil forms to exact dimen-
sions, and is aided by winding the turns in threads. Residual variations
occurring in production can be taken care of by classifying individual coils

according to their exact inductances, or by individual adjustment of the
position of the end turns.

Intermediate-frequency coils are commonly arranged in pairs with the
primaries and secondaries separately tuned to provide a band-pass effect,

with the coupling usually slightly more than the critical value. 1 Univer-

1 It is to be noted that, when the output of an intermediate-frequency amplifier is

applied to a diode detector, the input resistance of the diode reduces the effective Q
of the secondary circuit. This reduces the selectivity and gain, and makes it neces-
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sal-wound coils are always, employed, and some form of iron-dust core

is very common. Adjustment of the resonant frequency of the tuned

circuits is obtained either by an adjustable condenser or, in the case of

some iron-core types, by a screw-driver adjustment of the core position.

Coil and Band-switching Arrangements for All-wave Receivers,—In all-

wave receivers the switching arrangement for changing coils must have

low resistance, permit short leads, and introduce negligible coupling to
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Fig. 318. -Arrangement of chassis and loud-speaker in cabinet, showing means used to

minimize acoustic feedback (same chassis as in Fig. 317).

other circuits. The physical arrangement, varies with the manufacturer,

hiil the tendency is toward placing tuning condensers, radio-frequency

and oscillator coils, and radio-frequency, oscillator, and first detector

tubes, together with the hand-selecting switch, in a sub-assembly which

can lie inserted in the chassis as an independent unit. Such construction

is employed in the receivers of Figs. 317 and 321. This arrangement

facilitates trouble shooting, simplifies production, and makes for flexibility

in manufacture by allowing the same tuning unit to be placed in different

models of receivers.

sary to use closer coupling between primary and secondary coils than when the output
is applied to the grid of an amplifier tube.



Sac. il i RADIO RECEIVERS 569

A variety of coil constructions is employed on commercial ail-wave
broadcast receivers. In some cases separate coil forms are used for each
band, and are mounted directly on the switch as shown in Fig, 31 7, while

Osciffafor coifs

BanciC BandA
Osciftojcr coils

Band8 BandD

/

Radio - frequency
and OSCiiiafor coifs

Filter coils

Infermediafe -frequency
transformers

Eiectroiyfic
condenser assembly

Output transformer
Power transformer

Intermediate-frequency
transformers

Pig, 319.—Chassis of receiver of Fig. 313. In the lower view the shield cans are
removed from the oscillator coil assemblies. Note the two seta of ooile in the same shield,
and the individual trimmer condensers at the base of the coil form.

In other instances several coils are mounted on the same form as illus-

trated in Fig. 319, with wires brought out from the various sections to the
switch. Coils are usually placed in shield cans, although they can be left
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in the open, as in Fig. 317, if carefully placed. The unused coils, partic-

ularly the ones for the lower frequency bands, are short-circuited to

prevent their acting as resonant secondary circuits tuned by distributed

Fiu. 320.—Arrangement of chassis and loud-speakers in the receiver of Figs. 313 and 319.

Note the two loud-speakera and the acoustics] labyrinth.

capacities. Tapped coils are used only in the less expensive two-band

receivers, such as in the receiver of Fig, 310.

Spurious Responses in Superheterodyne Receivers.-—Superheterodyne

receivers when not carefully designed are troubled with a variety of

spurious responses which appear as whistles. The most important of
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FiQ. 321.—Chassis of an all-wave receiver in which the radio-frequency and oscillator
circuits, together with associated tubes, are mounted in a separate unit that can be removed
from the chassis.
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these arise from image-frequency signals, from signals of intermediate

frequency, and from harmonics of the intermediate frequency. 1

Image response arises from the fact that there are two possible

signal frequencies that will form the required intermediate frequency at

any dial setting. Thus with an intermediate frequency of 50 kc, such as

was employed in the early superheterodynes, the local oscillator would

be adjusted to 1050 kc to receive a 1000-kc signal. Another, signal of

1100 kc would, however, also produce a difference frequency equal to the

intermediate frequency, and. so might be simultaneously heard in the

receiver output. The only remedy for this is to prevent the undesired

image signal from reaching the grid of the converter tube. This requires

that the radio-frequency section have an adequate number of tuned cir-

cuits and that the intermediate frequency be high enough to enable these

circuits to suppress the image frequency. In receivers covering only the

regular broadcast band the intermediate frequency is commonly about

fs= Signal frequency

-f^= Image frequency

I

M 2
' ^C.N^fn,

Fig. 322.—Typical circuit for suppressing image signals together with equations for

maximum suppression.

262.5 kc, which makes- the image frequency differ from the desired fre-

quency by 525 kc. In all-wave receivers a higher intermediate frequency

is employed, usually about 460 kc, and even then the image suppression

is none too good at the highest frequencies, where the 920-kc difference

between desired andimage frequencies represents only a small percentage

of the desired carrier frequency.

The suppression of the image response can be greatly improved by
means of special suppressing circuits, of which the arrangement of Fig. 322

is typical. 2 Here the antenna is brought to ground through a coupling

coil L2 , a portion of the tuning conductance L, and a capacity Ci of the

order of ten times the maximum tuning capacity. The resistance R is for

broadening the antenna resonance. The effect of the image voltage

1 An extensive discussion of ail the possible sources of spurious responses in a

superheterodyne receiver
_
is given by Howard K. Morgan, Interfering Responses in

Superheterodynes, Proc. I.R.E., vol. 23, p. 1164, October, 1935. •

2 For further discussion of this and. other circuits for suppressing image signals,

see Harold A. Wheeler, Image Suppression in Superheterodyne Receivers, Proc. I.R.E.,

vol. 23, p. 569, June, 1935.
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produced at the grid of the tube is largely neutralized by the voltage that

.the antenna current induces in the cathode coil L 3 . With proper circuit

• proportions the suppression can be made almost complete at two carrier

frequencies and will be high at frequencies in between. At the same time,

the desired carrier is not balanced out. The necessary design formulas

are given in Fig. 322, and the suppression obtained is independent of the

antenna constants. •

The importance of image suppression is greatest in the regular broad-

cast band where the stations are numerous, powerful/'and spaced at nar-

row frequency intervals. The image suppression pf ordinary all-wave
receivers in the higher frequency bands is rather poor, but fortunately the

higher frequency stations are not so closely spaced in the frequency»spec-

trum so that there is less likelihood of an image-frequency signal being

present.

Strong signals of intermediate frequency from ships, etc., may reach

the grid of the first detector when insufficient preselectivity is present, and
will then be amplified by the intermediate-frequency amplifier. Inter-

ference of this type can be readily eliminated by designing the antenna

input circuit in such a manner as to discriminate against signals of inter-

mediate frequency. Thus in the receiver of Fig. 310 inductance L\ and
condenser C\ are in series resonance at the intermediate frequency and so

by-pass signals of intermediate frequency directly to ground.

When the intermediate-frequency harmonics that are produced by the

second detector get coupled into the radio-frequency input circuits, inter-

ference in the form of whistles can be expected at certain places on the dial.

Thus, if the intermediate frequency is 452 kc and the'signal being received

is 900 kc, the second harmonic of the intermediate frequency is 904 kc and,

if this gets back into the input circuits, it will give a 4000-cycle beat note

with the desired signal. The remedy for trouble of this sort is adequate

by-passing of the circuits of the second detector, together with shielding

and' proper placement of circuit elements.

Cross-talk.—Gross-talk is the name given to interference resulting from

interaction of radio signals, and it can be divided into two principal types.

The first kind of cross-talk is produced by heterodyne detection of two
signals having a frequency difference lying within the tuning range of the

receiver. For example, when one broadcast station is .operating on 1400

kc and another on 600 kc, heterodyne detection of the two carrier waves

will result in the production of an 800-kc difference frequency, which

will be heard when the receiver is tuned at or near this difference fre-

quency. The production of such cross-talk requires that the two inter-

fering signals reach the grid oi the first radio-frequency tube and that

the characteristic curve of- this tube be curved at the. operating point.

The magnitude of the cross-talk output can be determined by consider-
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ing the first radio-frequency tube to be a weak-signal detector of the anode

type. The results of such an analysis show that the magnitude of the

cross-talk is proportional to the product of the interfering signal voltages

that reach the grid, and increases with the curvature of the tube charac-

teristic. Heterodyne cross-talk is therefore most prominent when the

interfering signals are produced by powerful local stations and when the

automatic volume control places the operating point of the radio-frequency

tubes very close to cut-off. This type of cross-talk can be suppressed

almost completely by using a tuned input circuit between the grid of the

first tube and the antenna, since such' a circuit will prevent at least one of

the interfering signals from reaching the grid of the first tube.

The second kind of cross-talk is heard under the following circum-

stances: The receiver is tuned to a powerful local station—the "desired"

signal—which is so strong as to require a low-gain condition of the auto-

matic volume control. At the same time there is another powerfulloeal

station—the "unwanted" signal—operating on a frequency not greatly

different from that of the station being received. During the interval in

which the desired station is sending out an unmodulated carrier wave the

modulation of the unwanted signal will be heard, but if the desired station

ceases to radiate its carrier wave the interfering signals from the unwanted

station disappear. Such cross-talk is caused by the unwanted signal

modulating the carrier wave of the desired signal by the mechanism dis-

cussed in Sec. 55. This is much more troublesome than the first kind of

cross-talk because it can occur when the frequencies of the unwanted and

desired signals are only slightly different.

This type of cross-talk is a result of third-order curvature in the tube

characteristic and can be evaluated in terms of .
the cross-talk factor

discussed in connection with Eq. (137). Such crosswalk was very com-

mon in the early radio receivers, but has been largely eliminated by the

development of the variable-mu tube with its low third-order curvature at

low plate currents.

Alternating-current Hum.—An alternating-current power-line hum
often appears in the output of radio receivers energized by alternating

current. The chief causes of such hum are ripple in the output of the

rectifier-filter system, hum pick-up by the input circuits of the first audio-

frequency tube, and power-line disturbances that are coupled into the

receiver through the power transformer. Hum from rectifier ripple is

particularly troublesome when a push-pull power amplifier is not used,

and in such cases it can be greatly reduced by providing the filter choke

with a hum-bucking coil that id connected in series with the voice coil of

the loud-speaker as in Fig. 310. By suitable design the ripple voltage

induced in this bucking coil will neutralize the hum voltage in the ampli-

fier output. Hum pick-up by the input circuits to the audio-frequency
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system can be prevented by shielding the grid lead as in Fig. 310 or by
careful placement with respect to wires carrying a-c currents. Power-
line disturbances represent radio-frequency oscillations produced by
spark discharges and failing insulation; they can be eliminated either by
the use of a grounded electrostatic shield between the primary and
secondary of the power transformer or by by-pass condensers from the
110-volt leads to ground, or both.

Noise.—When a radio receiver is adjusted for high sensitivity, there is

always a background of noise in the form of hiss, crackles, etc. A portion
of this, arises from thermal agitation and shot-effect noises developed
within the receiver itself as explained in Sec. 49, while the remainder
represents radio-frequency oscillations produced either by such natural
causes as lightning, i.e., static, or by such man-made devices as electrical

appliances, automobile ignition systems, etc.

Thermal agitation and shot effect produce the hiss heard in home
receivers when the antenna is disconnected, and they set an absolute
limit to the maximum sensitivity that can.be utilized. When a receiver is

properly designed, this noise should come primarily from the thermal
agitation in the input cirauit of the receiver, rather than from shot
effect in the first tube or thermal agitation in subsequent tuned circuits. 1

The extent to which this ideal is realized can be tested by disconnecting
the antenna and independently tuning- the input circuit through reso-

nance (or, when this is impractical, by short-circuiting the input tuned
circuit) and noting whether there is much change in the hiss noise. 2

Static is discussed further in Sec. 127 and does not influence the design
of broadcast receivers since there is little that can be done in such receivers

to reduce the effects of static.

The man-made noise level is highest in thickly settled regions, partic-

ularly industrialized districts where a large amount of electrical equip-
ment is in operation. The general level of such disturbances can be kept
down to some extent by attention to the more important noise sources,

but at best the residual noise level is much higher in urban districts than in

rural areas.

The noise problem is particularly difficult to handle when a radio
receiver is operated in close proximity to an internal-combustion engine.
In the case of automobile radios operating in the regular broadcast and

1 The local oscillator associated with the first detector of a superheterodyne receiver
very often introduces a considerable amount of noise. The amount varies with the
oscillator tube, and can in any case be made negligible compared with thermal agita-
tion in the input circuit by employing an efficient coupling system between antenna
and first detector, or better yet by the use of a stage of radio-frequency amplification.

2 See F. B. Llewellyn, A Rapid Method of Estimating the Signal-to-noise Ratio of
a High Gain Receiver, Proc. I.R.E., vol. 19, p. 416, March, 1931.
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police bands, the methods- of suppressing ignition noise have become
rather well standardized. They include such things as by-pass condensers

around the generator, radio-frequency filters in unshielded, wires going to

the dome light, suppressor resistances in series with the spark plugs to

damp out the oscillations that would otherwise be produced, etc. . It is

also sometimes necessary to bond certain parts to the frame in order to

prevent noises from intermittent contacts. The best combination to use
varies with the model and make of car and is usually worked out by the

car manufacturer. The automobile radios themselves are completely

inclosed in a metal box to provide electrostatic shielding, and $, filter

consisting of by-pass condensers and radio-frequency chokes, as shown in

Fig. 278, is used to prevent noise from entering through the battery leads.

Most receivers also have a low-pass filter in the antenna input circuit

which passes the desired signal'frequencies but prevents noise voltages of

very high frequency from reaching the grid of the first tube and intro-

ducing cross-modulation.

Ignition noise is particularly intense at the higher frequencies, and is

correspondingly difficult to eliminate in short-wave automobile and air-

plane receivers. In such circumstances it is SQmetimes necessary to shield

the entire ignition system, even including the spark plugs.

An expedient that has been successful in permitting reception in the

presence of highly damped pulses-, such as originate from ignition systems,

motor brushes, power-line corona, and switches, is illustrated in Fig. 323.

Here ah auxiliary intermediate-frequency amplifier is connected with its

grid in parallel with the grid of the final intermediate-frequency amplifier

tube, and delivers its output to an auxiliary rectifier. The direct-current

output of this auxiliary rectifier is then used to bias the third grid elec-

trode of the final intermediate-frequency amplifier tube. With proper

adjustment, a noise voltage appreciably greater than the signal being

received will develop enough bias to make the intermediate-frequency tube

inoperative, thus silencing the receiver for the duration of the noise. 1

This arrangement takes advantage of the fact that many noise voltages

are of very short duration, with comparatively long quiet intervening

intervals. With the arrangement shown in Fig. 323 the receiver output is

simply turned off during these brief noise periods, . and, although this

causes some distortion, the reception is on the whole much improved.

The noise level in a radio receiver is usually increased by the presence

of an unmodulated carrier, and, in fact, such a carrier wave often appears

to be accompanied by a hiss which rises in intensity as the receiver is

brought into resonance with the unmodulated carrier. This behavior

results from heterodyne action between relativelyweak noise voltages, such

\ For further information see J. J. Lamb, A Noise Silencing IF Circuit for Super-

heterodyne" Receivers, QST, vol. 20, p. 11, February, 1936.
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as are normally present in the set, and the relatively strong unmodulated
carrier wave. The loudness of the noise depends to a considerable extent
on the amplitude of the carrier and is relatively small when the carrier

is absent because of the decrease in detector efficiency which takes place
when the removal of the relatively strong carrier causes the detector to

change over from a power to a weak-signal rectifier.

Microphonic Action and Acoustic Feedback.^—When the receiver chassis

is in the vicinity of the loud-speaker, as is the case with the ordinary home
radio receiver, there is always the possibility of sound vibrations affecting
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Threshold adj./' *w
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Fig. 323.—Noise-suppressing system in which a noise pulse stronger than the desired signal
can be made to silence the receiver momentarily. .

the radio receiver in such a manner as to produce acoustic feedback
{i.e., audio-frequency oscillations sustained by sound vibrations modulat-
ing an incoming carrier to produce still more sound output). Troubles of

this type are particularly common with all-wave receivers delivering a
large amount of audio power to the loud-speaker, and may arise from
vibrations transmitted to the receiver chassis either through the air or

through the cabinet material. The parts of the receiver most commonly
giving trouble are the plates of the tuning condenser and the radio-fre-

quency and oscillator coils. Acoustic feedback troubles .can be kept
under control by using rigid construction, by mounting the chassis on
rubber supports, and by protecting the tuning coils and condenser as
required, by rubber mounting. In console models the chassis can be
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mounted on a shelf that acts as protection against sound waves. The
receiver of Fig. 318 illustrates these usual expedients, and also obtains

still further reduction in acoustic feedback by mounting the loud-speaker

baffle, together with the loud-speaker, upon rubber to prevent vibrations

from being transmitted directly from the loud-speaker to the cabinet. J

Receivers that are to be subjected to intense mechanical vibration,

such as airplane and automobile radios, must be rigidly constructed and
are preferably mounted on rubber. It is also desirable to enclose such

receivers completely to prevent sound waves from striking the coils,

condensers, and tubes.

Special Problems Encountered in High-fidelity 1 Receivers.—High fidelity

requires that modulation frequencies up to at least 10 kc be reproduced
without excessive frequency distortion. This requires a good audio-

frequency system and' intermediate-frequency-amplifier and radio-

frequency circuits that will respond to a band width approximately 20 kc
wide. A receiver designed to meet these requirements is not entirely

satisfactory for the reception of distant stations or reception in the pres-

ence of bad noise and interference. ' This is because the amount of noise

that is received is directly proportional to the width of the frequency band
that is received, 2 and because weak interfering signals on the adjacent

channel will produce frequency components that extend into the response

band of the receiver. This situation has led to the development of

means for varying the width of the received band so that wide-band
high-fidelity reception can be employed with strong local signals, while a
narrow band is available for weak signals or when interference is bad.
The simplest way of obtaining variable band reception is to -vary the

response band of the intermediate-frequency amplifier. One method of

changing the band is discussed in Sec. 19, while another method is used in

tne receiver of Fig. 313. In the latter case, an intermediate-frequency

coupling system having three tuned circuits is used, and the response band
is controlled by a resistance in series with one of these circuits.3

1 Further discussion is given by Harold A. Wheeler and J. Kelly Johnson, High
Fidelity Receivers w}th Expanding Selectors, Proc. I.RE., vol. 23, p. 594, June, 1935;
Stuart Ballantine, High Quality Radio Broadcast Transmission and Reception,
Proc. I.R.E., vol. 22, p. 564, May, 1934; vol. 23, p. 618, June, 1935.

2 A wide response band not only increases the noise energy in the output but also

causes the noise that is present to be more disturbing. Experiments show that, when
the band width of an ordinary receiver is doubled to obtain a high-fidelity charac-
teristic, the signal energy must be increased about ten times if the annoyance from
noise is to be the same. See C. B. Aiken and G. C. Porter, Receiver Band Width and
Background Noise, Radio Eng., vol. 15, p. 7, May, 1935.

3 It has been suggested that the band width might be automatically controlled by
the strength of the received signal, thus giving automatic selectivity control (called

A.S.C.). A discussion of means to carry out the necessary operation is given by
H. F. Mayer, Automatic Selectivity Control, Electronics, vol. 9, p. 32, December, 1936.
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In high-fidelity receivers that reproduce modulation frequencies up to

10 kc, trouble is commonly encountered from a 10-kc whistle produced by

a weak adjacent-channel station heterodyning with the desired carrier

frequency. This can be eliminated either by making the audio-frequency-

system cut-off just below 10 kc or by the use of a 10-kc trap which removes

a very narrow band of frequencies in the neighborhood 10,000 cycles, as in

Fig. 313.

Amplitude distortion must be kept to an unusually low level in high-

fidelity receivers if the full benefits of high fidelity are to be realized.

This is because the amount of distortion that will produce a noticeable

effect is less the greater the frequency band that is reproduced. 1 Further-

more, a high-fidelity system reproduces high-order harmonics (i.e., those

above about 4500 cycles), which.are suppressed in an ordinary broadcast

receiver and which have a particularly disagreeable effect.

The tuning indicator employed in a high-fidelity receiver must take

into account the fact that the receiver responds almost equally well to

carrier frequencies over a 207kc range, whereas for proper operation the

carrier must be adjusted to the exact center of the response band. This

makes it essential that the tuning indicator operate from a separate sharply

resonant circuit. Such an arrangement is shown in- the high-fidelity

receiver of Fig. 313. The importance of accurate tuning with high-fidelity

receivers makes the use of automatic frequency control especially desirable

with such receivers.

Some General Design Considerations.—The actual electrical design of

commercial receivers depends to considerable extent upon such merchan-

dising requirements as "the most receiver for a given selling price," or

"the least expensive six-tube receiver," etc., and is influenced very con-

siderably by the particular sales features that are being emphasized at the

time. There are, however, certain general considerations governing

the design.
'The critical factors are the audio-frequency power output, the

sensitivity, and the carrier amplitude desired at the detector for normal

operation. The audio power tubes and plate-supply voltage are selected

to develop the required output. The minimum permissible audio-fre-

quency amplification between detector and power tubes is the gain that

will provide full excitation for the power tubes when the carrier voltage

at the detector is completely modulated and has an amplitude equal to the

normal detector level. 2 Starting with this carrier voltage, which will

develop the full receiver output when completely modulated, it is a simple

matter to determine the carrier amplitude modulated 30 per cent which

1 See Frank Massa, Permissible Amplitude Distortion of Speech in an Audio

Reproducing System, Proc. I.R.E., vol. 21, p. 682, May, 1933.

2 Actually most present-day receivers provide appreciably more audio gain than

this minimum.
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will develop the standard output of 50 mw. The total voltage step-up
between antenna and second detector must then be such that, with a
voltage corresponding to the required sensitivity acting in the antenna
circuit, the required carrier level will be developed at the second detector.
From this it is possible to estimate the number of stages of amplification
required on the basis of gains to be expected according to Table XIV.

Table XIV.

—

Typical Gains in Commercial Receivers .

Radio-frequency section:

Antenna to grid of first tube 1 3_ 6
Radio-frequency amplifier, broadcast band 20- 40
Radio-frequency amplifier, short-wave bands. . .

.' 5-25
Intermediate-frequency amplifier section: 2

Converter grid to first intermediate-frequency tube 40- 60
Interstage intermediate-frequency. .'.*...:

• 50-180
Intermediate-frequency to diode .-...!' 50-125

1 In automobile receivers designed to operate with a particular antenna of specified constants, it is
possible to make the antenna-to-grid step-up 20 to 50.

2 These values are for air-cored coils for 460 kc. For air-cored coils at 260 kc the gains will be
perhaps 30 per cent higher. With iron-dust cores the gains will be 20 to 60 per cent higher than.with
air cores.

The actual gains in any particular case depend upon the size and design
of the coils and upon the coupling system involved. In the radio-fre-
quency section the gain varies with the tuning, normally being greatest
at the high-frequency end of each tuning range. In the broadcast band
(550 to 1500 kc) the performance of both antenna and interstage parts
can be improved by using a complex coupling arrangement with a high-
inductance primary resonated at a frequency just below the broadcast
band, as illustrated in Fig. 124. Such arrangements cannot be used in the
short-wave bands, however, because the primaries would resonate with
signals in the next lower band. Short-wave radio-frequency coils hence
ordinarily employ a simple coupling system consisting of a low-inductance
primary. The antenna-to-first-grid gain is necessarily low in ordinary
broadcast receivers because these receivers must be designed so that the
first tuned circuit will maintain its alignment when antennas of widely
different constants are used, and to do this the antenna coupling must be
small.

112. Receivers for Telegraph Signals.—Receivers for handling tele-
graph signals differ from broadcast receivers in that some means must be
provided for interrupting the code characters at an audible rate so that
reception can be obtained with a telephone receiver. 1 This is universally

1 The only exceptions to this are when the code signals are produced by spark
transmitters, or are in the,form of interrupted continuous waves, or are to be recorded
on a tape recorder. Spark and I.C.W. signals are interrupted at the transmitter
and so. can be received on an ordinary broadcast receiver. In the case of tape record-
ing it is possible to operate the inking mechanism without producing an audible tone,
although most of the commercial systems of tape recording involve an audible note
which is rectified to operate the mechanism.
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accomplished by the heterodyne principle, the procedure being to combine

tfhe incoming signal with a locally generated oscillation differing in fre-

quency by about 1000 cycles. Rectification of the combination gives the

code characters with a frequency of about 1000 cycles, as explained in

Sec. 87.
'

One of the chief merits of the heterodyne method of reception is that

the beat or difference frequency which is produced depends upon the fre-

quency of the signal being received. This makes it possible to distinguish

between signals which differ so little in frequency that ordinary tuned

circuits cannot separate them. For example, if it is desired to receive

from a station transmitting on 20,000,000 cycles while an interfering

station is operating on a frequency of 20,000,200 cycles, it would be

obviously impossible to eliminate the undesired signal by means of tuned

circuits since the two carrier frequencies differ by only 0.001 per cent.

Audio-frequency Amp.
56

Ant

Fig. 324 — Simple code receiver consisting of an oscillator detector followed by one stage of

audio-frequency amplification.

However, heterodyning with a lbcal oscillation having a frequency of

20,001,000 cycles produces beat notes with the desired and undesired

signals of 1000 and 800 cycles, respectively, and these frequencies can be

readily separated either by ear or by a selective circuit because they differ

by 25 per cent.
"

'•

'

A simple code receiver is shown in Fig. 324, and consists of an oscillat-

ing detector of the type discussed in Sec. 89 followed by one stage of

audio-frequency amplification. Such an arrangement possesses remark-

able sensitivity because of the very large regenerative amplification

obtained with a properly adjusted oscillatory detector. In some cases

the receiver of Fig. 324 is modified by placing a radio-frequency tube ahead

of the oscillating detector, using either a tuned or untuned coupling

between the antenna and the grid of this tube. Such a tube is primarily

for the purpose of making the local oscillator frequency independent

of the receiving antenna and for preventing the radiation of local oscillator

energy, but it also adds somewhat to the sensitivity.

. Any ordinary superheterodyne receiver can be converted into a code

receiver by the addition of a local oscillator for the purpose of heterodyning

with the intermediate frequency. This fixed oscillator is detuned approxi-
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mately 1000 cycles from the intermediate frequency and is loosely
coupled into the circuits of the second detector, as illustrated in Fig. 32&,
thereby causing the latter to develop a beat note approximately
1000 cycles with the incoming carrier wave. If the superheterodyne
receiver is provided with automatic volume control, this must be dis-
connected in order to prevent the local oscillator from affecting the
receiver sensitivity, and a manual volume control must be substituted.

Compared with an oscillating detector receiver, the superheterodyne
receiver has somewhat greater sensitivity, has less cross-talk trouble with
strong local signals, and can be converted into an excellent receiver for
telephone signals by simply turning off the local oscillator.

Electron-coupled
beating oscillator

-B+on-off
Fig. 325. Circuit illustrating how a superheterodyne receiver may he converted

into a code receiver by coupling a beating oscillator into the intermediate-frequency
system. .

Single-signal Receiver.—The single-signal receiver is a superheterodyne
code receiver in which a crystal filter is used in the intermediate-frequency
amplifier to obtain extremely high selectivity. The basic circuit is shown
in Fig. 326 and makes use of a piezo-electric quartz crystal as a coupling
element between two conventional intermediate-frequency tuned circuits.
The condenser Cn is for neutralizing the electrostatic capacity of the
crystal, and with perfect neutralization the crystal becomes equivalent to
a series-resonant circuit that has a very high Q. .By varying the neutraliz-
ing condenser Cn slightly it is possible to obtain a residual reactance in
parallel with the crystal. This causes the crystal to go into parallel
resonance at a frequency very close to the series-resonant frequency, and,
because of the high impedance of a parallel circuit compared with a series
circuit, the result is very little coupling at a frequency differing only
slightly from that required for maximum coupling. The difference
between this frequency of high attenuation and the frequency of maximum
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response is controlled by the adjustment of C„, and can be readily made
as low as 1000 to 2000 cycles.

The width of the response band of the crystal filter with its associated

circuits is largely controlled by the resistance which the crystal sees when
looking back toward the circuit that excites it. This is because this

resistance is effectively in series with the crystal, and so reduces the

equivalent Q of the combination. The band width can accordingly be

controlled by the condenser that varies the resonant frequency of the

input circuit (see Fig. 326) . When adjusted to resonance with the crystal,

the effective circuit resistance is high and the maximum band width

results, while, when the input circuit is appreciably detuned, the imped-

ance that faces the crystal is low, and mainly reactive, so that the. effective

Q is very nearly the actual Q of the crystal itself. It is possible in this

Crystal £emf_aeyusftfae
Band-width ,VW. coupling
control

dth jVo,
\condenser I.PAmp.

w Rejection)
control

Equivalent coupling circuit
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Unneutra/izedJ
reactance—'

Frequency

326.—Crystal coupling arrangement used in single-signal receivers together with

response curve illustrating how the image interference can be suppressed.

way to vary the band width from perhaps 100 cycles to 5000 cycles as the

occasion requires.

Single-signal radio receivers greatly reduce interference. Thus signals

differing in frequency from the desired signal by more than about

100 cycles are prevented from reaching the second detector by the great

selectivity of the crystal filter, while in the ordinary code receiver all

signals having a frequency within about 5000 cycles of the desired signal

will cause audible beat notes. The single-signal receiver will also elimi-

nate image effects produced at the final beating oscillator if the condenser

Cn is adjusted so that the frequency of high attenuation coincides

with the image frequency. Thus, if the intermediate frequency is 450 kc

and the beating oscillation is 451 kc, signals producing an intermediate

frequency of 452 kc are prevented from developing a 1000-cycle inter-

fering beat note by adjusting the condenser C„ so that this image signal

is suppressed before reaching the second detector.
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Frequency Stability of Beating Oscillators.—In order to obtain satis-

factory heterodyne reception it is necessary that the transmitted
frequency and the frequemcy of the local oscillator, or oscillators, be con-
stant, for otherwise the pitch of the audible beat note will vary and recep-

tion will be difficult. This is particularly true with single-signal receivers

because here a small shift in the frequency of the first oscillator of the

superheterodyne receiver will cause the intermediate frequency produced
to shift clear out of the narrow response band of the crystal filter.. The
importance of frequency stability increases as the frequency .of trans-

mission increases because the same percentage of variation then represents

a greater number of cycles. At extremely high frequencies, such as

100,000,000 cycles, it is difficult to obtain a steady beat note because of

the effect of minute vibrations, etc., on the frequency.

113. Miscellaneous Types of Receivers. Radio Telephone Receivers

for Other Than Broadcast Purposes.—Telephone receivers for other than
broadcast purposes are in the main similar to broadcast receivers but
with modifications of the tuning range and of the design details. Thus
many airplane receivers are similar to automobile radios in the general

method of construction, in the use of. remote-control tuning, and in that

a storage battery is the source of power. The chief differences are that

the airplane receiver requires somewhat sturdier construction, covers only
the airplane bands, and is. arranged to operate a telephone receiver instead

of a loud-speaker. In other cases airplane receivers are arranged so that

only two frequencies can be received,.one being the short-wave day fre-

quency and the other the short-wave night frequency 'assigned to the air

line involved. Superheterodyne receivers for such two-band operation

commonly employ crystal oscillators for the frequency-changing process,

with a different crystal for each frequency. *

Receivers for long-wave telephone signals may be of the tuned radio-

frequency type, such as illustrated in Fig. 314, but with perhaps two or

three stages of radio-frequency amplification, or may be of the super-

heterodyne type having an intermediate frequency that either is quite

low or is higher than the highest frequency to be received.

The ordinary superheterodyne receivers tend to give relatively poor
image suppression at short waves unless an excessive number of tuned
circuits is employed in the radio-frequency section. This difficulty can
be overcome by employing a triple detection receiver as illustrated

schematically in Fig. 327. The first intermediate frequency is high

enough to provide adequate image suppression with one or two resonant

circuits in the radio-frequency section, while the second intermediate

frequency is commonly the same as in broadcast receivers and makes it

possible to discriminate against signals differing only slightly from the

desired frequency. The second oscillator of a triple-detection receiver
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operates at a fixed frequency determined by the two intermediate fre-

quencies, so that the only circuits which must be adjusted for the incom-
ing signal are the radio-frequency and first oscillator sections.

Reception of Single Side-band Signals. 1—Signals consisting, of only a
single side band can be received by using a local oscillator to supply the
missing carrier frequency. This oscillator heterodynes with the frequency
components of the single side-band signal, and by detection of the result-
ing combination the difference frequencies, which correspond to the origi-
nal modulation frequencies, are reproduced.

The local oscillator which resupplies the carrier that was suppressed at
the transmitter must be within 20 cycles of the correct frequency for
reasonably intelligible speech, and even cioser to the correct * value if

high quality is to be obtained. At frequencies below 1000 kc it is a simple
matter to maintain the required tolerances by the use of well-designed .

and carefully supervised crystal oscillators at both transmitter and
receiver. At higher frequencies it is necessary, however, to transmit to

Radio
Frequency |

—

Section

Oscillator

and 1st

Detector
Section

High \
Intermediate]

Frequency

1st 2nd 2nd
Intermediate Oscillator Intermediate

Frequency and 2nd Frequency
Section Detector Section "Section

ird
'

Detector

Section

Audio
Frequency

Section

Fig. 327,

Low \
Intermediate J
Frequency^

Schematic diagram of triple-detection receiver.

Loud

ken]

• the receiver a pilot frequency which is most conveniently a small remnant
of the actual carrier frequency of the transmitter. This pilot frequency
may be used to synchronize the local oscillator automatically at the proper
value, or may be separated from the side band, amplified, and used in
place of the beating oscillator. The beating current obtained by the
latter arrangement is termed a "reconditioned" carrier, and is entirely
satisfactory provided the carrier amplifier has automatic volume control
that maintains constant output irrespective of the fading of the residual
carrier actually received. In either case the separation of the residual

x
carrier from the single side band is done at the intermediate frequency,
using a quartz-crystal filter having sufficient selectivity to suppress the
side band while transmitting the residual carrier. In order to take care
of frequency drifts either in the transmitted frequency or in the beating
oscillation at the receiver, an automatic frequency-control arrangement
is employed in the receiver to maintain the intermediate frequency at
exactly the value required by the crystal filter.

x For further details concerning receivers for the reception of single side-band
signals, see F. A. Polkinghorn and N. F. Schaack, A Single Side-band Short-wave
System for.Transatlantic Telephony, Proc. I.R.E., vol. 23, p. 701, July, 1935.
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Receivers for Ultra-high Frequency Signals.—In the wave-length range

from 3^ to 10 meters it is possible to use ordinary tuned radio-frequency

and superheterodyne receivers. Acorn tubes are desirable in the high-

frequency circuits for the shorter wave lengths in this range, and will

produce a gain in radio-frequency amplification of 10 to 15 at wavelengths

as short as 3 meters. When superheterodyne reception is employed, it

is usually desirable to make the intermediate-frequency response band

relatively wide in order to allow for some frequency instability in the

transmitter and beating, oscillators. Triple-detection superheterodyne

receivers are favored when there are interfering stations to give image

response.

Superregenerative detectors are often employed in receivers operating

at wave lengths below 10 meters. The simplest arrangement of this type

consists of a superregenerative detector followed by one or two stages of

audio-frequency amplification. In more elaborate arrangements one

or two tuned radio-frequency stages are placed between the antenna and

the superregenerative detector in order to increase selectivity and prevent

radiation from the receiver. Superregenerative receivers are remarkably

sensitive, and have the advantage of producing nearly as much audio-

frequency output with very weak signals as with strong signals, so that

there is an inherent tendency to discriminate against ignition and other

similar interference that is in the form of pulses of high intensity but short

duration. The chief disadvantage of the superregenerative arrangement

is that a strong hiss is present except when a carrier wave is being received.

This hiss represents the inherent noise of the receiver caused by thermal

agitation, etc.

Superheterodyne receivers for very short waves are sometimes pro-

vided with a superregenerative second detector because of the ability

of such a detector to suppress ignition noise. For best results the inter-

mediate frequency of such a superheterodyne receiver should be very high.

At wave lengths less than about 3^ meter ordinary receivers fail to

function properly, and no very satisfactory substitute has been found.

The usual arrangement is some form of simple detector consisting either

of a crystal rectifier, vacuum-tube rectifier, or electron-oscillator detector

of the type discussed in Sec. 85. One or more stages of audio-frequency

amplification can be added to increase the sensitivity.

Reception ofFrequency-modulated Signals. 1—Signals that are frequency

(or phase) modulated can be received by discriminating against one side

1 For' further information on the reception of frequency-modulated waves, see

J. G. Chaffee, The Detection of Frequency-modulated Waves, Proc. I.R.E., vol. 23,

p. 517, May, 1935. Also see E. H. Armstrong, A Method of Reducing Disturbances

in Radio Signalling by a System of Frequency Modulation, Proc. I.R.E., vol. 24, p.

689, May, 1936.
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band so that the carrier and remaining side band heterodyne together to

give beat notes corresponding to the original modulation. 1 Any ordinary

receiver that has high selectivity, can accordingly be used to receive fre-

quency-modulated signals by detuning the receiver so that the carrier is

on the side of the response curve as illustrated in Fig. 328. The most
suitable arrangement is a superhet-

erodyne receiver with the intermedi-

ate-frequency amplifier designed to

give the desired selectivity
characteristics.

If the output of the receiving sys-

tem is to be proportional to the am-
plitude of the modulating voltage at

the transmitter, it is necessary that

l?1
Side bandX'
ranges-*-\-

Frequency
the amplitude of the side-band com-
ponents be inversely proportional to sho^g ^

°

w
"

one side band of a frequenoy..

the frequency of the modulating volt- modulated wave can be discriminated

age.! .This is because the discrimina-
gainst by detuning the receiver slightly.

tion that the selectivity curve of the receiver is able to exert between the

upper and lower side bands is proportional to the modulation frequency,

causing the receiver to discriminate against the lower modulating frequen-

cies. This introduces no difficulty with frequency modulation, since from

Sec. 81 it is seen that the modulation index for a frequency-modulatedwave
is inversely proportional to the modulation frequency. However, with

phase modulation the amplitude of the modulating voltage must be made
inversely proportional to modulating frequency by means of a network
if excessive frequency distortion is to be eliminated at the receiver. The
amplitude distortion produced in the reception o£ frequency-modulated

signals tends to be comparatively high'unless the modulation index of

the transmitter is low and the portion of the selectivity curve made use

of at the receiver is substantially linear.

114. Receiving Systems for Minimizing Fading.—Fading commonly
occurs at broadcast and higher frequencies, and is the result of interfer-

ence between waves that have traveled to the receiver along different

routes, as explained in Chap. XIV; When fading is present, the signal

intensity varies widely in a random manner, and with radio-telephone

1 The reception of frequency-modulated signals by detuning the receiver is some-
times explained on the basis that, as the frequency of the signal is varied, the response

of the radio-frequency circuits varies likewise, thus converting the frequency-modu-
lated wave into an amplitude-modulated wave. This view is only partially correct,

however, since the frequency-modulated wave, instead of being a wave of varying

frequency, is really a wave containing carrier and side-band components as explained

in Sec. 81.
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.

signals there is* usually marked distortion during the weak part of the
fading cycle.

Automatic volume control is an ojbvious means of minimizing the
effects of fading, and is used in nearly all broadcast receivers. This is

not a complete solution of the problem, however, because the signals

sometimes fade out so completely as to be lost in the background noise,

in which event no amount of amplification will be successful in retrieving
them. Also,' as the signals fade in and out, the sensitivity of the receiver
is varied, and there is a continual variation in the background noise.

Furthermore, automatic volume control does not prevent the quality
distortion usually accompanying fading, and cannot be employed with
code receivers because of the violent variations in receiver gain that would
result when the transmitter keying is momentarily interrupted.

Diversity Systems for Code Reception.—Experiments have shown that
frequencies differing by a few hundred cycles do not fade simultaneously,
and this makes it possible to minimize fading troubles by transmitting
the same message on different frequencies, i.e., by frequency diversity.

Many short-wave code transmitters accordingly modulate the. trans-
mitter output at some audible frequency, say 500 cycles, and then key this

modulated wave. The audio modulation introduces side-band frequen-
cies and in effect causes the telegraph message to be transmitted simul-
taneously on a number of frequencies,, which is of considerable help, in
reducing the number of drop-outs.

A still better anti-fading system can be obtained by taking
#
advantage

of the experimentally observed fact that the signals which are'iriduced in
antennas spaced 10 wave lengths or more apart do not fade simultaneously.
When three or more such antennas are employed, it is extremely unlikely
that the signals will fade out completely on all of them at the same time,
so that, if the outputs of the different antennas are combined, there will
nearly always be some signal present. .

An example of a commercial installation making use of a spaced-
antenna receiving system for minimizing fading of code signals is shown
schematically in Fig. 329. x This makes use of three short-wave antennas
spaced 10 wave lengths apart and each provided with a separate code
receiver. The audio outputs are rectified as shown and. combined by
passing through a common resistance. The voltage drop across this
resistance is amplified by a one-stage direct-current amplifier, the output
of which is passed through a resistance that supplies the grid-bias voltage
for a push-pull amplifier. The input of this amplifier is excited from an
audio-frequency "tone" oscillator. When no signals are being received,

•
1 For a detailed description of this particular installation, see H. H. Beverage and

H. O. Peterson, Diversity Receiving Systems of RCA Communications, Inc., for Radio
Telegraphy, Proc. I.R.E., vol. 19, p. 531, April, 1931.
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the current through the resistance common to the rectified outputs of the

three receivers is. negligible, causing the plate current of the direct-current

amplifier tube to be large. This places a rather high negative bias on the

push-pull amplifiers, blocking them, If, however, a signal is received
from at least one of the antenna systems, current flows through the com-

r Spaced Receivers consisting
of radio frequency
amplifier, oscitlattng
detector, and audio
amplifier Push Pull Tone

Amplifier

Signalinput
ad/ustmen-t

Tone vo/tagc

Fig. 329.—Diagram showing operation of typical diversity receiving system for telegraph
. signals.

mon output resistance of the three receivers, making the grid of the direct-

current amplifier more negative, reducing the amplifier plate current, and
lowering the grid bias of the push-pull amplifier. This enables the push-
pull amplifier to pass the audio frequency from the tone oscillator. The
adjustment on the grid bias of the push-pull amplifier is normally such
that, when no signal is being received, the noise level will just fail to allow

+he push-pull amplifier to pass tone current.

c

HHHfli
Fig. 330. - Typical records showing output of each receiver of a diversity receiving system

and of the combined output. Note the entire absence of fading in the latter.

A diversity arrangement as described will eliminate virtually all

drop-outs resulting from fading, since it only rarely happens that the

signals will fade out completely on all three receiving systems at the

same instant. This is well illustrated by the records of Fig. 330, which
compare the combined output of the diversity receiving system with the
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-.Spaced antennas

(R.F Transmission lines.

ySquare law
'• defectors

individual outputs of each antenna. The arrangement by which the

output of the receiving system keys a local Oscillator gives a final output

free of noise and having an amplitude and frequency independent of the

adjustments of the radio receiver.

Diversity Receiving Systems for the Reception of Radio-telephone

Signals.—Most fading troubles in the reception of radio-telephone

signals can be eliminated by using a spaced-antenna system and by taking

advantage of the observed fact that, when the received carrier is strong,

the quality distortion is normally a minimum. x The outputs of the spaced

antennas are accordingly combined in such a manner that the antenna

with the strongest carrier always

contributes a disproportionately

large share of the total output. One
means of doing this is shown schem-

"iC^ff atically in Fig. 33 l.
2 Here the

outputs of three receivers having

square-law detectors and excited

from three spaced antennas are

combined directly as shown. With
this arrangement the antenna receiv-

ing the strongest carrier contributes
Fig. 33L-Schematic diagram of diver- nearl aU the output because the

sity telephone receiving systems. The " r
outputs of the square-law detectors are square-law detector favors the
combined directly and an automatic vol- stronger signa1.3 The receivers,ume control operates on all receivers. . ° ° '

which at the moment are contrib-

uting little to the output, are prevented from contributing to the

noise level by the use of an automatic-volume-control voltage obtained

from the common rectified output as shown and operating simultaneously

on all receivers. When the output of any one receiver is strong, the con-

trol reduces the amplification of all three receivers and hence keeps down
the noise in the common output.

"

Radio frequency
amplifierand
receiver

'Automatic volume control
operating:from rectified
current in common output
ofdetectors

1 This is because the worst quality distortion is that caused by the carrier fading
out while leaving relatively strong side bands.

2 This is the diversity receiving system used by the RCA Communications, Inc.,

at their Riverhead, Long Island, receiving station. For a more detailed description

see H. O. Peterson, H. H. Beverage, and J. B. Moore, Diversity Telephone Receiving
System of RCA Communications, Inc., Proc. I.R.E., vol. 19, p. 562, April, 1931.

3 A still better arrangement would be one involving linear detectors, each followed

by one stage of audio-frequency amplification. The outputs of the audio amplifiers

would be combined, but a quieting system would cut off the output of all the audio
amplifiers except the one associated with the detector receiving the strongest carrier.

The control for the quieting systems could be obtained by a differentially operated
system of tubes. Such an arrangement would avoid the distortion of the square-law
detectors.
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Directivity Steering.—The different paths followed by the signals

when fading is present are found experimentally to arrive at the receiver at

different vertical angles, and furthermore the signals following a particular

path are relatively stable. This has led to the suggestion that fading

could be minimized by employing an antenna system in which the vertical

directivity was always adjusted to discriminate in favor of the waves

arriving along the lowest vertical angle, whatever this happened to be.

Experiments with an antenna having easily adjustable vertical directivity

indicate that it is possible to obtain marked reduction in fading by the use

of such directivity steering, and demonstrate the basic soundness of the

sharp angular method of discrimination. 1

Problems

1. Discuss the effects that each section of Fig. 309 can be expected to have on the

fidelity of a broadcast receiver.

2. Discuss the factors that can cause the selectivity and fidelity characteristics

of a superheterodyne receiver to vary with the frequency being received.

3. Make an estimate of the sensitivity of the receiver of Fig. 314, using reasonable

assumptions as to stage gains and detector efficiencies.

4. Make a separate detail drawing of the second detector and. volume-control

system of the receiver of Fig. 310 and explain the function of each circuit component.

5. Explain the method" used in the receiver of Fig. 310 to bias the grids of the

audio and output tubes.

6. Make an estimate of the total d-c voltage and current that must be developed

across the filter input condenser of the receiver of Fig. 310, assuming normal tube-

operating conditions and using tube data from a tube manual.

7. Assuming that the speaker field of the receiver of Fig. 310 has an incremental

inductance of 8 henries, calculate: (a) the ratio of alternating-current voltage in the

plate supply of the output tube to the alternating-current ripple voltage appearing

across the input condenser of the rectifier-filter system, (6) the ratio of alternating-'

current voltage appearing in the plate supply of the 6F5 audio tube to the alternating-

current ripple voltage across the input condenser of the rectifier-filter system.

8. Make a rough estimate of the sensitivity of the receiver of Fig. 310 by cal-

culating stage gains where possible and in other cases assuming reasonable gains.

9. Draw a detail diagram of the intermediate-frequency amplifier of the receiver

of Fig. 312, showing the high-frequency filter and by-pass systems in plate, screen,

and cathode circuits. . Discuss the factors that determine the size of each condenser

and resistance involved and calculate the effectiveness of the by-passing (or filtering)

at the intermediate frequency of 450 kc.

10. Draw a detail diagram of the converter circuit used in the receiver of Fig. 312,

and indicate the function of each circuit element.

11.. Explain the operation of the bass-compensating system incorporated in the

volume control of the receiver of Fig. 313.

12. In the receiver of Fig. 313. separate diodes are used for automatic volume

control and for detection. . Explain the operation of the circuit arrangement shown,

paying particular attention to the means used to obtain delay for the automatic-

1 See E. Bruce and A. C. Beck, Experiments with Directivity Steering for Fading

Reduction, Proc. IJt.E., vol. 23, p. 357, April, 1935. .
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volume-control system, while allowing normal detector action for the signal diode,
and to the biasing system that enables the 6B7 tube to function as a normal amplifier.

13. Make a detail drawing of the quieting system used in Fig. 313 and explain the
action by reference to this diagram.

• 14. Make a detail drawing of the tuning indicator in Fig. 313 and explain the
operation. Include in the explanation the means by which the indicator can be made
to tell when the receiver is adjusted to the exact center of the response band even
though the receiver gives the same output over an appreciable frequency range.

16. A radio-frequency tuning coil is to cover the frequency range 530 to 1650'kc
with a maximum capacity of 380 ntf:

a. Calculate the coil inductance that is required and the total minimum circuit
capacity. .

-

6. If the coil in a is to be used in a superheterodyne receiver having an inter-
mediate frequency of 450 kc, calculate oscillator inductance and oscillator series and
shunt trimmer condensers (assuming shunt trimmer is in parallel with the tuning
condenser) which will give the desired intermediate frequency when the radio
frequency coil is tuned to 600, 1000, and 1400 kc.

c. Calculate a curve similar to that of Fig. 316 showing accuracy of tracking for
the design in (6).

16. A receiver covering the frequency range 530 to 1650 kc has ah intermediate
frequency of 460. kc. List the conditions and frequencies at which whistles or spurious
responses are most likely to occur.

17. Design .a superheterodyne receiver for the broadcast band (550 to 1500 kc)
which will have a sensitivity of' the order of 30 a«v. "this design is to be worked out
in detail with constants given for all circuit elements, or is to be given only in a general
form with preliminary calculations, tube" line-up, and simplified schematic circuit,

according to the assignment.

18. a. In a superheterodyne code receiver it is permissible to make the receiver
selectivity much greater than when radio-telephone signals are to be received.
Explain why this is so.

b. Explain why the use of the highest possible selectivity in a code receiver makes
it possible to receive weaker signals than when less selectivity is used. •

19 i Work out the circuit of a code receiver consisting of ohe stage of tuned radio-
frequency amplification, an oscillating detector, and a two-stage audio-frequency
amplifier,

'

.

20. a. In the heterodyne reception of code signals explain why stability of the
transmitted frequency is just as important as stability of the beating oscillator of the
receiver.

b. When a superheterodyne receiver is used in the reception of code signals, what
advantages (if any) are to be gained by the use of automatic-frequency control for

(1) the first oscillator of the receiyer, and (2) for the second oscillator?

21. When an ordinary receiver is used to receive a frequency-modulated signal by
tuning so that the carrier is on the side of the resonance curve, it is found that' there
are two carrier frequencies for which the reception of frequency-modulated waves is

equally efficient, and there is also a third carrier frequency for. which amplitude-
modulated waves are received. Explain how these various responses occur, and
suggest a means whereby the receiver can be modified to eliminate or greatly reduce
the reception of all signals except one frequency-modulated carrier.



CHAPTER XIV

PROPAGATION OF WAVES

115. Ground-wave Propagation.—The energy radiated from a trans-
mitting antenna located at the earth's surface can be conveniently divided
into a ground wave, which travels along the surface of the earth, and a
sky wave, which is propagated in the atmosphere above the earth. The
ground wave starts from the transmitter with a strength determined by
the field radiated along the horizontal, but as it travels away from the
transmitting antenna it becomes weaker as a result of spreading and
because of energy absorbed from the wave by the earth. These earth
losses result from the fact that the wave induces charges in the ground
as illustrated in Fig. 1, and as these charges travel along with the wave
they represent a current that dissipates energy. The portion of the wave
in contact with the earth is therefore being continuously and relatively

rapidly wiped out, only to be .replenished, at least in part, by a diffraction

of energy downward from the portions of the wave immediately above
the earth. As a result of this situation, the strength of the ground wave'
is attenuated with distance at a rate determined by the distance, the
frequency, the earth conductivity, and dielectric constant of the earth,
in a complicated manner. .

Sommerfeld Analysis of Ground-wave Propagation for Resistive Earth.
The solution of the relations involved in ground-wave propagation
was first given by Sommerfeld in a celebrated paper. 1 According to this'

the strength of the ground wave produced by an antenna located at the
surface of a flat earth is given by an equation of the form

k
Ground-wave field strength = e = -zA (206)

where

k = a constant determined by the strength of the field radiated along
the horizontal by the transmitting antenna

d = distance from the transmitter

A = a factor that takes into account the ground loss.
1 A. Sommerfeld, The Propagation of-Waves in Wireless Telegraphy, Ann Phys.,

vol. 28, no. 4, p. 665, 1909; vol. .81, p. 1135, 1926.

An excellent discussion of the Sommerfeld analysis, together with modifications
that permit its application to practical problems, is given by K. A. Norton, The
Propagation of Radio Waves over the Surface of the Earth and in the Upper Atmos-
phere, Proc. I.R.E., vol.- 24,. p. 1367, October, 1936.

593
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It will be noted that e = tyd represents the strength of the field that

would be obtained at the surface of the ground on the assumption of a

perfect earth (i.e., infinite conductivity). In the important special

case where the antenna is vertical and is short compared with a wave
length (i.e., radiated field proportional to the cosine of , the angle of

elevation), k = 300\/P (where P is the radiated power in kilowatts),

e is in millivolts per meter, and d is in kilometers, or k = 186.4y/P when
d is in miles. . .

The Sommerfeld reduction factor A depends in a relatively com-

plicated way upon the frequency, dielectric constant and conductivity

of the earth, and the actual distance. By making modifying assump-

tions that do not introduce appreciable error under the conditions existing

in- practical radio communication, it is possible, however, to express the

reduction factor in terms of two parameters, the numerical distance p,

and the phase constant & defined as follows: 1

tan6 = (S + l)(
18 ^1()lv)

(207a)

Numerical distance p = M i o y
C

io 18 / \
cos ^

8 + 1\\

d\ . -

sin o

(2076)

where

8 = dielectric constant of earth (assuming air is unity)

o- = conductivity of earth in electromagnetic units

/ = frequency in kilocycles

" d/\ — distance from transmitting antenna in wave lengths.

The relationship between p and b and the reduction factor A is quite

involved, but is given graphically in Fig. 332, and can also be expressed

with fair approximation by the empirical relation

Sommerfeld reduc-j = 2 + O-fo _JL^ sin h (208a) .

tion factor . / -2 + p + 0.6p 2 \ 2
v

Discussion of the Sommerfeld Analysis.—The phase constant b depends

upon the power factor of the soil when considered as a conductance

shunted by a dielectric. At low frequencies, where the impedance

offered by the earth to the flow of current is primarily resistive, the con-

stant b is small and the numerical distance p then depends only upon

the conductivity, frequency, and actual distances, and is independent of

the dielectric constant of the earth. For this condition

1 This follows the treatment of Norton, loc. cit.
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Numerical distance with\ / /w
resistive earth

A- J /* \
d

/ \1.8 X 10 1!V X

595

(2086)

On the other hand, at high frequencies where the impedance offered by
the earth to the flow of current is primarily capacitive, the phase con-
stant b approaches 90°. The numerical distance then depends only upon

Fig. 332.

1000

-Sommerfeld reduction factor A as a function of the numerical distance p for
various values of phase constant b.

the dielectric constant and the actual distance measured in wave lengths,
and is independent of earth conductivity. For this case

Numerical distance with) _ w d
capacitive earth /

~~
S + 1 X

(208c)

The frequency" at which the soil changes over from mainly conductive
to mainly capacitive impedance depends upon the soil constants, but
with ordinary earth this begins to take place at the high-frequency end
of the broadcast band (1500 kc), and the transition is ordinarily fairly
complete at the frequencies used for long-distance short-wave
communication. ......

The Sommerfeld attenuation factor A produced by the earth depends
primarily upon the numerical distance p. The attenuation is small
for numerical distances up to unity, but thereafter increases rapidly.
For numerical distances up to approximately 10 the phase constant, has
some effect upon the attenuation, as shown in Fig. 332, but for greater
numerical distances the attenuation factor approaches the value l/2p and
becomes independent of the phase constant. For such large distances
the reduction factor A is inversely proportional to distance, and the
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strength of the ground wave is then inversely proportional to the square

of the distance.

At broadcast and lower frequencies where the earth is primarily

resistive, the' attenuation that the ground wave suffers at a given dis-

tance is particularly sensitive to the frequency and the conductivity.

Examination of Eq. (2076) shows that, when b is small, the numerical

distance corresponding to a given physical distance is inversely propor-

tional to the earth conductivity and directly proportional to the square

of the frequency. High ground conductivity and low frequency are

then very important in obtaining strong ground-wave signals at con-

siderable distances. At high frequencies the earth is primarily capaci-

tive, and the numerical distance corresponding to a. given physical

distance is proportional to frequency and approximately inversely propor-

tional to the dielectric constant of the earth, so that high dielectric con-

stant and low frequency reduce the grOund-wave attenuation.

The conductivity and dielectric constant effective in Eq. (207) are

the average values for the earth extending down to depth of a few to

over a hundred feet, according to the frequency. The dielectric constant

and conductivity can be most satisfactorily derived from data on ground-

wave propagation taken over the desired path at some convenient

frequency. Knowing the frequ'ency, distance, and rate Of attenuation,

it is possible to work backward and find the earth constants required to

account for the results. The values so obtained can then be used to

determine the ground-wave propagation of waves of other frequencies

over the same general path. 1 In the case of homogeneous soil it is

possible to employ sampling methods with fair success, although if any

accuracy is to be realized this requires the averaging of a large number of

samples.

The soil conductivity varies greatly under different, conditions, rang-

ing from about 3 X 10-13 electromagnetic units for moist loam to values

of the order of 10~14 for dry sandy and rocky soil. The conductivity Of

salt water depends on the temperature and the saline content, and

averages about 5 X 10~u electromagnetic units. The dielectric constant

of earth commonly ranges from 5 to 30, with the low values tending to go

with dry soils of poor conductivity and the larger values with moist

conducting earth. The dielectric constant of salt water is approxi-

mately 80.

The Sommerfeld analysis neglects the curvature of the earth and

so gives calculated fields that are too high when the distance is great,

The analysis of this case is quite complicated and of more theoretical

1 Examples of such determinations are given by S. S. Kirby and K. A. Norton,

Field' Intensity Measurements at Frequencies from 285'to 5400 Kilocycles per Second,

Proc. I.R.E., vol. 20, p. 841, May, 1932.
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than practical interest, since other factors such as fading and sky waves
ordinarily become the dominant factors before the additional attenuation

due to earth curvature becomes large. 1
.

•

Curves showing ground-wave attenuation as a function of distance

for different wave lengths and earth conductivities, and including the

effect of earth curvature, are given in Fig. 333 for the case of a transmitting

antenna radiating 1 kw of power and having a directional characteristic

such that the strength of the radiated field is proportional to the cosine
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Fig. 333.—Strength of ground wave as a function of distance, frequency,, and soil

conductivity for 1 kw radiated power from an antenna producing a radiated field propor-
tional to the cosine of the.vertical angle. (For more complete curves see Proc. I.R.E., vol.

21, p. 1419, October, 1933.)
"

of the angle of elevation above the horizontal. 2 For other powers the

field strength will be directly proportional to the square root of the

power, while with other directivities the field strength must be multi-

plied by. a factor giving the relative horizontal field strength for 1 kw

1 For further information on the effect of earth curvature, see Norton, loc. tit.;

T. L. Eckersley, Direct Ray Transmission, Proc. I.R.E., vol. 20, p. 1555, October,

1932; Charles R. Burrows; Radio Propagation over a Spherical Earth, Proc. I.R.E.,

vol. 23, p. 470, May, 1935.
2 These are taken from Norton, loc. tit. For additional curves see Report of

Committee on Radio Propagation Data, Proc. I.R.E., vol. 21, p. 1419, October, 1933.
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radiated in the actual case compared with the field strength for the

cosine directivity. Thus a 50-kw broadcast transmitter ' employing

an antenna that increases the field strength along the horizontal to 1.41

times the field strength obtained with the assumed cosine law would make
the radiated field 1.41\/50 = 10 times the value obtained from Fig. 333.

For purposes of comparison, inverse distance curves corresponding to

zero earth losses are also shown. Examination of the curves of Fig. 333

shows the very great effect of frequency and earth conductivity upon the

ground-wave field strength, and brings out clearly how low frequency and
high ground conductivity improve the coverage of ground wave signals.

Ground-wave Propagation over Composite Paths.—When the earth

conductivity differs appreciably at different places along the path of the

ground wave, the Sommerfeld analysis cannot be expected to yield

accurate results. Under such conditions it is necessary either to use an

average earth conductivity or to piece together attenuation curves

corresponding to the various soil conductivities. Neither method can be

expected to give entirely satisfactory results, although the latter has the

most rational basis. 1

An important case of a composite path occurs when the transmitting

station is located near the sea coast and is intended for transmission out

to sea. Sea water has very low ground-wave absorption as compared with

land, and it is accordingly very important that the transmitting station

be located as close as possible to the water's edge. Experimental

investigations have shown that, when a short-wave transmitter is located

Wa <? f +—W a m^e mland from the shore, the addi-

7 tional attenuation of the ground wave

/
• is of the order of 10 db. 2

•

Dowffwo/rcf /—^ >
component ~HiP^~-—'^-"Resultant .Character of Ground Wave.—The

/ direction . . .
"

. ,. „ .

/ of travel ground wave is always vertically polar-

vM/y^/^J/^y^yyyM//yyyyyy/^y^/y. ized, and has a wave front that possesses

Fig. 334.—Wave front of ground a slight forward tilt. The vertical polar-

.
wave showing the forward tilt that is a

jzation exists because the conducting
result ol the horizontally traveling . .

energy combining with the downward earth short circuits any horizontally
flow that replenishes the earth losses, polarized component of the wave, and
hence wipes out the electrostatic flux of a horizontally polarized ground

wave. The forward tilt is the result of the fact that energy is being

continuously diffracted toward the earth to replenish the earth losses, as has

already been explained, and this downward flow of energy, combined with

1 A procedure for joining attenuation curves is given by P. P. Eckersley, The
Calculation of the Service Area of Broadcast Stations, Proc. I.R.E., vol. 18, p. 1160,

July, 1930.

• 2 See R. A. Heising, Effect of Shore Station Location upon Signals, Prqc. I.R.E.,

vol. 20, p. 77, January, 1932.
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the horizontal travel along the surface of the.earth, gives a resultant tilt as
illustrated in Fig. 334. a

116. The Sky Wave.—The energy radiated in directions other than
along the ground surface travels through space until reaching the ionized
region in the upper atmosphere, where, if conditions are favorable, the
path of the wave will be bent earthward. Such'a sky wave may return to
earth at very great distances from the transmitter, and is the means of
obtaining long-distance radio communication. The sky wave in travel-
ing through the space between the earth's surface and the ionized region
suffers little attenuation other than that caused by spreading, so that
the field strength in this portion of the path is inversely proportional to
distance. In the ionized region there are additional losses which under
some conditions will be sufficient to absorb the sky wave completely and
which under others will introduce relatively little attenuation beyond
that corresponding to the inverse-distance law.

117. Nature of the Ionosphere.2—Ultra-violet light or some other
form of ionizing radiation originating with the sun, and apparently
traveling with the velocity of light, ionizes the outer portion of the
earth's atmosphere. This ionized region or ionosphere, also termed the
Kennelly-Heaviside layer after the two scientists who independently
and almost simultaneously suggested its existence, consists of free

'

electrons, positive ions, and negative ions, in a rarefied gas. The effect

1 For further information on the quantitative relations involving tilt angle see
G. W. O. Howe, "The Tilt of Radio Waves and Their Penetration into the Earth,"
Wireless Eng. and Exp. Wireless, vol. 10, p. 587, November, 1933.

This paper also gives formulas for calculating the penetration of the radio-
frequency currents into the earth.

2 The literature on the ionosphere is very extensive, and this and the following
several sections can do no more than summarize some of the principal points. The
reader desiring to study this subject further is referred to the following selected
bibliography which covers in a comprehensive way the knowledge concerning the
ionized layer and includes reference to the remaining literature:

P. O. Pedersen, The Propagation of Radio .Waves, G.E.C. Gad, Copenhagen,
Denmark (in English); S. S. Kirby^ L. V. Berkner, and D. M. Stuart, Studies of the
Ionosphere and Their Application to Radio Transmission, Proc. I.R.E., vol. 22, p. 481,
April, 1934; E. O. Hulburt, The Ionosphere, Skip Distances of Radio Waves, and the
Propagation of Micro Waves, Proc. I.R.E., vol. 23, p. 1492, December, 1935; J. P.
Schafer and W. M. Goodall, Diurnal and Seasonal Variations in the Ionosphere during
the Years 1933 and 1934, Proc. I.R.E., vol. 23, p. 670, June, 1935; Theodore R. Gilli-
land, Multi-frequency Ionosphere Recording and Its Significance, Proc.I.R.E., vol. 23,
p. 1076, September, 1935; S. S. Kirby and E. B. Judson, Recent Studies of the Iono-
sphere, Proc. I.R.E., vol. 23, p. 733, July, 1935; L. V. Berkner and H; W. Wells,
Report of Ionosphere Investigations at the Huancyo Magnetic Observatory (Peru)
during 1933, Proc. J.R.E., vol. 22, p. 1102, September, 1934; E. O. Hulburt, Wireless
Telegraphy and the Ionization in the Upper Atmosphere, Proc. I.R.E vol 18 p
1231, July, 1930.
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that the ionosphere has on radio waves is a result of the free electrons,

and is determined by the distribution of electron density in the upper

atmosphere. 1 The electron density is negligible in the earth's lower

atmosphere, but reaches a value sufficient to influence radio waves at a

height of about 100 km, and then maintains a relatively high value up
to 300 to 500 km, after which the density presumably tapers off. The
maximum electron density and the exact way in which the density varies

with height depend upon the time of day and the Season and also vary

from year to year.

. During the day there are three distinct maxima of electron density as

illustrated in Fig. 335a. These are termed the E, F\, and F 2 layers, as

indicated, and have progressively higher maximum density. These

regions of maximum electron density are not strictly layers as there is

ionization between them as shown in Fig. 335, but the term layer is

generally employed to designate the regions near the maxima. The height

F Layer

-.—-+-F Layer

fc) Occasional
Night Conditions

Electron Density

Fig. 335.—Schematic diagram illustrating the variation of electron density with height
above earth under typical conditions.

of the maximum density of the E layer is substantially constant at about

100 km, with little diurnal or seasonal variation. For the Fx layer,

the height of maximum electron density is approximately 200 km, and

this likewise has very little diurnal or seasonal variation. In contrast

with this, the height of the F2 layer has considerable diurnal and seasonal

change and also depends upon the latitude, with typical heights lying

within the range 250 to 350 kin.

At night the F\ layer tends to fade out while the F2 layer descends,

with the result that these two layers coalesce to form a single night-time

F layer, as shown in Fig. 3356. This layer has a height of approximately

250 km and has little diurnal and seasonal variation. The E layer also

fades at night, and in some cases may actually disappear, as indicated

in Fig. 335c.

1 In the lower, or E layer, there is the possibility that the ions are sufficiently

numerous to have some influence. Under such conditions the term electron density

represents the electron density that would have the same effect as the actual ionized

medium.
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This behavior of the ionosphere layers is illustrated in Fig. 336, which
brings out the coalescing of the F x and F2 layers at night and also shows
the extent of the variability of the F2 layer with season.

Electron Density—Little is known about the distribution of the
electrons in the ionosphere other than the height and maximum electron
density of each, layer. Other details

can only be inferred on the basis of

theoretical hypotheses.

Typical behavior of the ' electron

density of the different layers is illus-

trated by the curves of Fig. 337. The
maximum density of the E and Fx

layers is seen to follow a regular diumal
cycle, being maximum at noon and
tapering off at both earlier and later

hours as shown. The density in sum-
mer is about one-third greater than in

winter. This behavior of the E and Fi layers can be attributed to
ionizing radiations from the sun. The maximum electron density in the
F2 layer shows a much larger diurnal and seasonal variation, changes
more from day to day, and is apparently less directly connected with the
sun. It will be noted that all the maximum electron densities "decrease

greatly during the night, presumably as a result of recombination in the
absence of ionizing solar radiation. •

5x10
S

04.

«_
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r=l
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Fig. 336.—Average height of the
ionized regions at Washington, D. C.
during 1933-1934:
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Fig. 337.—Average electron density of the various ionized layers at Washington, D. C,
during 1933-1934 (quiet part of sun-spot cycle).

The situation summarized in Fig. 337 represents average results

taken at Washington, D. C. during 1933-1934 and are typical of what
can be expected in temperate latitudes during the quiet part of the sun-

spot cycle. Experiments made in Peru indicate that the latitude has

little effect on the E
}
F\, and F layers; but influences the characteristics

of the F2 layer noticeably.

The maximum electron density apparently follows the eleven-year

sun-spot cycle, and evidence indicates that at the next sun-spot maximum



602 RADIO ENGINEERING [Chap. XIV

(which will be 1938-1939) the maximum electron densities will inorease

from 50 per cent to i.00 per cent above those shown in Fig. 337, although

the layer heights to be expected will not be materially different.

In addition to the E, F, Fh and F2 layers, there is experimental

evidence to indicate the existence of other layers or maxima under

certain conditions, notably a C layer lower than the E layer, and a G

layer which is. above the F2 layer. 1

118. Effect of the Ionosphere upon a Radio Wave.—The effect that

an ionized region has on a radio wave can be understood by considering

the behavior of a single ion or electron when under the influence of a

passing radio wave. Take first the case of an electron in a vacuum with

no magnetic field present other than the weak magnetic field of the wave.

The wave's electrostatic field exerts forces on the electron which vary

sinusoidally with time and cause the electron to vibrate sinusoidally

along a path parallel with the flux lines of the wave. The amplitude

and average velocity of vibration are greater the lower the frequency,

and the velocity is 90° out of phase with the electric field of the radio

wave because the moving electron offers an inertia reactance to the

forces acting upon it. Since a moving charge is an electrical current,

the vibrating electron acts as a small antenna which abstracts energy

from the radio waves and then reradiates this energy in a different phase,

in exactly the same manner as a parasitic antenna tuned to offer an

inductive reactance (see Sec. 135). The net effect of the ionized region

under these conditions is to alter the direction in which the resultant

energy flows in such a manner as to cause the wave path to bend away

from the regions of high electron density toward regions of lower density.

The magnitude of this effect varies with the amplitude and average

velocity of the electron vibrations and therefore becomes increasingly

great as the wave frequency is lowered. Ions in the path of a wave act

in much the same way as electrons, but because of their heavier mass

ions move much more slowly than electrons under the same force and so

in comparison"have negligible effect.

Effect of the Earth's Magnetic Field.—The effect that electrons in the

atmosphere have on radio waves is influenced by the fact that these

electron's are in the presence of the earth's magnetic field, which exerts

a deflecting force on the moving electron as explained in Sec. 24. The

magnitude of this deflecting force is proportional to the instantaneous

velocity of the electron and is in a direction at right angles to the lines of

magnetic flux. At very high radio frequencies, where the maximum

velocity attained by an electron in the path of the wave is small, the

deflecting forces that are exerted by the earth's magnetic field are cor-

i Thus see Kirby and Judson, loc. tit. ; R. C. Colwell and A. W. Friend, The Lower

Ionosphere, Phys. Rev., vol. 50, p. 632, Oct. 1, 1936.
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respondingly slight, with the result that the path followed by the vibrat-

ing electron is a narrow ellipse (see Fig. 338a). The ratio of minor to

major axes of the ellipse depends upon the orientation of the electrostatic

flux lines of the radio wave with respect to the earth's magnetic field.

The motion along the minor axis causes some of the energy reradiated

by the vibrating electron to have a component polarized at 90° with

respect to the polarization of the passing wave. Hence a radio wave in

passing through an ionized region in the
x r r i

Highfrec[uervcies Critical frequency Low frequencies

upper atmosphere has its plane ot polar-
(ei) (b) (c) (ol) (e)

ization affected by the earth's magnetic n f\ {
io

field. i '[) ( U jo Jo
As the frequency of the wave is • \- V

reduced, the maximum velocity attained M 338-

_

Paths followed by an

by an electron under the influence of the electron in the earth's magnetic field

wave is greater, and the minor axis of the -»-J™^SmSSH
elliptical path becomes larger in propor- the paths for the low-frequency cases

tion tothemajor axis (seeFig. 3385), thns «£-£. ^h'epetLt&V
increasing the fraction of the absorbed en-

ergy that is reradiated in a different plane of polarization. This tendency

continues as the frequency is lowered until at about 1400 kc the deflecting

force of the magnetic field is so related to the frequency that the direction

of the electron is reversed at exactly the same instant the electrostatic

flux of the passing wave changes polarity, causing the electron to follow

the spiral path shown at Fig. 338c. Since the electron velocity in the

spiral increases without limit, the electron abstracts more energy from

the passing wave than is reradiated, tending to make the sky-wave

attenuation at 1400 kc greater than at higher or lower frequencies. At

frequencies lower than this resonant frequency of vibration the path fol-

lowed by an electron vibrating in the presence of the earth's magnetic

field is approximately as shown at Fig. 338d and e. The principal effect

of the magnetic field Under these conditions is to lower- the maximum

electron velocity, thus reducing the amount of energy that is absorbed

from a low-frequency radio wave and reradiated. The effect that an

electron path such as shown at Fig. 338d and e has on the polarization

is relatively small since the radiations from the two sides of each reversal

loop are of opposite phase and tend to cancel.

A quantitative analysis shows that the presence of the magnetic

field, in addition to affecting the polarization, also causes the wave

to be split into two components termed the ordinary and extraordinary

fays, which follow different paths, have different phase velocities, and

suffer different attenuations. 1 As a consequence a wave that has

1 A more complete discussion of the effect of the magnetic field is to be found in the

literature. Thus see H. W. Nichols and J. C. Schelling, Propagation of Electric
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passed through an ionized" region will. have both vertically and hori-

zontally polarized components irrespective of the polarization of the

waves radiated from the transmitter, and furthermore the vertical and

horizontal polarizations will in general not be in the same phase, i.e.,

the wave will be elliptically polarized. 1

Losses in the Ionosphere. 2—The electrons set in vibration by a passing

wave will from time to time collide with gas molecules. In such a

collision the kinetic energy that the electron has acquired from the radio

wave is partly transferred to the gas molecule and partly radiated in the

form of a disordered radio wave which contributes nothing to the trans-

mission. The net result is therefore an absorption of energy from the

passing wave. The amount of energy thus absorbed depends upon the

gas pressure (i.e., upon the likelihood of a vibrating electron colliding

with a gas molecule) and upon the velocity that the electron acquires

in its vibration (i.e., upon the energy lost per collision). As a conse-

quence most of the absorption suffered by a wave passing through the

ionosphere takes place at the lower edge of the ionized region where the

atmospheric pressure is greatest, and the absorption taking place high

up in the layer is relatively small.. Other things being equal, the absorp-

Waves over the Earth, Bell System Tech. Jour., vol. 4, p. 215, April, 1925; Kirby,

Berkner, and Stuart, loc. tit.; E. V. Appleton, Jour. I.E.E. {London), vol. 71, p. 642,

1932.
3 Elliptical polarization results whenever there are vertical and horizontal com-

ponents having different phase. Elliptical polarization is characterized by the fact

that the resulting magnetic and electrostatic fields produced by an alternating wave
never at any instant pass through zero

;

rather the resulting fields rotate in the

plane of the wave front at a rate corre-

Vector resultant \ x>. \ e»a J>\ sponding to the frequency of the wave,
atdifferent ,V—-. \A! J< \ . , ., , . , . . ,.

parts ofcycle'"' \f
'^

Tg^L-:- Eh"N:—*| w"ue at "*e same time pulsating in ampli-

tude. The resulting field produced by
elliptical polarization can therefore be

represented by a rotating vector of vary-

. r ing length as illustrated in Fig. 339.
Phase difference a. between tv ana t H _,, ~ ,, . , , • ;,

Vectors is a -. Sin'' ^
' ^he field can never -be zero because the

v vertical and horizontal components do not
Fig. 339.—Diagram showing electric pasg through zero at the same instant,

forces of an elliptically pdlarized wave, when
polarization depends

the wave front is in the plane of the paper.
,

*
, , ,.

upon the direction of the earth s magnetic

field, and is accordingly different in the northern and southern hemispheres. See

E. V. Appleton and J. A. Ratcliffe, On a Method of Determining the State of Polariza-

tion of Downcoming Waves, Proc. Royal Soc, vol. 117A, p. 576, March, 1928; A. L.

Green, The Polarization of Sky Waves in the Southern Atmosphere, Proc. I.R.E.,.

vol. 22, p. 324, March, 1934.

2 For further information on losses, see Pedersen, loc. tit.; William G. Baker and

Chester W. Rice, Refraction of Short Waves in the Upper Atmosphere, Trans.

A,LE,E., vol. 45, p. 302, 1926.
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tion will also be less the higher the frequency because the average velocity

of the vibrating electrons decreases as the frequency is increased.

The presence of the earth's magnetic field influences the absorption

by affecting the velocity of vibration. This is particularly important

at the lower frequencies, where, as explained in connection with Fig. 338,

the magnetic field reduces greatly the average velocity of the electrons,

and so reduces the losses.

(cO-Earth curvature (b)-Earth curvature taken
neglected into consideration

'Lower edge of
. >r^T/^VKennellv-

Wer TA-r y , er"""
-"V/ Surface of

Centerofearf-h-Jf earth

Fig. 340.—Diagrams illustrating notation of Eqs. (209a) and (2096).

119. Path Followed by Sky Wave.—The actual path that a radio

wave follows in the ionosphere depends upon the way in which the

refractive index of the ionized medium varies with height above the

earth. When the refractive index is a function only of the height above

earth, as is normally the case,- the path is determined by the following

differential equations: 1

For flat earth {for short distances along earth's surface):

dx= -cos-flfe (209a)

vV - cos 2
j8-

'

For round earth {for great distances along earth's surface):

jg
-riCOBflfr

(2 9&)
r-\/r2fi

2 — ri
2 cos2 £ ,

*

where
•= angle of incidence of wave entering the Kennelly-Heaviside layer

n
=* refractive index of Kennelly-Heaviside layer, and is a function

only of z
,

I

z = height of ray above lower edge of layer

x - distance parallel to earth's surface, measured from the point at

which the wave enters the ionized region

= polar angle (in radians) intercepted by wave path

r = distance from wave to center of earth

n = distance from lower edge of Kennelly-Heaviside layer to center

of earth.

This notation is shown graphically at Fig. 340.

1 The derivation of these equations is to he found in a number of places in tha

literature. Thus see Baker and Eice, he. cU.
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The refractive index m takes into account the effect that the electrons

have on the wave path. It is determined primarily by the frequency of

the wave and the electron density, although it is affected somewhat by the
earth's magnetic field and by collisions between the vibrating electrons

.
and gas molecules. If the effects produced by the magnetic field and
the collisions are neglected, the refractive index is

1

Refractive index /x = */ 1 -^— (210)

where

N = electron density in electrons per cubic centimeter

/ = frequency in kilocycles.

It will be observed that the extent to which the refractive index departs
from the value of unity that exists in free space, and hence the effect that
the ionization produces on the wave, increases directly with the electron

density JSf and inversely as the square of the frequency. When the
effect of the energy loss in the ionosphere is taken into account, it is

found that the refractive index is slightly closer to the free space value
of unity than given by Eq. (210). The presence of a magnetic field

s-.-.:- -.£.. • • .,...
likewise modifies the refractive index,

^M^0^^^^^S^SM&. and also leads to two values of refrac-

Wm^^^S^i tive index corresponding to the two
/\s^ o^^s^ensi+y wave paths mentioned above as being

^li>n iumlmm,>,m^. t^mi^^,u>miw produced by a magnetic field. 2

Fig. 341.—Diagram illustrating the It can be shown from Eq. (209)
change that takes place in the direction +u„+ +u„ nce i. „c „ • i

of the wave front when a wave travels
that the effect °f an ionized region IS

through the Kennelly-Heaviside layer, to bend the path of the wave away from
The part of the wave-front in the region au. „ /j„»„ „t u „ c x* i /i_- 1

of greatest electron density advances
™e regions of low refractive index (high

faster than the rest of the wave and so electron density) toward regions ' of
causes a refraction.

higher ^^^ index qqw dectren
density). The curvature is proportional to the rate of change of refrac-

tive index with height, and so is greatest when the electron density changes
rapidly with height.

A physical picture of the situation as it affects the sky wave can be
gained with the aid of Fig. 341, which shows small sections of wave fronts
traveling in different parts of an ionized region having a single maximum
of ionization. The edge of the wave front where the electron density is

greatest has the lowest refractive index and hence the highest phase
velocity. This part of the wave front hence advances faster than the
rest, causing a bending of the wave path away from the region of maxi-

1 For derivation see Pedersen, loc. tit.; or Baker and Rice, loc. tit.
2 Formulas for the refractive index in the presence of a, magnetic field are given by

Kirby, Berkner, and Stuart, or Appleton, loc. cit.
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mum ionization. 1 When the wave enters the ionized region' at glancing

incidence, as illustrated by the lower path in Fig. 341, it needs to be bent

through only a relatively small angle to be returned to earth, and it is

able to obtain the necessary curvature without penetrating very deeply

into the layer. In the case of a greater angle of incidence, shown by the

middle path of Fig. 341, the wave penetrates more deeply into the layer

and almost but not quite reaches the region of maximum density. At

these higher parts of the path the variation of electron density with

height is relatively small, so that the curvature is slight and the wave

must travel a long distance in this higher part of the region before its

path is sufficiently bent to bring the wave back* into the lower regions.

In the case of almost vertical incidence, as shown by the left-hand path

in Fig. 341, the ionized region is not able to produce sufficient curvature

to return the wave to earth before it reaches the region of maximum

electron density. The wave then passes on through the layer and is lost

unless there is a higher region where the maximum electron density is

greater than in the layer shown.

Conditions Required to Refract Wane to Earth.—-By combining Eq. (210)

with Snell's law it is possible to deduce the conditions under which a wave

entering the ionosphere will be returned to earth, without actually calcu-

lating the entire path that the wave follows. 2 According to Snell's law,

when a wave passes from air or free space into a refracting medium, the

relationship between the angle of incidence of the wave and the angle

of refraction a is given by the equation

cos /3 = fi cos a (212)

1 It is well at this point to note the distinction between phase velocity on the one

hand and signal or group velocity on the other. The phase velocity is determined

by the rapidity with which the phase changes along the path of a wave and is equal

to the velocity of light divided by the refractive index. In the case of waves traveling

in the Kennelly-Heaviside layer the phase velocity is hence greater than the velocity

of light and may even approach infinity under some conditions.

The signal or group velocity represents the velocity with which the energy of the

wave travels rather than the rate at which the phase changes. The signal velocity

cannot exceed the velocity of light and may even approach zero in certain limiting

cases. The phase and signal velocities are related to each other by the equation

Group velocity _ 1
(211)

Phase velocity
1
_ wdv

vdw

where w = 2*/ and v is phase velocity. See Pedersen, op. cit., p. 169.

2 Actual calculations of wave paths cannot be carried out with any degree of

certainty because of the lack of knowledge concerning the distribution of the electron

density with' height in the ionosphere. In calculating wave paths it is therefore neces-

sary to make some hypothetical assumptions as to the distribution. An example of

such a calculation is given by G. W. Kenrick and C. K. Jen, Measurements of the

Height of the Kennelly-Heaviside Layer, Proc. I.R.E:, vol. 17, p. 711, April, 1929.
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where a is the angle of refraction and the refractive index is fi. This

notation is illustrated in Fig. 342. Furthermore it is to be observed that,

if the wave is to be bent back to earth, then at its highest point, a = 0,

and the refractive index at the apex of the

^W; :

^^0^^v^--;^^:^-:'^^K'; path is

H — cos (213)

By substituting into Eq. (213) a math-
ematical expression for the refractive index,

one obtains the relation between the fre-

quency and the maximum electron density

that the ionosphere must have in order

barely to return to earth waves entering

the ionized region when the angle of inci-

dence is |8. Thus, if the effect of the losses and the earth's magnetic
field are neglected, the combination of Eqs. (210) and (213) gives

Fig. 342.—Diagram illustrating

notation of Eq. (212).

COS /?,o=V^"
S1N
P (214)

H'^x/ff e/ectronspercuan.
(F, Layer)

W'O.lxtO electronsper cu cm.
(E Layer).

where (8 is the largest vertical angle for which the wave is bent back to

earth. The consequences of Eq. (214)

are shown in Fig. 343 for a typical case.

When the ionosphere has two or more
layers {i.e., two or more regions of maxi-

mum electron density) as shown in Fig.

335, the situation becomes more compli-

cated. The behavior in a typical case is

illustrated in Fig. 344. Waves in passing

into the lower layer tend to be refracted

back to the earth unless they penetrate

sufficiently to reach the region of maxi-

mum electron density. If the electron

density, angle of incidence, and frequency

are such that the waves will not penetrate

to the center of this lower layer, they will

be bent back to the earth along a path
such as a of Fig. 344. If, however, the . u f u t . , . ± . , ix .,& « j.*, x wyt^v^

, that can be refracted to earth plotted
maximum electron density in the lower as a function of the angle of incidence

layer is insufficient to bend the path back
of wave at the edge of the k"*i*ere.

to earth, then the* wave will pass on through the first layer and into the
second layer. If the maximum electron densitjr in this second layer is

sufficiently greater than the electron density. in the first layer to refract

the wave to earth, the wave will follow the path 6, whereas, if the

30,000
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343.—Highest frequency
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maximum electron density is insufficient to return the wave, it will pass
on through as shown by path c and will never return unless there is a still

higher layer of greater electron density.

As a result of this situation, the path that is followed by a wave that
returns to earth will depend upon the frequency and the angle of inci-

Max/mum density
upper layer

Maximum density
lower layer

W777777777777777777777777777777777,.
Fig. 344.—Wave paths in two-layer ionosphere for different angles of incidence.

dence. Thus, if two layers have electron densities of 0.2 and 0.1 X iO 6

electrons per Cubic centimeter, reference to Fig. 343 shows that, for a
frequency of 5000 kc, the lower or E layer will return the wave to earth
when the angle of incidence does not exceed 35 deg., while the upper or
F x layer returns those waves having an
angle of incidence between 35 and 54 deg.

For angles greater than 54 deg. this fre-

quency is not returned to earth by either

layer.

In calculating the behavior of a wave
in the ionosphere it is to be noted that

with small angles of incidence the angle

between the wave path and the surface

of the earth differs from the angle of

incidence at the ionosphere because of

the curvature to the earth. The rela- Fig.

tionship'can be readily shown to be

cos = -^il (215)

1 +-
.

ro

where

j8 and ^ = the angles illustrated in Fig. 345

h = height of the lower edge of the ionosphere above the earth

r = radius of the earth.

The angles £ and will be virtually the same except for glancing incidence.

In the limit where is zero, it will be found that the smallest possible

angle of incidence at the ionosphere is of the order of 10 to 15 deg., with
the exact value depending upon the height of the layer above earth.

345.—Diagram illustrating

notation of Eq. (215).
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Reflection of Wave by Ionosphere.—In the above discussion it has
been tacitly assumed that the change in. refractive index in a distance
corresponding to one wave length is negligibly small. If this is not true,
reflection as well as refraction takes place. At the lowest radio fre-

quencies, where the wave length is long, considerable reflection takes
place, causing the ionosphere to act as a mirror into which, the waves
penetrate only a small distance. At high frequencies a small amount
of reflection may take place at the E layer, particularly when the refrac-
tive index is such that the wave is just barely able to penetrate the E
layer. 1

Reflection of Sky Wave by the Ground. 2~When a sky wave that has been
refracted earthward by the ionosphere strikes the ground, it is reflected.
The angle of reflection is equal to the angle of incidence, but because
of the fact that the earth is not a perfect conductor the reflection is

incomplete. The exact behavior depends upon the angle of incidence,
the polarization of the wave, the frequency, and the properties of the
earth, and it can be treated as an optical reflection. With plane waves
the vector ratio of reflected wave to incident wave is:

Component of vertical polarization (Fig. 346a) :

Reflected wave _ e sin 8 — y/i — cos 2 8

Incident wave e sin 8 + \/T— cos 2
8

Component of horizontal polarization (Fig. 3466) :

Reflected wave \/t .— cos 2~5 — sin 5

(216a)

(2166)
Incident wave -\/e — cos 2 5 + sin 5

where

8 = angle of incidence as in Fig. 346
e = k - jQaX X 10 10 •

k = dielectric constant of earth (e.s.u.)

<r = earth conductivity (e.m.u.)

X = wave length in centimeters -

The quantity on the right-hand side of Eqs. (216a) and (2166) represents
the reflection coefficient. The absolute magnitude of this coefficient

1 For further discussion of reflection, see T. R. Gilliland, G. W. Kenrick, and K. A.
Norton, Investigation of Kennelly-Heaviside Layer Heights for Frequencies between
1600 and 8650 Kilocycles per Second, Proc. I.RE., vol. 20, p. 286, February, 1932;
Shogo Namba, General Theory of the Propagation of Radio Waves on the Ionized
Layer of the Upper Atmosphere, Proc. I.R.E., vol. 21, p. 238, February, 1933.

2 For further discussion see G. B. Feldman, The Optical Behavior of the Ground
for Short Radio Waves, Proc. I.R.E., vol. 21, p. 764, June,- 1933; G. W. O. Howe,
Reflection of Waves at Earth's Surface, Wireless Eng. and. Exp. Wireless, vol. 11, p. 59,
February, 1934.
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gives the ratio of reflected wave amplitude to incident wave amplitude,
while the angle of the reflection coefficient is the amount by which the
phase of the reflected wave differs from the phase that would exist for a
perfect earth. The phase for the latter case is illustrated in Fig. 346a
and 6.

The phase and magnitude of the reflection coefficient as a function
of angle of incidence -are shown in Fig. 346c for a typical short-wave case.
It will be noted that for vertical polarization there is a particular angle
at which .the reflection coefficient passes through a minimum, and

(a) Vertical Polarization (b) Horizontal Polarization

4^^*^

10 20 30.40 50 60 70 80 90
6 in Degrees

Fig. 346.—Reflection coefficient as a function of angle of incidence, together withdiagram illustrating assumed positive polarities for Eq. (216) for the case of imperfect earth.{H and H denote electric and magnetic flux, respectively, and subscripts i and r denote
incident and reflected components.)

that for more glancing incidence the phase angle of the reflected wave
approaches 180 deg. (i.e., is reversed). This angle of incidence at which
the reflection coefficient is minimum corresponds to the Brewster angle
encountered in optics and decreases as the earth conductivity is increased.

120. Sky-wave Attenuation. 1—The sky wave in traveling between
the earth and the lower edge of the ionosphere suffers practically no
attenuation except that due to spreading, so that in these regions the
field strength is inversely proportional to distance. In the ionosphere,
however, energy is absorbed from the wave as a result of collisions
between the vibrating electrons and gas molecules as explained in Sec.
118. This absorption of energy causes the ionized, region to have an

1 For further discussion see Namba, loc. tit.; or Pedersen, loc. tit.
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equivalent conductivity which depends upon the frequency of collisions

and the electron density and which results in an added attenuation. The

lack of knowledge concerning the exact nature of the upper atmosphere,

particularly the distribution of electrons and the variation of gas pressure

with height, makes it impossible to predict accurately by calculation the

strength of the sky wave that is refracted back to earth. Theoretical

calculations of the attenuation produced by the ionosphere under

hypothetical conditions have, however, been found to be of considerable

value in explaining observed phenomena. Thus, when a wave, penetrates

through an ionized layer as in the case of paths b and c in the lower layer

of Fig. 344, the attenuation in this layer is inversely proportional to the

square of the frequency, and becomes smaller the more nearly vertical

the angle of incidence. However, when the wave is refracted sufficiently

to return to earth, as path a in the lower layer of Fig. 344, the attenuation

in this layer depends upon the way in which the electrons are distributed

with height, and becomes greater as the angle of incidence at the layer

approaches vertical.

When a wave passes an appreciable distance into the ionosphere,

most of the attenuation that results occurs at the lower edge of the

ionized region, which means either in the E layer for waves that penetrate

to higher layers or at' the lower edge of the E layer for waves returned to

earth by the E layer. This is because it is here that the atmospheric

pressure is greatest. The attenuation high up in the ionized region is

comparatively small because, although the electron density is higher,

the atmospheric pressure is very low at the high elevation. Inasmuch-

as the energy lost in passing through a section of the ionosphere is

inversely proportional to the square of the frequency, it is to be- noted

that the loss in the lower edge of the ionized region and hence the attenua-

tion tend to be less the higher the frequency.

121. Propagation of Low-frequency Radio Waves (20 to 550 Kc).-^-

The propagation of low-frequency waves is characterized by a relatively

low ground-wave attenuation and. by the fact that the sky wave is

refracted back to earth 'after only a very slight penetration into the

ionosphere and with little absorption. The low ground-wave" absorption

at low frequencies is to be expected from the Sommerfeld analysis, and

is so marked that at the lowest frequencies used in communication most

of the energy reaching receiving points up to 1000 km travels by way

of the.ground wave at all times. Under such conditions the received sig-

nal is very nearly independent of diurnal, seasonal, and yearly variations.

At great distances from the transmitter the ground wave is almost

completely absorbed, and most of the received energy represents sky

wave. Because the ionosphere refracts the low frequencies so readily,

the' action at considerable distances from the transmitter is practically
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the same as though the wave were propagated in the space between two
concentric reflecting spherical shells representing the earth and the
lower edge of the ionosphere.* The attenuation under such conditions
is that caused by spreading, plus the added loss occurring at the earth's
surface and tfce edge of the ionosphere. The loss in the ionosphere is
normally less than at the earth's surface, but yaries with the conditions
at the lower edge of the ionized region and so has a diurnal and a seasonal
variation. The loss also follows the eleven-year sun-spot cycle. As a
consequence the- signals received at considerable distance are variable
being weakest when the path between transmitter and receiver is in
daylight and being generally stronger in winter than in summer. Trans-
mission is also characterized by a sudden drop in signal intensity when the
sunset line, falls across the transmission path. Typical curves showing
diurnal variation in field strength of long-distance long-wave signals at
different times of year are shown in Fig. 347. * The principal seasonal
effect is longer mght and shorter day transmission conditions in winter
The seasonal and diurnal variations become more pronounced as the fre-
quency is raised, asis brought out by Fig. 347. While low-frequency radio
signals normally behave in a fairly regular manner, neither the daily nor
yearly cycles repeat exactly. There is also evidence to show that low-
frequency radio waves propagate in a north-south direction with less
attenuation than when traveling in an east-west direction. 3

1 Under these conditions the daytime field strength when the transmission path is
over water is given with fair accuracy by the revised Austin-Cohen formula, which is
as follows: * '

\d * si

-0.0014d
e - 377

Xd VshTV'
X0<

.

X103 (217)

where

e = base of Napierian logarithms
e = field strength in microvolts per meter
h = effective height of transmitting antenna in kilometers
A = wave length in kilometers
d = distance in kilometers to transmitter

6 = angle at center of earth intercepted by transmission path in radians
I .= current flowing in the vertical part of the transmitting antenna.

This formula was derived empirically, but has been found to have some theoretical
justification See L. W. Austin, Preliminary Note on Proposed Changes on the
Constants of the Austin-Cohen Transmission Formula, Proc. I.R.E., vol. 14, p. 377
June, 1926; G. N. Watson, The Transmission of Electric Waves around the Earth'
Proc. Roy. Soc, A, vol. 95, p. 546, July 15, 1919.

_>
» These curves are taken from Lloyd Espenschied, C. N. Anderson, and Austin

tfailey, Transatlantic Radio Telephone Transmission, Proc. I R E vol 14 v 7
February, 1926.

-.»•>*'•»
3 See Eitaro Yokoyama and Tomozo Nakai, East-west and North-south Attenua-

tions of Long Radio Waves on the Pacific, Proc. I.R.E., vol. 17, p. 1240, July, 1929.
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At intermediate distances the sky and ground waves are both of

appreciable magnitude, causing the observed field strength to be the

vector sum of two waves which have traveled over, paths of unequal

lengths and so in general are not of the same phase. Since this phase

difference depends upon the distance to the transmitter, there is tend-

ency for the field strength to increase and decrease alternately as the

distance from receiver to the transmitter is increased. 1 The relative

phase of the two component waves at any particular location depends

upon the height of the Kennelly-Heaviside layer as well as the distance

to the transmitter, and so shows diurnal and seasonal variations. The

result is that, while in summer the signals received from a not-too-

Fig. 347.—Curves showing average diurnal variation in strength of long-wave signals

of different frequencies propagated across the north Atlantic during mid-winter and mid-
summer months. (Note that signal strengths at different frequencies cannot be compared
because the radiated power was not the. same at all frequencies.) The solid and clear

strips at the bottom of the figure indicate periods when the entire transmission path is in

darkness and light, respectively, while the shaded strips indicate part of the path in dark-

ness and part in light.

distant transmitter may be stronger during the day than at night, the

opposite may be true in winter, while at another receiving location these

actions may be entirely reversed. ,

A physical picture of the more important phenomena involved in

long-wave propagation may be obtained by considering the various

paths by which energy may reach a receiving point, as illustrated in Fig.

348. The sky-wave paths penetrate only slightly into the ionized region,

which acts very much as a mirror, turning back the waves with an angle

of reflection equal to the angle of incidence. When these waves strike

the earth they are likewise reflected, with the angle of reflection equal

to the angle' of incidence. Each time such a reflection or refraction of

1 See J. Hollingworth, Propagation of Radio Waves, Jour. I.E.E. (London), vol.

64,' p. 579, May, 1926.
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Long step path'
CLow attenuation)

Short Steppaths
(High attenuation in . . ^ „_ ^ „
proportion to distance).

.. .....;.. . .<;
"^ attenuation)

Tro"

Gnwndi

'energy ^T^
considerable

the sky wave takes place there is a certain amount of absorption of energy,

so that, although energy may theoretically reach a distant receiving

point either by following long-step or short-step paths, most of the

energy actually arrives via long steps because the other paths suffer

greater attenuation.

In view of the fact that the long-step paths represent energy radiated

at a low angle with respect to the earth's surface, as also does the ground
wave, it is apparent that the antenna
radiating low-frequency energy

should concentrate this energy as

far as is practical at low vertical

angles.

Low-frequency radio waves are

always vertically polarized when
observed near the earth's surface and
normally have a wave front that is

tilted somewhat forward. The tilt FlQ 348.-sThematic diagram iiiustrat-

is caused by earth losses while the ing paths followed by energy radiated

Vertical polarization is a result of the
fr°m a long"wave transmitting antenna.

fact that the earth reflections cancel the horizontal component of polari-

zation near the ground.

Fading, i.e., rapid change in signal strength, is seldom observed at

low frequencies except occasionally during the sunset period or at night,

and even- then the fading is relatively slow compared with fading of

broadcast and higher frequencies.

122. Propagation of Waves of Broadcast Frequencies (Frequency
Range 550 to 1500 Kc).—At broadcast frequencies the ground-wave
attenuation is appreciably greater than at lower frequencies, and increases

rapidly as the high-frequency end of the band is approached. Sky
waves of all broadcast frequencies are practically completely attenuated
•during the day, but the night attenuation of the sky wave varies greatly

with the conditions in the- ionosphere, sometimes being moderately high,

and at other times, particularly during the winter nights, becoming almost
zero. The result of this situation is that the daytime coverage of

broadcast stations is controlled by the Sommerfeld ground wave. The
daytime range is therefore small, but the signals can always be depended
upon to. be the same day after day, winter and summer, and year after

year. At night the Sommerfeld ground wave still accounts for most
of the energy received at near-by points, but as a result of the sky wave
appreciable energy reaches very distant points which are far beyond the

range of the daytime signals.

The situation that exists at night is illustrated in detail in Fig. 349,

where it is seen that there are three distinctive zones. Near the trans-
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mitter the sky wave is relatively weak compared with the ground wave
and the latter predominates. As the distance to the transmitter is

increased, the ground wave becomes attenuated, whereas the sky wave
becomes stronger, thus making the ground and sky waves of approxi-

mately equal strength. At still greater distances the sky wave tends to

become still stronger and to maintain a relatively high and constant

signal strength up to considerable distances.

Dayprimary \Daysecoixtory\

service -»Uservice->\
I area I ,

!

i

light [Digit-time
j

1

VfclishHionV------y-- Night sky-wave coverage -

Distance

Fig. 349.—Diagram illustrating different types of coverage obtained from a high-power
broadcast station during the day and night periods. The shaded area represents the

lowest field strength which completely overrides the noise level.

The reason for this behavior of the sky wave lies in the fact that, as

the distance from the transmitter is increased, the sky wave that reaches

the receiver represents energy radiated from increasingly lower vertical

angles, as illustrated in Fig. 350, and the characteristics of broadcast

antennas are such that the radiated energy is greater the lower, the angle

above the horizon. Furthermore, in view of the fact that the sky wave

reaches a height of about 100 km at broadcast frequencies, the sky wave

y////////////////>

Ionosphere
<////////j4*&#///A '///////////////////////,

Transmitter,

Earth

Fig. 350.—Paths by which a broadcast station delivers energy'at various distances.

must travel nearly as far to reach receivers near the transmitter as re-

ceivers several hundred kilometers away. The sky-wave attenuation and

path at broadcast frequencies are to a first approximation independent

of frequency, so that the distant night-time reception, which depends

upon the sky wave, is about equally satisfactory for all frequencies. This

is in contrast with the daytime (or ground-wave coverage) for which

the Sommerfeld analysis shows low frequencies are the most effective.



Sec
-
122

l propagation OF WAVES '

617

The middle night zone illustrated in Fig. 349, where the sky wave
and ground wave are of approximately equal intensity, is of particular

.
importance since it represents a region where there is severe fading and
bad quality at night. Here the night signals represent the vector sum
of two waves that have traveled along different paths. At some places
these waves will add,- and at other locations they Will, subtract, resulting
in the formationof an interference pattern oyer the surface of the earth in
this region. This pattern is unstable, since very slight changes in the
conditions existing in the ionosphere will be sufficient to change the
length of the sky-wave path by half a wave length and thereby change
the. interference from an addition to a subtraction, or vice versa. The
result is that in this region, where the ground and sky waves are of
approximately equal strength, severe fading is always experienced.

Furthermore the interference pattern is very sensitive to frequency
because a slight change in frequency will change the relative path length?
by an appreciable fraction of a wave length. Inasmuch as a modulated
wave consists of a carrier and a series of side-band frequencies, the
different parts of the modulated wave will be treated differently, some
frequency components tending to cancel while others tend to add in
the interference pattern. Investigations of broadcast signals have shown
that frequencies differing by as little as 250 cycles often fade in and out
independently of each other. 1 This phenomenon is termed selective
fading, and results in a loss in quality which is commonly so severe as to
destroy completely the entertainment value of the broadcast signal.

At great distances there is ordinarily a certain amount of night-time
fading and quality distortion, presumably as a result of two or more sky
waves reaching the receiver along different paths. However, when
only sky waves are involved, the effect .is much less severe than when
both sky and ground waves are. involved.

Broadcast Coverage.—The primary object of most broadcast trans-
mitters is to deliver a high-quality signal continuously to listeners within
a limited distance of the transmitter rather than to produce an under-
standable signal at great distances, as is the case with most other types of
radio communication. The region around the transmitter in 'which
reception free from objectionable disturbances or' distortion can be
obtained at all times' is called the primary service area of the broadcast
station and represents the region in which the ground wave is powerful
enough to override all ordinary interference (either natural or man made)
as well as the sky wave. Within the primary service area the signals

i A very thorough study of fading phenomena on broadcast frequencies is to be
found in the classic article of Ralph Bown, De Loss K. Martin, and Ralph K. Potter
home Studies in Radio Broadcast Transmission, Proc. I.R.E., vol. 14, p. 57, February'
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will show little or no seasonal and diurnal variation in strength and

will have an entertainment value that is not reduced by interference.

The strength of ground wave required - to overcome local interference

varies with the location of the receiver and is much higher in cities,

particularly in industrialized districts, than in rural regions. Experience

has shown that satisfactory service in metropolitan areas requires a

signal strength in the order of 5 to

30 mv per meter, while in rural

regions fairly satisfactory service

is frequently obtained with signal

strengths as low as 0.1 mv per

meter. 1

Outside of the primary service

(a) Effect of transmitter power

\ ..Ground-wave
\'f < '

A !
Baol\,

i '

•

i\ i

Hjc[h_power /
I V-T" ~~~~~--^C.^\ i Medium power „/ —i—
'^'^ ln>" nower s'~ ~«^. , i i

j&&//?i6lsi V/w////fc. area there is a secondary service

Sky-wave.

J

Distance »

(b) Effect of vertical directivity
in high power. transmitter

Distance

(c) Ideal directive characteristic
for different around-wave

attenuations

Note - With high directivity
initial ground wave stronger
because ofdirectivity

Distance

area where the signals are suffici-

ently strong to give fair signals,

but where the reception is not as

perfect as in the primary area.

Thus in the daytime secondary

coverage is obtained just outside

the primary service area, where the

ground wave is still appreciable

fa//mseW/////////A but is not; sufficiently strong to

give primary service conditions.

Also at night With powerful trans-

mitters the sky wave is sufficiently

strong to give secondary coverage

over large areas.

The factors that determine the

coverage of the signals are the

transmitter power, the directive

characteristics of the transmitting

%NoYseWffifflfflh
antenna, the transmitter frequency,

the soil characteristics, and the
Fig. 351.—Effect of various factors on the n6ise level. The relationship of

coverage of broadcast stations. . ,

these various factors to the problem
can be understood with the aid of Fig. 351. Consider first the effect

of the transmitter power as shown at Fig. 351a. With low power the

situation is as shown by the dotted line. Here the primary sendee

area is small and the sky wave is everywhere too weak to provide

1 See Lloyd Espenschied, Radio Broadcast Covering of City Areas, Trans. A.I.E.E.,

vol. 45, p. 1278, 1926; C. M. Jansky, Jr., Some Studies of Radio, Broadcast Coverage

in the Mid-west, Proc. I.R.E., vol. 16, p. 1356, October, 1928.
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secondary coverage, so that the secondary service area represents
weak, ground-wave coverage and is the same both night and
day. Increasing the transmitter power produces the situation shown
by the solid line, in which the primary service area has been increased
and the ground wave is strong enough to provide secondary cover-
age out to the region of high distortion and beyond. The resujt
is that during the daytime the secondary coverage obtained by
ground-wave transmission is considerably more than at night, because
at night the region of bad selective fading that the nigh'; sky wave pro-
duces lies in the daytime secondary coverage area. At night, however,
the sky wave gives fair secondary coverage at very great distances. If

the power is increased still further, as shown by the dashed line, it will

be found that, whereas the daytime primary and secondary coverages
are increased, the night-time primary service area is no larger than with
less power because the outer portion of the daytime primary service
area is in the night-time bad-fading region. In order to take full advan-
tage of the increased power during the night, it is necessary to modify
the directive characteristics of the antenna.

The effect upon the coverage obtained by concentrating the radiated
energy in different amounts along the horizontal is shown in Fig. 3516 for

a very high-power transmitter. The increased horizontal concentration
strengthens the ground wave, thereby increasing the daytime coverage.
At the same time the reduction in high-angle radiation reduces the
strength of the sky wave returning to earth close to the transmitter.
These two actions combine to push the region of bad fading out farther
from the transmitter. The increased sky wave at low vertical angles
also increases the strength of the night sky wave reaching distant points.

It will be noted from Fig. 3516 that there is an optimum amount of

vertical directivity. Thus the curve in Fig. 3516 marked " Excessive
directivity" reduces the high-angle sky wave to such a degree that the
ground wave virtually disappears before the sky wave returns in appre-
ciable amount.

,
This gives rise to a region where adequate signals are

never received either during the day or during the night, although more
distant points receive relatively strong sky waves at night. The ideal

directional characteristic for the antenna of a high-power broadcast
station would be one producing a result such as illustrated by the solid

line in Fig. 3516, in which the sky wave is negligibly small until the
strength of the ground wave becomes too weak for satisfactory secondary
coverage, and then comes in abruptly with a strength somewhat greater

than the ground wave. Such a night sky wave does not reduce the night
coverage of the ground wave below the day coverage, and at the same
time it keeps the width of the region of high distortion down to a mini-
mum. The exact details of the ideal characteristic will depend upon
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the frequency; power, noise level, soil conductivity, and conditions
in the ionosphere. Increased soil conductivity and lower frequency both
increase the strength of the ground wave without altering the sky wave
appreciably, thereby making it desirable to have greater horizontal
directivity, as shown in Fig. 351c. Increased power also makes increased
low-angle directivity desirable, as is apparent by comparing Figs. 351a
and 351&. Lowering the noise level has much the same effect as increas-

ing the power, since the nature of the coverage is determined primarily
by the ratio of signal to noise. The diurnal and seasonal variations

of the height and electron density of the ionosphere affect the strength of

the sky wave, and also modify the point on the earth's surface at which
waves radiated in a given direction return. Accordingly, the optimum
directivity is continually varying, and the best that can be done is to

approximate the average situation to be expected.

If the transmitting
. antenna is relatively short, the field strength

about the antenna is proportional to the cosine of the angle of elevation,

as illustrated in Fig. 3. In order to obtain more directivity, it is necessary
either to employ a tower having a height not less than half a wave length
or to use a relatively complicated antenna array. Either type of direc-

tive antenna is expensive and so can be justified only in high-power
installations. With low transmitter power it is much cheaper to improve
the coverage by increasing the power than- by increasing the directivity

of the antenna system. The maximum directivity that it has been found
economical to obtain is that given by a tower antenna approximately
0.53 wave length high, such as discussed in Sec. 137. This arrangement

,

gives considerable improvement, approximately doubling the coverage
of 50-kw transmitters, but is not capable of giving as much directivity

as could be utilized to advantage with higher powers under conditions
of low ground-wave absorption.

.

Examination of Fig. 351a shows that the increased groUnd-wave
coverage obtained by increasing the transmitter power becomes propor-
tionately less as the power is increased. This is because of the high
ground-wave absorption when the Sommerfeld numerical distance
exceeds 3 to 5, causing most of the energy radiated from the transmitter
to be absorbed before the ground wave reaches such distances. The
maximum power that it is practical to use for ground-wave coverage
depends therefore upon the cost of the increased power and other eco-

nomic matters and Upon the transmitted frequency and soil conductivity.
This economic power becomes greater the lower the ground-wave
absorption.

The ground-wave coverage of broadcast signals is very sensitive to

frequency and soil conductivity. As a result the lower broadcast fre-

quencies are much superior to the higher frequencies when maximum
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ground-wave coverage is important. Thus examination of Fig. 333
shows that it is impracticable to cover a 200-km radius with a 1-mv
ground wave at 1500 kc even with good soil conductivity, although this
is entirely feasible at the lower broadcast frequencies. Soil conductivity
is also important, and.with unfavorable conditions such as exist in some
parts of •the country, notably New England, even the lowest broadcast
frequencies require impracticably large powers to obtain a 1-mv-per-meter
ground wave at distances of only 100 km.

In certain instances sky-wave coverage at night is more important
than primary service area representing ground-wave coverage. This
is the case in sparsely populated regions where the only way a large
number of people can receive any kind of radio service is through night-

• time secondary coverage produced by powerful sky waves. In such
circumstances it is desirable that the transmitter power be adequate
to produce a strong sky wave, and it is desirable to concentrate the energy
at low vertical angles in order to improve long-distance coverage. The
frequency is of little importance, however, so that the higher broadcast
frequencies, which are inherently unsuitable for ground-wave coverage,
can be used. !

Calculation of Broadcast Coverage. 1—The coverage to be expected
from a broadcast transmitter can usually be predicted with fair accuracy
except possibly in the immediate vicinity of cities. The ground-wave
field strength can be quite

.
accurately determined with the aid of the

Sommeifeld analysis or by use' of curves such as given in Fig. 333, pro-
vided the transmitter power, frequency, soil conductivity, and antenna,
directivity are known. . In the case of cities the buildings, particularly
steel office buildings, make the- rate of attenuation high and also unpre-
dictable. The effect on the resulting ground-wave pattern is often marked,
•as illustrated in Fig. 352.

Sky-wave calculations are somewhat less certain because of the
•variable nature of the ionosphere. The usual assumptions made in
estimating sky-wave field strength are as follows: (1) The height of the
layer is 100 km (the E layer). (2) The angle of reflection at the layer is

equal to the angle of incidence. (3) The refracted wave has a field
strength 20 per cent of the strength of the incident wave. (4) The
attenuation is independent of the angle of incidence at the layer. (5)
The attenuation in the ionosphere is the same for all frequencies. (6)
In addition to the ionosphere attenuation, the strength of the sky

^or additional information see P. P. Eckersley, The Calculation of the Service
Area of Broadcast Stations, Proc. I.R.E., vol. 18, p. 1160, July, 1930; T. L. Eckersly,
Direct Ray Broadcast Transmission, Proc. I.R.E., vol. 20, p. 1555, October, 1932;
Glenn D. Gillett and Marcy Eager, Some Engineering and Economic Aspects of Radio
Broadcast Coverage, Proc. I.R.E., vol. 24, p. 190, February, 1936.
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wave is inversely proportional to the distance as a result of spreading.

Assumptions 3 and 4 are very approximate, while assumption 5 is also

open to some question as the attenuation is independent of frequency

only when the electron density varies exponentially with height. 1

In calculating the sky-wave field strength, the first step is to determine

the angle above the horizontal at

which energy must be radiated to

return to the earth at different

points, assuming that the- iono-

sphere gives a mirror reflection.

The results, of such calculations are

given in Fig. 353,, together with

the factor by which the ground-

wave distance must be multiplied

to give .the distance covered by the

sky wave. The sky-wave Strength
, FlG . 353.—Relation between angle at

at any particular point Can then be which wave leaves the earth and the distance

» , , , £ from transmitter at which return takes place,
determined from a knowledge Ol and also the factor by which the ground-wave

the field Strength radiated at the distance must be multiplied to give the

. .-it x> j distance the sky wave travels. These curves
appropriate vertical direction and take into acCount the curvature of the earth,

the length of the resulting sky- but assume only slight penetration of the

. , 1 . ., ,, ionized E layer.
wave path, by assuming the atten-

uation is inversely proportional to distance and then taking one-fifth

of the resulting strength to allow. for the loss in the ionized layer.

123. Propagation Characteristics of Short Waves (Frequency Range

1500 to 30,000 Kc).—At frequencies above 1500 kc the ground-wave

attenuates so rapidly as to be of no importance except for transmission

over very short distances. 2 Short-wave communication therefore

ordinarily depends upon the ability of the ionosphere to refract the

high-frequency sky wave back to earth at the receiving point without

excessive attenuation. As a result the strength of the signal received

from a .distant transmitter depends on the transmitted frequency, the

conditions" in the ionosphere, and the angle at which the transmitted

waves enter the ionized region.

1 See Namba, loc. cit.
.

2 The only cases where ground-wave propagation of short waves is of importance is

in connection with such things as police radio, where the distances are often very small,

and in moderate-distance transmission over water, where the ground-wave attenuation

is very low because of the conductivity of the water. Frequencies in the range

1500 to 3500 kilocycles are used for ground-wave coverage of this type. Data on

propagation of such frequencies over land; sea, and combination sea-laad paths are

.

given by C. N. Anderson, Attenuation of Overland Radio Transmission in the Fre-

quency Range 1.5,to 3.5 Megacycles per Second, Proc. I.B.K, vol. 21, p. 1447, October,

1933.
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The essential features of sky-wave propagation of high-frequency

waves are shown in Fig. 354, which gives hypothetical ray paths for sky

waves of different frequencies leaving the transmitting antenna at

different angles. In these diagrams a single ionized layer has been

assumed for the sake of simplicity and, while these illustrate the general

nature of short-wave propagation, they must not be taken too lit'erally.

At frequencies less than a certain critical value, waves radiated at all

vertical angles are returned to earth as shown in a. At frequencies

somewhat higher than this critical value, the waves entering the ionized

region with nearly vertical incidence pass on through as shown in b,

with the result that no sky wave returns to earth until some distance

(c) Very high frequency
(a) Moderate frequency^less them critical value) • . . •/,-• a-.-.- • •

>^Locus6fmaxim'um\

^-Transmitter efecfron density? ~ ,
"transmitter ^ Skip distance

(b) Somewhat higher'frequency (d) Ultra high frequency

, . ~ , Transmitter
-Skip distance ^ / ':

transmitter Locus ofmaximum
electron density

Fig. 354.—Hypothetical ray paths followed by sky waves of different frequencies. For
the sake of clearness the height of the Kennelly-Heaviside layer is shown greatly exag-
gerated, and only a single layer is assumed.

away from the transmitter. This distance from the transmitter.to where
the first sky wave returns is termed the skip distance, and, inasmuch as

the ground wave is ordinarily absorbed within a few miles of the trans-

mitter, this skip distance represents a region where the signals are very

weak or non-existent, i.e., the waves skip over this territory to return at

greater distances. 1 Increasing the frequency still further increases. the

1 An approximate calculation of skip distance can be made by assuming that the

wave, instead of being refracted by the ionized layer, undergoes a mirrorlike reflection

at the point of maximum electron density. Manipulation of the resulting geometry
involving the curvature of the earth, combined with Eqs. (212) and (213), then leads

to the following approximate relation giving the refractive index ju that must exist

at the point of maximum electron density when the skip distance is s and this maxi-

mum electron density is at a height h:

2 _ sin2 (s/2r)
.

, .

1X0 -JMJ'ixA T^YP'
(

'
.

.

sm2U)H 1 + r- cos
(27)J

where r is the radius of the earth. After determining the required fi for a given layer



Sec. 123] PROPAGATION OF WAVES 625

gt. High layerof
y% high density

Low layerof
low density

skip distance because now only those waves entering the layer with
relatively glancing incidence are returned to earth, as in c. Finally, if

the frequency is made very high, even waves radiated horizontally along
the earth's- surface pass on through the ionosphere/ as in d, and never
return to earth.

When the ionosphere contains two or more layers, the situation is
more involved, although the same general features are present. A
typical case is illustrated in Fig.

355, where energy radiated at high
angles penetrates through the lower
layer and is refracted by the upper
layer, whereas waves entering the
ionosphere with rather glancing inci-

dence are refracted earthward by the\a . 355 -Typical sky-wave paths when
low layer of low electron density. two layers ax£ present in the ionosphere.

There are consequently numerous paths by which waves of a given
frequency might reach the receiver. A typical situation is illustrated' in
Fig. 356 where long-step paths such as a, b, and c and short-step paths
such as d are indicated. The attenuation along these various routes
differs considerably, however, so that not over three or four account for
most of the received energy. This difference in attenuation arises from
the fact that, as the largest part of the energy loss in the ionosphere

:-V«n>i£^^ggP^--.-.-.-... Heightofmaximum
•^•^is?^*^iv^~^c^j^V~. . :.-.

. electron density

Fig. 356.—Possible routes by which short-wave signals can travel from transmitter to
receiver. The height of the Kennelly-Heaviside layer has been greatly exaggerated tomake the drawing clearer. *

occurs at the lower edge of the ionized region, the waves that cross the
absorbing region the fewest number of times (i.e., the long-step .paths)
suffer the least absorption.

The Optimum Transmission Frequency.—Since the attenuation that a
wave suffers in passing through the lower part of the ionized region is

height and skip distance,, the frequency at which this skip distance .is obtained can be
calculated from Eq. (210) for any particular maximum electron density N in the"
ionosphere. For the detailed derivation see A. H. Taylor and E. O. Hulburt, The
Propagation of Radio Waves oyer the Earth, Phys. Rev., vol. 27, p. 189, February
1926.
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inversely proportional to the square of the frequency, as discussed in

Sec. 120, high-frequency waves pass through the attenuating region with

less loss of energy than do low-frequency waves. The optimum frequency

for transmission is* consequently only slightly less than the highest

frequency that will return a sky wave to the receiver. A greater fre-

quency will place the receiver inside the skip distance and so give no

received signal,, while a lower frequency will suffer.increased attenuation.

The optimum frequency for sky-wave transmission increases with the

distance to be covered and with the electron density of the layer, and is

considerably greater in the daytime than at night and somewhat greater

in summer than winter. For relatively short distances the frequency

must not exceed the critical value for vertical incidence [see Eq. (214)],

and cannot exceed the critical value appreciably even for distances up to

400 or 500 miles. In order to main continuous communication over short

and moderate distances-, it is usually found advisable to have available

two frequencies. The lower of these is used at night and is usually in

the neighborhood of 3000 kc, while the other is used in the daytime and

is commonly about 6000 kc. The night frequency can be used in day as

well as night, but'the day signals are then weaker than when a higher day

frequency is employed.

The optimum frequency for long-distance communication is approxi-

mately 20 mc in the daytime and 10 mc at night, but varies with the time

of day, the season, and from year to year. In order to maintain con-

tinuous communication over large distances, it is often necessary to

have available, in addition to the day and night frequencies, an inter-

mediate or transition frequency to be used during sunrise and sunset

periods and under unusual conditions when neither the day nor night

frequencies are satisfactory. 1

Difference between East-west and North-south Propagation.—Short

waves propagated over great distances in an east-west direction differ

markedly in their behavior from waves traveling long distances in a

1 Data on long-distance short-wave communication, showing the character
.
of

transmission that is obtained at different hours of the day, at different seasons of the

year, and at different frequencies, are given by C. R. Burrows, The Propagation of

Short Radio Waves over the North Atlantic, Proc. I.R.E., vol. 19, p. 1634, September,

1931; M.Xi. Prescott, The Diurnal and Seasonal Performance of High-frequency Radio

Transmission over Various Long-distance Circuits, Proc. I.R.E., vol. 18, p. 1797,

November, 1930; C. R. Burrows and E. J. Howard, Short-wave Transmission to South

America, Proc. I.R.E., vol. 21, p. 102, January, 1933; Clifford N. Anderson, North

Atlantic Ship-shore Radiotelephone Transmission during 1930 and 1931, Proc. I.R.E.,

Vol. 21, p. 81, January, 1933; Clifford N. Anderson, North Atlantic Ship-shore Radio-

telephone Transmission during 1932-1933, Proc. I.R.E., vol. 22, p. 1215,. October,

1934; R. K. Potter and A. C. Peterson, Jr., The Reliability of Short-wave Radio

Telephone Circuits, Bell System Tech. Jour., vol. 15, p. 181, April, 1936.
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north-south direction. This js because of the way in which the distribu-

tion of sunlight varies along the transmission path at any one time, and
. because of seasonal differences that exist between points on opposite
sides of the equator. Thus, when communication is carried on between
points having the.same longitude but on opposite sides of the equator,
the sunlight is more or less, uniformly distributed along all parts of the
path, but the seasons of the two terminals are opposite. On the other
hand, the distribution of sunlight along a great-circle path lying between
two points on the same latitude is non-uniform, so that one part of the
path can be in sunlight while another part is in darkness. Under such
a condition it is difficult to find a frequency that will propagate. satis-

factorily over the entire distance. Experience indicates that north-
south transmission across the equator is more reliable and easier to.

maintain continuously than is communication over a like distance in an
east-west direction. In particular, when the great-circle route between
the terminals passes over the polar regions, the transmission is often
unsatisfactory.

Directional Characteristics Desirable in Transmitting Antennas.—
When the optimum frequency is employed and the transmission is over
considerable distance, it is desirable to concentrate the radiated energy
very close to the horizontal, with the best angle generally considered to
be in the range 10 to 25 deg. Energy concentrated at vertical angles
below about 10 deg. tends to be absorbed by the earth, and furthermore
expensive antenna structure's are required to concentrate the main part
of the radiation at excessively low angles. The desirability of low-angle
radiation for long-distance short-wave communication arises from the
fact that, with the optimum frequency, the only energy that is refracted

back to earth by the ionosphere is that which enters the ionized regions
at almost grazing incidence, and which hence leaves the transmitter
relatively close to the horizontal.

When the distance is relatively short, i.e., not over several times the
height of the maximum electron density in the ionosphere, the energy, ,

in order to reach the receiver, must be radiated'at an appreciable vertical

angle, and marked vertical directivity is not desired.

When short-wave communication is to be carried on between two
fixed points, it is desirable to concentrate the radiation in the horizontal

plane as well as in the vertical, since all energy radiated in horizontal

directions other than toward the receiver is wasted. By taking advan-
tage of this possibility, the energy delivered to a distant receiver can be
increased many-fold.

The amount of directivity that can be usefully employed in a trans-

mitting antenna is limited, however, by the fact that the optimum vertical

angle is not stable, and by the fact, that signals in traveling to the receiver
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often deviate by a few degrees from the great-circle route. Experience
shows that it is permissible to employ more horizontal than vertical
directivity, but in both cases there is a limit beyond which it is unde-
sirable to concentrate the rac[iation.

Character of Received Signals.—The short-wave signals received over
a relatively long distance usually represent the vector sum of different

waves that have traveled over paths of different lengths. 1 As the
relative lengths of these paths vary continuously with changing condi-
tions in the ionosphere, the amplitude of the resultant signal varies

(a) (b)
continuously, causing fading that is frequently very

• ^-. ^ severe. Inasmuch as the . difference in* path length

1^2) ^a depends upon the frequency of transmission, the

i—

,

___ different frequencies contained in a modulated wave
. c^, t=̂ 3

^iH not combine in the same phase, thus giving rise to

C^i _ selective fading that is often very severe. Investiga-

te *=a tions of selective fading on transatlantic short-wave
•MljMk- *l/,ra?k telephone circuits have shown that at times frequen-
Fig. 356a.—Typi- cies differing by as little as 100 cycles fade independ-

SLSS^in^SS: en^' ?elativ* signal, strengths for different

wave transatlantic modulation frequencies at successive moments are

dX'nf fibres
T

in
shown in Fig. 356a for a typical case of transatlantic

each column show short-wave transmission and indicate the highly var~

. SnT'af"uo^ve" iab'e character of the fading.*

moments over a 1700- When the same signal is received on antennas

iTti nXue°n
f

ciTs
0dU

" sPaced 10 wave ^ngths or more apart, the fading is

ordinarily substantially independent. This fact is

taken advantage of in the diversity j-eceiving systems described in Sec.
114 in order to minimize fading.

' Short-wave signals ordinarily are found to have both vertically and
horizontally polarized components which bear.no apparent relation to
the polarization of the transmitting antenna, which fade independently
of each other, and which ordinarily are not in phase. This situation
is the result of the earth's magnetic field, which causes waves refracted
by the ionosphere to have, their plane of polarization rotated, and which

1 Thus experiments made with transatlantic signals have indicated that there are
ordinarily two to four transmission paths contributing appreciable energy to the
receiver. These paths are characte'rized at the receiving point by different vertical
angles commonly ranging from 10 to 25 deg., with occasional paths delivering appre-
ciable energy at angles up to .40 deg. See H. T. Friis, C. B. Feldman, and W. M.
Sharpless, The Determination of the Direction of Arrival of Short Radio Waves,
Proc. I.R.E., vol. 22, p. 47, January, 1934.

2 For further data on short-wave lading and quality distortion, see R. K. Potter,
Transmission Characteristics of a Short-wave Telephone Circuit, Proc. I.R.E., vol. 18,

p. 581, April, 1930.
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also splits the wave into several components that travel along different
paths with different velocities.

Echo and Multiple Signals.~The fact that' short waves can travel to
a receiver along paths of different lengths gives rise to echo signals of
which a number of kinds have been
observed.. Thus, if a short-wave
train lasting perhaps 10~4 sec. is sent

f/rstsky
wave

Impulse traveling, impulse•>

byground wave A *>•'

Additionalsky
wave impulses

IuCjc^z^_
Time

Fig. 357.—Typical oscillogram of
received signal when transmitter within
ground-wave range sends out a short
impulse.

out frdm a transmitter and recorded
at the receiving point on an oscillo-

gram, the results will often be as in

Fig. 357, in which the same impulse
is shown as being received a number
of times. When the receiver is within the range of the ground wave, the
first received impulse travels along the ground, while the second impulse
has reached the receiver by way of the Kennelly-Heaviside layer and so
arrives several thousandths of a second later as a result of its longer path.
The remaining echoes are apparently the result of multiple-step paths
between the earth and the Kennelly-Heaviside layer, or are the result
of magneto-ionic splitting. \

Multiple signals are sometimes observed as a result of waves that
have traveled around the earth. The possible paths for such around-the-

world multiple signals are shown
in Fig. 358, where it is seen that
the signals may reach a distant

receiving point along either the

short or long great-circle path, and
that, if the waves traveling in

either of these directions make
more than one complete circle of the
earth, they will be heard again.

Fig.. 358.—Paths followed by multiple and Multiple round-the-world signals
round-the-world signals. , .

&
occur regularly on certain short-

wave circuits at definite times each year. There are cases on record
where the same signal has been heard five times at a distant receiving
point, while multiple signals repeated once or twice are relatively com-
mon. 1 In order that double signals may reach the receiver by propaga-
tion along both long and short great-circle paths, it is necessary that the
conditions in the Kennelly-Heaviside layer be roughly the same along
both routes. Otherwise a frequency -that is satisfactorily propagated
along one of the two paths will not be able to reach the receiver along
the other path. The same requirement must also be fulfilled in the case

1 See E. Quack and H, Mogel, Double and Multiple Signals with Short Waves
Proc. I.R.E., vol. 17, p. 791, May, 1929.

Indirect
greatcircle
route

Round-the-WoUd
signer/via indirect
great cfrcle route

Shortest
^great
circle route

„ Round-the-world
signal via short
great circle route
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of round-the-world signals. As a result multiple and round-the-world
signals are observed only when the part of the great-circle path that lies

in darkness is experiencing summer, or when the great circle path coin-

cides very closely with the twilight zone. 1 The time delay of round-the-
world signals is in the order of- Yi sec. and is so great that, when these
signals occur, it is necessary to reduce the speed of telegraph transmission
to an extremely low value. With radio-telephone signals, the fading and
distortion is increased.

Echo signals having a time lag of several seconds have been reported a
number of times, and several well-authenticated cases have been observed
in which the time lag was several minutes. The cause of such echoes
has not been definitely established, but theoretical work by P. O. Peder-
sen2 indicates that retardations up to 10 sec. could be accounted for

by low group-velocity propagation in the Kennelly-Heaviside layer,

while signals with greater retardations can be accounted for only by
waves which have traveled great distances in the empty space outside
the earth's atmosphere, and which by a fortunate combination of cir-

cumstances have finally been reflected back to earth by ionized regions

either within the influence of the earth's magnetic field or in the vicinity

of the sUn. These echo signals of long delay, while of extreme theoret-

ical interest, are of little practical importance because they occur so
rarely. .*''

124. Propagation of Ultra-high-frequency Waves. 3—Frequencies too
high to be refracted back to earth by the ionosphere, even when leaving
the earth along the horizontal, pass on through the ionized region and
are lost. The critical frequency above which this occurs depends upon

1 Ibid.; A. H. Taylor and L. C. Young, Studies of High Frequency Radio-wave
Propagation, Proc. I.R.E., vol. 16, p. 561, May, 1928.

2 P. O. Pedersen, Wireless Echoes of Long Delay, Proc. I.R.E., vol. 17, p. 1750,
October, 1929.

3 The literature dealing with the propagation of ultra-high-frequency waves is

very extensive. For the reader who desires to pursue the subject further, the follow-
ing selected bibliography is suggested as a start: Charles R. Burrows, Alfred Decino,
and Loyd E. Hunt, Ultra-short-wave Propagation over Land, Proc. I.R.E., vol. 23,

p. 1507, December, 1935; Charles R. Burrows and' Alfred Decino, Ultra-short-waves
in Urban Territory, Elec. Eng., vol. 54, p. 115, January, 1935; L. F. Jones, A Study of
the Propagation of Wavelengths between Three and Eight Meters, Proc. I.R.E.,
vol. 21, p. 349, March, 1933; C. R. Englund, A. B. Crawford, and W. W. Mumford,
Some Results of a Study of Ultra-short-wave Transmission Phenomena, Proc. I.R.E.,
vol. 21, p. 464, March, 1933; C. R. Englund, A. B. Crawford, and W. W. Mumford,
Further Results of a Study of Ultra-short-wave Transmission Phenomena, Bell
System Tech. Jour., vol. 14, p. 369, July, 1935; J. C. Schelleng, C. R. Burrows, and
E. B. Ferrell, Ultra-short-wave Propagation, Proc. I.R.E., vol. 21, p. 427, March, 1933;
Bertram Trevor and P. S. Carter, Notes on Propagation of Waves below Ten Meters

'

in Length, Proc. I.R.E., vol. 21, p. 387, March, 1933; J. A. Stratton, The Effect of
Rain and Fog on the Propagation of Very Short Radio Waves, Proc. I.R.E., vol. 18,
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the maximum electron density in the layer, and so has diurnal and
seasonal variations and also changes from year to year. In the daytime
the critical frequency is of the order of 30 to 40 mc, while at night it is

approximately 15 me, with a tendency to be higher during the summer
and during the active part of the sun-spot cycle. At these. high fre-
quencies the ground wave is also very quickly absorbed as a result of
earth losses. Satisfactory communication over appreciable distances
with very high frequency waves is hence obtained only by utilizing waves
passing directly from transmitter to receiver through the space above the
ground. However, even when the transmitting and receiving antennas
are placed at the highest possible elevation, the range of the signals is
limited to moderate distances by the curvature of the earth.

When the distance between transmitter and receiver is small enough
for the earth to be considered flat, $he situation is as shown in Fig. 359.
Here energy may reach the receiver by a direct path between transmitting
arid receiving antennas or by a route T
involving reflection from the surface of

the ground. The waves traveling
through space suffer little' attenuation *'

\

other than that caused by spreading,
J

°
' ,

_

and therefore have a field strength that \Z~~~~Z~~d~~'
—

~J~
is inversely proportional to the distance
from the transmitter. At the reflection j.

FlG
" 3f9—Diagram showing the

„, •„. i ,....•, .
direct and indirect paths by whichpoint the angle Of incidence IS SO near energy may travel from transmitter to

grazing (assuming that the distance of
re<

i
eiver

- For the sake of clarity the

+„„„„_• •
, i . , ,

antenna heights have been greatly
transmission IS great Compared With the exaggerated in comparison with the
antenna heights) -that the reflection is

distance-

practically complete and takes place with a reversal in phase [see Eq.
(216) and Fig. 346]. In spite of this reversal in phase of the reflected
wave, the two waves do not cancel each other at the receiver because
the direct and indirect paths have different lengths. When the antenna
heights are small compared with the distance of transmission, the pres-
ence of the indirect reflected wave reduces the resultant field at the
receiving, point below the free-space value of the direct wave by the
factor 4whshr/\d, where h, and hr represent the heights of the sending and
receiving antennas above ground, d is the distance between antennas, and
X is the wave length. 1 Since the strength of the direct wave is inversely

. p. 1064, June, 1930; R. Jouaust, Some Details Relative to Propagation of Very Short
Waves, Proc. I.R.E., vol. 19, p. 479, March, 1931; R. S. Holmes and A. H Turner.
An Urban Field-strength Survey at Thirty and One Hundred Megacycles Proc
I.R.E., vol. 24, p. 755, May, 1936.

'

1 This can be shown as follows: Referring to Fig. 359, it is seen from the dotted
construction that: r,» = (A. - hr)*.+ d*, and r2

2 - (h. + hr)* + d\ For d^>
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proportional to distance, the strength of the resultant wave can be

expressed by the formula

Field at receiver = ^fM? (219)

where Eo is the strength of the direct wave at a distance d = 1 from the

transmitter. 1 It will be noted that, as a consequence of the destructive

interference caused by the reflected wave, the received field is inversely

proportional to. the square of the distance and is much less than the

free space field. Examination of Eq. (219) shows also, that it is highly

important for both transmitting and receiving antennas to be as high as

possible above the ground, and that, if other things are equal, there 'is

considerable advantage in reducing the wave length. As a consequence,

antennas for ultra-high-frequency transmission over considerable dis-

tances are preferably located on tall buildings, or even mountain peaks.

Equation (219) assumes that the. earth is a perfect reflector and that

the direct and indirect paths differ in length by a small fraction of a Wave
length. Analysis shows that if the height of the lowest antenna exceeds

several wave lengths, the error involved in this assumption is small,

while with a lower height the imperfect ground reflection causes the

received field to be greater than given by Eq. (219). 2

When ultra-high-frequency waves are propagated over urban ter-

ritory, it is found that the field strength observed near the surface of the

earth is less thaii that calculated by Eq. (219) by a fixed factor of the

order of 0.3 to 0.1. The reason for this appears to be that the field

strength existing above the buildings is given by Eq. (219), but that the

(hs + h r), one can then write

.

ri=d+ 2d—' r

\

=d+ -~2d—

Consequently the difference' in path lengths

(h. + K) 1 - (h, - hr)
2 2hX

r-z — r x

2d

The corresponding phase difference caused by the path difference is 2x • 2h8hr/\d =
4:irh,hr/\d radians. It is because of this angle that the direct and indirect rays fail to

cancel, so that the resultant of the two waves is 2 sin {2Trhshr/\d) times the amplitude

of one of the waves. When the angle is so small that the sine of the angle equals the

angle in radians, the reduction factor becomes 4ir/is/ir/Xd.

.,
l When the transmitting antenna radiates a field proportional to the cosine of the

angle of elevation, then Eo = 300-^/P mv per meter, where Eo is. the direction of

maximum radiation, P is the transmitter power in kilowatts, and d is in kilometers.
2 For further discussion of the effect of imperfect reflection by the earth, see the

appendix in the paper by Burrows, Decino, and Hunt, loc. cit.
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scattering required to produce signals at street level introduces a certain
additional loss factor. 1 •

Effect of Earth Curvature.—When the distance between transmitter
and receiver is considerable, it is necessary to take into account the
curvature of the earth. This curvature reduces the received field
strength below the values that would be obtained for a flat earth, but
experience shows that the correction required is so small as to be negligi-
ble as long as a straight-line path exists between transmitter and receiver.
If a straight-line path does not exist, it is still possible, however, for
energy to reach the receiver either as a result of refraction by the earth's
atmosphere or by diffraetion of energy around the curved earth, although
the received energy is less than if a straight-line path were present.

The refraction by the earths atmosphere at ultra-high frequencies
comes about because the variation of atmospheric pressure, temperature,
and moisture content with height causes •

the refractive index of the atmosphere /Curvedpath ac-rua/iy -followed

to decrease with elevation, and this tends
Jj
^1^^/^T^^^

to bend the waves back toward the earth S^-EaH-h ^\
•according to Eq. (2096). The amount Fig. 360.—Diagram illustrating

of curvature that results varies from
h
?
w ^ refract

!
on Jn *he ear*h's

,. , . ,

.

.... ,, _ .
atmosphere permits direct ray trans-

time tO time With the atmospheric COn- mission at ultra-high frequencies even

ditions, but on the average it is equiv-
wh!Vue ****&*$*» Path « in*er-

, x '
. , ,

B H cepted by the earth's curvature.
alent to assuming that the earth's radius
is increased by 25 to 35 per cent. As a consequence of this refrac-
tion, it is possible to obtain direct-ray propagation of energy between
transmitter and receiver under conditions where a straight-line path
falls slightly below the earth's surface, as in Fig. 360.

The range of the direct rays depends upon the heights h8 and hr

of the transmitting and receiving antennas, respectively, and the effective
radius of the earth, according to the formula

Maximum possible distance for) „«*,.,, /r- r-~

direct-ray transmission J
= 1.2S5fc(v^ + VE) (220)

where the antenna heights are in feet, the distance is in miles, and k
.represents the ratio of effective to actual earth radius and takes into
account the refraction in the earth's atmosphere. The result of Eq. (220)
is illustrated in Fig. 361 for k = 1.33, which shows that direct-ray
transmission over considerable distances is possible only when the
antennas are located upon mountain peaks. Even then the range is.

comparatively modest compared with that obtainable with waves of
lower, frequency where refraction from the ionosphere can be utilized.

1 See Burrows and Decino, he. cit.
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Theoretical analysis indicates that the earth curvature reduces the

received signal below the value calculated by Eq. (219) by the factor

given by Fig. 362. l This factor takes into

account the refraction in the atmosphere

and also the diffraction of the energy

around the curved surface. Under prac-

tical conditions the reduction factor of

Fig. 362 is negligible as long as a straight-

line path exists, but at greater distances it

decreases rapidly and the signals soon

become unusable because of fading, as

mentioned below.

Miscellaneous Considerations.—The
transmission paths at ultra-high frequency

are extremely stable as long as a straight-
15,0005,000 10,000

Elevation (Feet)

Pig. 361.—Maximum possible |me path is possible between transmitting
optical range between an elevated . . . .

point and the surface of the earth, and receiving points. There is then no
assuming that atmospheric refrac- fading, and the polarization of the wave at
tion increases the effective value ... .

of the earth's radius by a factor of the transmitter is maintained very accu-
1.33. The maximum possible opti- rately. However, when the transmission
cal range between two elevated ,. .1 . •. •

points is the sum of the ranges as distance is s© great that it is necessary to
obtained in the above diagram for depend upon the refraction in the earth's
the two heights involved.

atmosphere to obtain direct-ray transmis-

sion to the receiver, fading frequently occurs as a result of variations in

o.i
—— K-Ra>Vo ofefftdive i-adius

ofthe wave path to ear
radius

A - Distance in meters

% \~-

?\y.

m waveieriy/n

...Q0,
2xl0 3 SxlO5 I0

4
2x10* 5xl04 I0 5 2xl05 5xl05

d

Fig. 362.—Reduction factor caused by diffraction of wave around the surface of the earth.

the earth's atmosphere which change the amount of refraction that the

wave suffers. This fading becomes very severe when the transmission

1 See Burrows, Decino, and Hunt, loc. cit.
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distance approaches or exceeds the maximum possible distance of direct-
ray transmission. -

The discussion of ultra-high-frequency transmission given above has
made no distinction between horizontally and vertically polarized waves.
This is because, at least to a first approximation, the polarization has
only a secondary effect.

Inasmuch as the only radiated energy that has any chance of reaching
the receiver is that sent out directly toward the receiver, it is possible to
increase greatly the strength of the received signal by employing a
transmitting antenna that directs the energy correspondingly. The
amount of directivity that can be employed to advantage is extremely
great, since the waves follow a stable, unvarying path.

125. Use of Radio Waves in Investigations of the Upper Atmosphere.
Since the way in which radio signals propagate is dependent on the
conditions in the ionosphere, it is possible by working backward from
observed propagation characteristics of radio signals to "obtain informa-
tion regarding the probable nature of the ionized layer, and hence
indirectly to obtain data on the composition of the upper atmosphere.

Pulse Experifnents.~One method commonly used in making such
investigations consists in transmitting a short wave train lasting about
10 4 sec. and taking a record on an oscillogram of the signal as received
at a point within range of the ground wave. Since the wave that reaches
the receiver after refraction by the Kennelly-Heaviside layer must travel
an appreciably longer path to reach the receiver than does the ground
wave, there will be a time interval between the pulses arriving over the
two routes. The length of this time interval is a measurement of the
difference in path lengths and can be used to estimate the height of
the layer. 1

.
The received records commonly show a number of returned

pulses with different time delays as indicated in Fig. 357. These may be
the result of simultaneous reflection or refraction from several layers, or
the result of double refraction produced as a consequence of the earth's
magnetic field, or they may be due to multiple reflections such as two
round trips between the earth and the ionosphere.

Tlae most effective means of utilizing the pulse method in investigating
the ionosphere is to vary the transmitter frequency, either continuously
or in steps, and to obtain the variation of apparent or virtual height as
a function of frequency. 2 An example of a simple record of this type is

i This method was .first proposed by G. Breit and M. Tuve, A Test of the Existence
of the Conducting Layer, Phys. Rev., vol. 28, p. 554, September, 1926.

2 For further,information on the technique of making tests, see T. R. Gilhland
Note on a Multifrequency Automatic Recorder of Ionosphere Heights Proc I R e'
vol. 22, p. 236, February, 1934; Lai C. Verman, S. T. Char, and Aijaz Mohammed'
Continuous' Recording of Retardation and Intensity of Echoes from the Ionosphere
Proc. I.R.E., vol. 22, p. 906, July, 1934.
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illustrated in Fig. 363. This shows' that at a frequency of about 2000 kc

reflections were returned from a layer having a height of 110 km (the E
layer), but as the frequency was increased the apparent-layer height first

increased gradually,- and then suddenly jumped to about 300 km at

3000 kc. This jump takes place at the critical frequency for the E layer,

i.e., the frequency at which the wave just barely reaches the point in the

layer where the electron density is maximum. For vertical incidence

the corresponding refractive index at the point of maximum electron

density is zero, so from Eq. (210)' the maximum electron density in the E
layer for this case is (3000) 2/81 = 1.1 X 10 5 electrons per cubic

centimeter. As the frequency was increased still further, the virtual

height first decreased to about 190 km, and then rose to a second peak at

4000 kc corresponding to the critical frequency at which the waves were

just able to penetrate to the maximum electron density in the Fi layer.
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Fig. 363.—Typical curves of virtual height as a function of frequency, as obtained in

ionospheric investigations.

The corresponding maximum electron density was 2.0 X 10 5 electrons per

cubic centimeter. As the frequency was increased still more, another

critical frequency was obtained at 4700 kc corresponding to a maximum
density of 2.7 X 10 5 electrons per cubic centimeter in the F2 layer. At

frequencies above this value waves striking the layer at vertical incidence

penetrated through the layer and did not return to earth.

The heights obtained! from the delay of the sky-wave pulses are the

"virtual" or apparent heights, and are always greater than the maxhnum
height reached by the wave because of the fact that in the ionized region

the waves travel more slowly than in' free space. The actual group veloc-

ity is equal to the velocity of light multiplied by the refractive index.

The slowing down is hence very great near the critical frequency, for here

the refractive index approaches zero and the velocity becomes very low.

This accounts for the apparent rise in height near the critical frequency

which appears in Fig. 363. The actual heights of the points of maximum
electron densities for this case are of the order of 100, 190, and 375 km for

the E, Fh and Fa layers, respectively.
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A number of other methods of investigating the ionosphere have been
devised and are used under certain circumstances. Thus Appleton and
Barnett 1 investigated the ionized layer by varying the transmitted
frequency and observing the variations that occurred in the signal strength
at a point within range of the ground wave. Because of the different path
lengths of sky and ground waves, the relative phase of the two component
waves reaching the receiver will alternate between the same phase and
phase opposition as the frequency is varied, and the increment in fre-

quency that is required to change the relative phases by 180° can be used
to estimate the layer height. Theoretical analysis indicates that the
layer height obtained in this way is the virtual height given by the pulse
method of Breit and Tuve. This method of determining the height of.

the ionosphere is particularly satisfactory at the lower frequencies, where
the pulse method is not practicable, but is not satisfactory at the higher
frequencies because with several refracted waves (as is common at the
higher frequencies) the observed results are too complex to permit of

interpretation. .

Appleton and his co-workers have also made extensive studies of other

characteristics of the received waves. With receivers located several

hundred kilometers from the transmitter, they have deduced the virtual

height of the ionized layer by measuring the angle of incidence at which
the down-coming waves strike the earth. They have also worked out the

technique by which it is possible to deduce the characteristics of an
elliptically polarized wave, including both the magnitude and relative

phases of the horizontal and vertical components and also the sense of

rotation.

Still another way of determining the height of the Kehnelly-Heaviside
layer consists in observing the variations in field intensity as the distance,

between transmitter and receiver is varied. Thus Hollingworth 2 has

found that at moderate distances from long-wave transmitters the signal

strength alternately decreases and . increases as the distance between
transmitter and receiver is varied. These variations in signal strength

result from alternate reinforcement and cancellation between sky and
ground waves. '

126. Relation of Solar Activity and Meteorological Conditions to

the Propagation of Radio Waves.'—The fact that the propagation of all

except the very shortest radio waves depends to a marked extent upon
the conditions in the ionosphere would lead one to expect some relation

1 See E. V. Appleton, Some Notes on Wireless Methods of Investigating the
Electrical Structure of the Upper Atmosphere, Proc. Phys. Soc, vol. 41, Part II, p. 43,

December, 1928.
*

2 See J. Hollingworth, Propagation of Radio Waves, Jour. I.E.E. (London),

vol. 64, p. 579, May, 1926.
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to exist between solar activity and meteorological conditions on the one
hand, and wave propagation on the other, and this is the case.

The most striking relation of this type is the abnormal propagation
characteristics of radio waves that always accompany magnetic storms.

A magnetic storm is characterized by a rapid and excessive fluctuation

of the earth's magnetic field which begins almost simultaneously over the
entire earth with full intensity and then gradually subsides in 3 or 4 days. 1

Magnetic storms occur more or less irregularly, although showing: a tend-
ency to reoccur at intervals of 27.3 days, which is the period of rotation of

the sun.

During a magnetic storm the daytime field strength on long waves
is increased above normal, the sunset drop in signal intensity disappears,

and the night field is subnormal.

These effects are illustrated in Fig.

364 and are more pronounced as

the
. frequency of transmission • is

increased.

The propagation of high-fre-

quency radio waves is very adversely

affected by magnetic storms, partic-

ularly when the transmission path
passes near the polar regions. Thus

» a severe magnetic storm ordinarily

makes the short-wave circuits across
oi magnetic storm on ,, ,, . . .• .

low-frequency waves; showing how the day tiie nOrtn Atlantic Completely UlOp-
fieid strength is increased and the night erative for a period of several davs
field strength reduced by the magnetic , / . „ , ,

'
,,

storm. and causes subnormal field strengths

for a week or more. The adverse
effect is much less, however, when the entire transmission path is nowhere
near the poles. This is strikingly brought out by Fig. 365, which shows
the signal strength over the New York-London and the New York-Buenos
Aires short-wave circuits during and after the same magnetic storm.

In addition to the abnormalities of wave propagation which are asso-
ciated with magnetic storms, there also appears to be some relation

between sun spots and radio-wave propagation. Thus yearly averages of

field strength of long-wave signals arriving from distant transmitters
1 An excellent summary of the principal solar phenomena that are of importance

in wave propagation is given by Clifford N. Anderson, Correlation of Long-wave
Trans-atlantic Radio Transmission with Other Factors Affected by Solar Activity,
Proc. I.R.E., vol. 16, p. 297, March, 1928. Also see Austin Bailey and H. M. Thom-
son, Transatlantic Long-wave Telephone Transmission and Related Phenomena from
1923 to 1985, Bell System Tech. Jour. vol. 14, p.' 680, October, 1935; A. M. Skellett,
On the Correlation of Radio Transmission with Solar Phenomena, Proc. I.R.E..
vol. 23, p. 1361, November, 1935.

G.M.T.

Fig.
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correlate surprisingly well with yearly averages of sun-spot numbers, as is

brought out by Fig. 366. x In addition to the eleven-year sun-spot cycle
apparent in Fig. 366, there is also a 27.3-day sun-spot cycle corresponding
to the period of rotation of the sun. While day-to-day signal strength
appears to be independent of day-to-day variations in sun-spot activity,
Pickard has found that, when the signal strength over a number of suc-
cessive 27.3-day cycles is averaged, a very decided relation exists, as is

illustrated in Fig. 367. 2
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The variations in wave propagation which take place with sun spots,
magnetic storms, etc., are the result of corresponding variations in the
conditions existing in the ionosphere. Experimental data concerning
the exact nature of these variations in the ionosphere are very fragmen-
tary, although certain trends appear to exist. Thus the highest frequency
that is returned to earth at great distances during the day varies more or
less in synchronism with the eleven-year sun-spot cycle, being highest
when the sun spots are most numerous. Likewise, the electron density in
the F x layer apparently decreases on magnetically disturbed days, and

1 See E. B. Judson, Low-frequency Radio Receiving Measurements at the Bureau
of Standards, Proc. I.R.E., vol. 21, p. 1354, September, 1933.

2 See Greenleaf W. Pickard, Correlation of Radio Reception with Solar Activity
and Terrestrial Magnetism, Part II, Proc. I.R.E., vol. 15, p. 749, September, 1927.
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the absorption that .the sky waves suffer tends to be greater during
magnetic storms and on magnetically disturbed days than otherwise.

The effect of solar eclipses on the ionosphere can be investigated with
the aid of pulse signals. Results indicate that the changes caused by the
eclipse are in phase with the optical eclipse and that during the period
of totality the maximum electron density in the ionosphere decreases
appreciably. 1

Some relation appears to exist between the strength of received signal,

atmospheric temperature, barometric pressure, and weather conditions,

although the correlation is not high and.

tends to be obscured by other influences. 2

127. Noise and Static.—The output
of a sensitive radio receiver nearly

always contains a background of rumbles,

crashes, rattles, etc., which disappears

when the antenna is disconnected. This
noise is the result of voltages induced in

the antenna by either natural or man-
made sources of interference and is often

of sufficient magnitude to be the practi-

cal factor determining the minimum
Usable signal.

• The principal sources of man-made
__ noise are high-voltage power lines,

eight solar rotations. These curves mobile motors, brush motors, and elec-

i3^rov̂ mea
e

n.

by thG "" * * trical appliance*. The noise from these

sources is distributed throughout the
entire frequency range used in radio . communication and is always
strong in cities and particularly in industrialized areas. There is very
little that can be done to minimize the general level of man-made noise
other than to suppress unusually bad localized sources of interference.

Satisfactory reception in populated areas is hence ' obtained only from
strong signals. .

1 A summary of eclipse effects is given .by E. V. Appleton and S. Chapman,
Report on Ionization Changes during a Solar Eclipse, Proc. I.R.E., vol. 23, p. 658, •

June, 1935.
2 Thus see, Greenleaf W. Pickard, Some Correlations of Radio Reception with

Atmospheric Temperature and Pressure, Proc. I.R.E., vol. 16, p. 765, June, 1928;
L. W. Austin and I. J. Wymore, Radio Signal Strength and Temperature, Proc. I.R.E.,
vol. 14, p. 781, December, 1926; R. C. Colwell, Weather Forecasting by Signal
Radio Intensity, Proc. I.R.E., vol. 18, p. 533, March, 1930; R. C. Colwell, Cyclones,
Anticyclones, and the Kennelly-Heaviside Layer, Proc. I.R.E., vol. 21, p. 721, May, .

1933. •
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Radio waves generated by natural causes are referred to as static
and produce the familiar clicks, rumblings, crashes, etc., sometimes heard
in all radio receivers. Static normally has its origin in thunderstorms
and similar natural electrical disturbances and is in the form of impulses,
the energy of which is distributed throughout the range of useful radio
frequencies. 1 The energy level of static decreases as the frequency
increases, ordinarily being very great at the lower radio frequencies and so
small as to be unimportant at ultra-high frequencies. Since static is

fundamentally a radio signal containing frequency components distrib-
uted over a wide range of frequencies, the static within any frequency
range is propagated over the earth in the same way as ordinary radio
signals of the same frequency: Thus static impulses travel great dis-
tances under favorable conditions, arrive at a receiving point from a
definite direction, and possess diurnal and seasonal variations in intensity
as a result of corresponding variations in wave propagation.

It has been found that some of the static observed in the northern
hemisphere is produced by local thunderstorms, but that a surprisingly
large part of static interference 'originates in the tropics. Thus direc-
tional observations on long-wave static in Maine give a general south-
westerly origin pointing toward the Gulf of Mexico and Texas, while
similar observations in Europe' indicate sources in Africa. 2 It has also
been found that land areas, particularly mountains, are usually the most
important sources of static, and that the static is worst in the summer
season.

'

Low and Moderately Low Frequency Static.—At low radio frequencies
the static intensity is high because most of the energy of a static impulse
is concentrated on the lower radio frequencies and because at low fre-

quencies radio waves propagate great distances with small attenuation. 3

1 Information on the nature of the static pulses produced by thunderstorms is

given by H. Norinder, Cathode-ray Ospillographic Investigations on Atmospherics,
Proc. I.R.E., vol. 24, p. 287, February, 1936.

At short waves there is a relatively weak hisslike static having an interstellar
origin in the direction of the Milky Way. See Karl G. Jansky, A Note on the Source
of Interstellar Interference, Proc. I.R.E., vol. 23, p. 1158, October, 1935.

2 The connection between storm areas and static is strikingly brought out by
observations made in Maine by engineers of the American Telephone and Telegraph
Company, in which it was found that storms within several thousand miles could be
readily followed for days by making directional observations on static. See A. E.
Harper, Some Measurements on the Directional Distribution of Static, Proc. I.R.E.,
vol. 17, p. 1214, July, 1929; S. W. Dean, Correlation of Directional Observations of
Atmospherics with Weather Phenomena, Proc. I.R.E., vol. 17, p. 1185, July, 1929.

3 Thus the same static impulse has been observed at Berlin, Germany, and the
Hawaiian Islands. See M. Baumler, Simultaneous Atmospheric Disturbances in
Radio Telegraphy, Proc. I.R.E., vol. 14, p. 765, December, 1926; also see S. W. Dean,
Long-distance Transmission of Static Impulses, Proc. I.R.E., vol.19, p. 1660, Septem-
ber, 1931.
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The intensity of long-waVe static becomes greater as the frequency is

reduced, and in northern latitudes is greater at night and summer than
in the daytime and winter, respectively. The curves of Fig. 368 sum-
marize the more outstanding features of long-wave static as observed
in the northern hemisphere. 1

At moderate frequencies, such as those in the broadcast range, a large
fraction of the static observed during the day" is of local origin because of

the poor propagation of such frequencies during daylight hours. At night,

however, the lower attenuation causes static impulses of distant origin

to be heard, with the result that the noise level is ordinarily greater at
night than in the daytime.
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Fig. 368.—Curves summarizing behavior of low-frequency static received in Maine.

Short-wave Static.—The static intensity at short waves, i.e., frequencies
from 6000 to 30,000 kc, is much less than at lower frequencies, and during
a good part of the time is of the same order of magnitude as the noise level

of a typical radio receiver. Investigations of high-frequency static

show evidences of localized sources similar to those observed at lower
frequencies, and it appears that a large fraction of high-frequency static

represents waves that have traveled considerable distances. As a result,

high-frequency static at any given wave length shows diurnal and seasonal

1 Excellent discussions of long-wave static are given by L. W. Austin, The Present
Status of Radio Atmospheric Disturbances, Proc. I.R.E., vol. 14, p. 133, February,
1926; Lloyd Espenschied, C. N. Anderson, and Austin Bailey, Trans-atlantic Radio
Telephone Transmission, Proc. I.R.E., vol. 14, p. 7, February 1926; and R. A. Watson
Watt, Present State of Knowledge of Atmospherics, abstract in Exp. Wireless and
Wireless Eng., vol. 5, p. 629, November, 1928.
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variations in intensity which are identical with the corresponding varia-

tions in the strength of long-distance short-wave signals of the same fre-

quency. This is well illustrated by the curves of Fig. 369, which show

that during the day the static is strongest on the frequency best suited

for daylight transmission (a high frequency), while at night a reversal of

the situation takes place because a low frequency is best for short-wave

night transmission. 1

High-frequency static is closely correlated with low-frequency static.

Investigations show that both arrive from the same directions and that

sometimes it is even possible to correlate

individual high- and low-frequency

impulses.

Very little static is found on frequen-

cies too high to be refracted from the

ionosphere. At these frequencies the

range of the signals is so limited that all

static must be of relatively local origin,

and even then there is very little static

since it appears that nature, like man,

finds difficulty in generating waves at

such high frequencies.

Means of Overcoming Static.—The

only successful means that have been

found for minimizing static interference

are to make the frequency band to

which the receiver responds as narrow
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short-wave static received at Doria,

as possible and to use direetional receiv- ^£J2Z$&££X£
ing antennas. Since static energy is at the part of the day most favorable

more or less uniformly distributed ^f^^°™™a°n " w™
through the frequency spectrum, it is

obvious that the amount of static energy picked up by a receiver is

almost directly proportional to the frequency range to which the receiver

responds. This range should therefore be no wider than is necessary to

accommodate the side bands of the desired signal. 2

Directional receiving systems are of advantage in eliminating static

interference when the interference and the desired signal arrive from

1 The result of a very thorough investigation of high-frequency noise is reported

by R. K. Potter, High-frequency Atmospheric Noise, Proc. I.R.E., vol. 19, p. 1731,

October, 1931. Also see R. K. Potter, Estimate of the Frequency Distribution of

Atmospheric Noise, Proc. I.R.E., vol. 20, p. 1512, September, 1932.

2 See John R. Carson, Selective Circuits and Static Interference, Trans. A.I.E.E.,

vol. 43, p. 789, 1924. This is a classical paper in which it is shown that, if static is a

random series of impulses, then the amount of static energy absorbed by a receiver

is directly proportional to the frequency range to which the receiver responds.
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different directions. It has been found that in east-west transmission at
high latitudes very great gains in signal-to-noise ratio are nearly always
realized by using directive receiving antennas, because the major sources
of static heard on almost any frequency are to the; south and so are not
in the direction of the transmitting station. After the full benefits of

narrow-hand reception and directional receiving antennas have been
realized, the only remaining possibility for improvement in the signal-to-

static ratio is to increase the transmitter power in order to override the
interference, or to move the receiver to a location where the static

intensity is less.

Much effort has been expended in attempting to devise "static

eliminators," but all of these devices have been failures; The reason is

that static is a radio wave similar in all respects to the signal that is to

be received, and any balancing scheme that balances out static will also

balance out the received signal. In cases where apparent improvement
has been obtained it can be shown that this is the result of improved
selectivity (i.e., a narrowing of the width of the response band of the
receiver) rather than because of any balancing action that is present. In
telegraph receivers the width of the response band of ordinary receivers

is much greater than the minimum necessary to accommodate the side-

bands represented by the dots and dashes, so that considerable improve-
ment in signal-to-static ratio of code signals can ordinarily be obtained

by increased receiver selectivity. 1

The use of frequency modulation at ultra-high frequencies has recently

been proposed as a means of reducing static interference. Preliminary
results have been quite promising, and theoretical analysis indicates that

frequency modulation is superior to amplitude modulation in suppressing

noise, provided the ratio of signal to noise voltages exceeds a certain

limiting value. 2

128. Reciprocal Relations in Wave Propagation.—From the Rayleigh-
Carson reciprocity theorem discussed in Sec. 130 it follows that the trans-

mitter and receiver can under ordinary conditions be interchanged
without producing any effect! This is equivalent to stating, among other

things, that reversing the direction of transmission between two fixed

points does not affect the propagation, and that the angle at which the

waves arrive at the receiving antenna is the same as the vertical angle at

1 See John R. Carson, The Reduction of Atmospheric Disturbances, Proc. I.R.E.,

vol. 16, p. 966, July, 1928. In this paper Carson shows the fallacy behind a number
of proposed methods* of balancing out static interference while still preserving the
signal.

2 See E. H. Armstrong, A Method of Reducing Disturbances in Radio Signalling

by a System of Frequency Modulation, Proc. I.R.E., vol. 24, p. 689, May, 1936;
Murray G. Crosby, "Frequency Modulation Noise Characteristics," Proc. I.R.E.,

vol. 25, p. 472, April, 1937.
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which the same waves left the transmitting antenna. These reciprocal

relations are exact except for propagation through an ionized medium in

the presence of a magnetic field, and so apply to ground-wave and direct-

' ray transmission without any restrictions.' However, even when the

ionosphere plays animportant part in thewave transmission, the reciprocal

relations can still.be expected to hold when they are applied to values

averaged over a short period of time rather than to instantaneous

,
conditions.

Problems

1. A police radio transmitter is to be designed to provide coverage for a small

city and surrounding countryside. Assuming that 80 per cent of the power delivered

to. the transmitting antenna is actually radiated, that the radiated field is proportional

to the cosine of the angle of elevation, and that a = 0.5 X 10-13 and e = 20, determine

the transmitter power required to make the ground wave have a strength of 100 nv per

meter at a distance of 16 km when the frequency is: (a) 1690 kc, (b) 2500 kc.

2. A broadcast station operating at a frequency of 1000 kc delivers 50 kw to an

antenna which radiates 80 per cent of this power and which has a directional char-

acteristic such that the field radiated along the horizontal is 1.28 times as great as in

antennas in which the field is proportional to the cosine of the angle of elevation.

Assuming that the earth conductivity is 10_1S e.m.u. and that the dielectric constant

is 15, calculate the distances from the transmitter at which the strength of the ground

wave will be 1 mv per meter, 0.5 mv per meter, 0.2 mv per meter, 0.1 mv per meter,

and 0.05 mv per meter. .

3. A series of .field-strength measurements about a broadcast station operating

at 900 kc shows that at a distance of 20 miles the strength of the ground wave is

0.25 of the value calculated on. the basis of zero ground losses. Deduce the earth

conductivity for this case, assuming a reasonable value for the dielectric constant.

4. On the assumption that the ionosphere is the result of radiations from the sun

which ionize the earth's atmosphere, explain why it would be unreasonable to expect

the electron densities at several thousand miles above the earth, or at the earth's

surface, to be as great as at some intermediate height.

6. The earth's' magnetic field has no effect upon a wave passing through the

ionosphere provided the wave is so oriented that the electrostatic lines of force of the

wave are parallel with the magnetic flux lines of the earth. Explain.

6. Calculate and plot the refractive index of the Fi layer as a function of frequency

up to the frequency for which /x = 0, assuming that the electron density is 2.2 X 10 8

electrons per cubic centimeter (corresponding to summer noon at Washington as in

Fig. 337).

7. From the data given in Fig. 337 calculate and plot as a function of time* of day

the highest frequency that on the average could be used for short^distance communi-

cation (corresponding to a sky wave striking the ionosphere with nearly vertical

incidence) at Washington, D. C, in June, 1933, -during the hours 8 a.m. to 6 p.m.

8. Calculate, the highest frequency that will be returned to earth under any

conditions where the ionosphere conditions correspond to those at Washington in June

(see Figs. 336 and 337), when the time of day is (a) noon, (b) midnight.

9. Calculate the magnitude and phase angle of the reflection coefficient for hori-

zontally polarized waves in soil for which the dielectric constant is 20 and the con-

ductivity is 10-13 e.m.u. Use frequencies of 100, 1000, and 10,000 kc, and assume

vertical incidence (5 = 90°).
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10. At broadcast frequencies (550 to 1500 kc) the sky-wave attenuation is quite
small at night and very high in the daytime. Describe ionospheric conditions which
could explain this behavior and which would at the same time not be inconsistent

with Figs. 336 and 337.

11. From the characteristics of the ionosphere explain: (o) how it comes about
that low-frequency waves suffer less absorption in the ionosphere in the day than
waves of broadcast frequencies, and (b) why there is less diurnal and seasonal vari-

ation in Fig. 347 for 17,300 cycles than for 54,500 cycles.

12. Determine the transmitter power (assuming that the radiated field is pro-
portional to the cosine of the angle of elevation) required to produce a ground-wave
field strength of 1 mv per meter at a distance of 200 km when the soil conductivity
is 10~13 e.m.u. and the dielectric constant is 15, for frequencies of 550, 1000, and 1500
kc. From the results discuss the economic feasibility of obtaining large ground-wave
coverage at the different broadcast frequencies.

13. Determine the transmitter power (assuming that the radiated field is pro-
portional to the cosine of the angle of elevation) required to produce a ground-wave
field strength of 1 mv per meter at 200 km when the frequency is 550 kc and the earth
conductivity is 10_u (sea water), 10-13 (good soil), and 10 -14 (poor soil).

14. Draw curves corresponding to Fig. 351c, but giving ideal directional char-
acteristics for different transmitter powers with constant soil conditions.

15. A proposed broadcast transmitter is to deliver 50 lew of power to an antenna
that has a directional characteristic as shown in Fig. A. The field strength along
the ground at a distance of 1 mile (which is so close that ground losses can be neg-
lected) is expected to be 1750 mv per meter. The transmitter frequency is to be
1000 kc.

a. Plot a curve of ground-wave field strength as a function of distance up to.

750 km for earth conductivities of 1 X 10-13 and 0.4 X 10-13 .

6.. Calculate sky-wave field strength as' a function of distance up to 750 km by
making reasonable assumptions as to the ionospheric action, and plot the results upon
the same curve sheet as used for (o). ' '

c. Discuss the resulting coverage for both day and night, including consideration

of such factors as day and night primary-service areas, location of high-distortion

area, amount of rural night coverage obtained, etc.
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16. Calculate and plot skip distance as- a function of frequency for ionospheric
conditions corresponding to those given in Figs. 336 and 337 for noon and midnight
in December.

17. Suggest short-wave frequencies suitable for communication at noon and at
midnight, over distances of 500 km and 5000 km, assuming that the ionospheric condi-
tions are those shown in Figs. 336 and 337 for June.

18. Show that the data given in Figs. 336 and 337 are consistent with the fact
that the optimum frequency for long-distance short-wave communication is much
lower at night than in the day, but differs only slightly in winter from summer.

19. Short-wave communication is to be carried on at noon between two points
200 km apart. Determine the approximate vertical angle at which the transmitted
energy should be concentrated, assuming that the ionospheric conditions correspond
to those for December in Figs. 336 and 337 and that the transmitter frequency' is
(a) 2,750 kc, (6) 4,000 kc.

20. When the transmitting and receiving antennas are close together so that the
reflected wave reaching the receiver strikes the ground with an appreciable angle of
incidence, Eq. (219) no longer holds, but rather the received field strength alternately
decreases and increases as the height of either antenna is increased. Explain.

21. The antenna for a proposed television transmitter is to be located at the top
of a building 750 ft. high, (a) Over what distance is direct-ray coverage possible,
assuming that the average receiving antenna will have a height of less than

-

30 ft.?

(6) Over what distance is a straight-line path possible, assuming the same receiving
antenna?

22. An ultra-high-frequency transmitter operating at a wave length of 5 meters
with a power of 100 Watts is to be used for communication between two points 50 miles
apart. The height of the transmitter antenna is 400 ft. (a) Determine the minimum
height of the receiving antenna for which direct-ray reception is possible, (b) Esti-
mate the field strength .received by this antenna, assuming the transmitting antenna
radiates a field proportional to the cosine of the angle of elevation and taking into
account the earth curvature with the aid of Fig. 362.

23. What transmitter power is required to deliver a 0.050 mv per meter signal at
5 meters when the transmitting and receiving antennas are both 50 ft. high, the dis-
tance is 10 miles, and the.radiated field is proportional to the cosine of the angle of
elevation?

24. When pulse signals are being returned from the Fi layer, the virtual height is
greater when the frequency is just barely high enough to permit penetration of the
E layer than when a higher frequency is used, even though the waves actually pene-
trate farther up into the Fi layer the higher.the frequency. Explain.

25. Explain why single side-band transmission of radio-telephone signals has been
found to be an effective means of reducing the effects of static at both high and low
frequencies.



CHAPTER XV

ANTENNAS

129. Fundamental Laws of Radiation.—An understanding of the

mechanism by which energy is radiated from a circuit and the derivation

of equations for expressing this radiation quantitatively involve con-

ceptions that are unfamiliar to the ordinary engineer. 1 The mathe-

matical formulas that express the results of such an analysis are, how-
ever, quite simple and understandable.

/** Thus the strength of the field radiated

.
/' from an elementary length of wire 81

CI //' carrying a current I (see Fig. 370) is

s' given by the formula:

81 K- 1
' 60jr,'eI; T I, A a" pi « = ixWI pos

°Y
~ V cos

Fig. 370.—Elementary doublet gQj. / ^A
.consisting of a length of wire SI carry- = ——f(8l)I COS co( t

— '— 1 COS B (221)
ing a current /. • dc \ C/

•

where .

e = the strength of the wave in volts per meter

81 = the length of wire from which the radiation takes

place, measured in the sam.e units as X

/ cos (wt + 90°) = current flowing in the wire in amperes

d = distance from P to the antenna in meters

6 = angle of elevation of point at which field is desired

with respect to a plane perpendicular to the

conductor 81 -

/• = frequency of current .

« = 2x/

. t = time

c = velocity of light — 3 X 10 8 meters per second

X — wave length corresponding to frequency /.

1 For an elementary mathematical analysis of the radiation phenomenon, see It. R.

Ramsey and Robert Dreisback, Radiation and Induction, Proc. I.B.E., vol. 16, p.

1118, August, 1928; R. R. Ramsey, Radiation and Induction, Proc. I.R.E., vol. 21,

p. 1586, November, 1933. A more advanced treatment is given by G. W. Pierce,

"Electric Oscillations and Electric Waves," McGraw-Hill Book Company, Inc., New
York, 1920.

648
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The radiated field e varies directly as the current I, the frequency /, the

doublet length 81, and the cosine of the angle of elevation, and is inversely

proportional to the distance d. The phase of the field depends on

the phase of the current at the instant the wave left the antenna. The

strength of the magnetic component H of the wave is related to the

electrostatic voltage gradient e by the equation

e = 300H
.

(222)

where H is in lines per square centimeter and-e is in volts per centimeter.

The total field radiated from an antenna. is found by adding up the

separate fields produced by the elementary lengths of the radiator, taking

into account phase relations and. planes of polarization in making this

addition. When the antenna configuration and the current distribution

are known, the radiated field is determined by integrating the contribu-

tions that are made by each elementary length, as discussed in detail in

Sec. 131.

The Wave front of the radiated wave lies in a plane perpendicular to a

line drawn toward the antenna, and the waves are polarized in the same

direction as the antenna. Thus • a plane .can be passed through the

antenna and an electrostatic flux line of the radiated wave, while the

magnetic flux is perpendicular to such a plane.

Current. Distribution in an Antenna.—An antenna represents a circuit

having distributed constants, and so has a current distribution of the

type discussed in Sec, 15. Strictly speaking, the inductance and capacity

per unit length are not the same for all parts of the antenna, so that an

exact solution for the current distribution is extremely complicated.

Experiments have shown, however, that in the usual case where the

antenna is operated so as to give resonance, the current is very nearly

sinusoidally distributed, with the phase differing by 180° in adjacent half-

wave-length sections, (see Figs. 33 and 34).
1 The current is zero at the

open ends of such an antenna and approaches zero at all points that are an

exact multiple of a half wave length distant from the open end, while the

current is maximum at points' that are odd quarter wave lengths distant

from the open ends. The length of an antenna expressed in wave lengths

is very nearly equal to the length between extreme ends, measured in

terms of the wave length of a wave traveling with the velocity of light,

i.e., a wave length of the radio wave. Examples of current distribution in

a number of typical antennas are shown in Fig. 371. The current in

1 This is shown by experimental results published by R. H. Wilmotte, Distribution

of Current in a Transmitting Antenna, Jour. I.E.E. {London), vol. 66; p.' 617, June,

1928. The only important practical exception is in the tower antennas used in

broadcast work, where the variation in cross section with height modifies the current

distribution (see Sec. 136).
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each case follows a sinusoidal law, and is zero at the open ends. When the

lower end of the antennais grounded, as in a to/, or when the length of an

ungrounded antenna is not an exact multiple of a half wave length as at

j, the current distribution is made up of sections of sine waves as shown.

The common method of representing antenna current distribution,

shown in Fig. 371, is not strictly correct, for, as explained in Sec. 15,

losses prevent the current from going to zero except at an open end. The
resulting error is so small, however, that it can always be neglected.

Impedance of Antennas:—An antenna, as a result of its distributed

inductance and capacity, is equivalent to a transmission line and there-

fore, like all transmission lines,, acts in many .respects as a resonant circuit.

In the case of an ungrounded antenna, resonance is obtained whenever

the total length approximates a multiple of a half wave length, while with

the grounded antenna resonance occurs whenever the length is an odd

multiple of a quarter wave length. Consequently a voltage applied in

Grounded Aniennas

(«>l=$ <»L«£ <c>L=fX <d>L=jX <e>>+b)4 Wa*b)=z

•w/^//////, •/'////>///;;. •//>//>/////} ///////)///.

Ungrounded Antennas Without Loading

<g)L=£ <h)L=A- <i)L=2>.

Loaded Ungrounded Antenna

i
Fig. 37X.—Current distribution in typical antennas. In each case the current

sinusoidal distribution and is zero at the open ends.
has

series with an antenna will encounter a capacitive reactance at frequencies

just below resonance, an inductive reactance at frequencies above reso-

nance, and a resistance at resonance. If an antenna is not exactly the

correct length for resonance, it can accordingly be brought into resonance

by adding series inductance to neutralize the capacitive reactance of an

antenna that is too short or by adding a series capacity to neutralize the

inductive reactance of an antenna that is too long.

The magnitude of the. impedance offered by an antenna to a series

voltage depends upon the frequency, the length, antenna construction,

ground losses, etc. Because of these many factors involved, the exact

impedance cannot ordinarily be predicted, although fairly accurate

qualitative estimates of behavior can be made.

Effect of the Ground; Image Antennas.—When an antenna is near the

ground, energy radiated toward the earth is reflected as shown in Fig.

372, so that the total field in any direction represents the sum of a direct

wave plus a reflected wave. In the case of a perfect earth (infinite

conductivity) the reflection is complete, and can be taken into account by
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replacing the ground by an image antenna as illustrated in Figs. 372 and
373. The fields produced by the joint action of the actual antenna and its

image are the same as exist in the .space above earth with the actual

antenna in the presence of the perfect ground.

Examples of image antennas for a number of cases are .given in Fig.

373. The general principles for setting

up the image antenna for a perfect

earth are as follows:

1. The image antenna has a physical config-

uration that is the mirror image of the actual

antenna.

2. The currents in corresponding parts of

the actual and image antennas (i.e., parts

lying on the same vertical line and at the same
distance from the earth surface) are of the same
magnitude and flow in the same direction when
the corresponding parts are vertical and in the

opposite direction when they are horizontal.

Acfua/_

antenna

Image_
antenna

Fig. 372.—Diagram illustrating

how the wave reflected from the earth
can be considered to be produced by
an image antenna.

The modifications necessary to take
into account the effect of earth losses are considered in Sec. 132.

Energy Relations and Antenna Resistance.—The rate at which energy
passes through 1 sq Cm of surfa ce located in the wave front is the average
amount of energy contained in 1 cc of wave multiplied by the velocity of

light. Thus, if the wave at the point in question has a strength e volts

Grounded Antennas

Ungrounded Antennas

i \ **
•Vs/s/s/z/ss///, 7777777777777?. 77777777777777; V/7///////777. J/77/7J7/77S7J!

.

\l

Fig. 373

fy $N <^

-Images for common types of antennas.

effective value per centimeter, the average energy per cubic centimeter is

e
20.08842 X 10-12 joule. Multiplying this by the velocity of light in

centimeters per second shows that the rate at which energy flows through
each square centimeter of wave front is 0.00265e2 joule per second.

Hence the energy radiated from the entire antenna system can be deter-

mined by imagining that the antenna is at the center of a very large

sphere and then adding up the energy that flows through each square
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centimeter of the spherical surface that is above the ground. Practical

. means of evaluating this total energy are discussed in Sec. 134.

The total amount of energy radiated from a transmitting system can

be conveniently measured in terms of a "radiation" resistance, which is

the resistance that, when inserted in series with the antenna, will con-

sume the same amount of power as is actually radiated. While the

radiation resistance is a purely fictitious quantity, the antenna acts

as though such a resistance were present because the loss of energy by
radiation is in its effects equivalent to a like amount of energy dissipated in

a resistance. The value of the radiation resistance is determined by the

antenna construction, and particularly the size measured in wave lengths,

the relation to ground and other conducting objects, such as towers,

buildings, and trees, etc., and by the point on the antenna to which the

resistance is referred (i.e.,- the point at which the radiation resistance is

considered as being lumped). Unless specifically stated otherwise, it is

customary to refer the radiation resistance to a current loop. Methods of

evaluating the radiation resistance are taken up in Sec. 134.

In addition to the radiated energy, energy is also lost in the antenna

system as a result of wire and ground resistance, corona, eddy currents

induced in neighboring masts, guy wires and other . conductors, and
dielectric losses arising from imperfect dielectrics, such as trees and
insulators, located in the field of the antenna. These losses can be repre-

sented in the same way as the radiated"energy, i.e., by a resistance which

when inserted in series with the. antenna will consume the same amount
of power as is actually dissipated in these various ways. The total

antenna resistance is the sum, Rr + Ri, of the radiation resistance Rr and
the loss resistance Ri, and determines the amount of. energy that must
be supplied to the antenna to produce a given current.

The efficiency of the antenna as a radiator is the ratio Rr/(Rr + Ri)

of radiation to total resistance. This represents the fraction of the

total energy supplied to the antenna which is converted into radio waves.

Effective Height.—The term effective height as applied to a transmitting

antenna represents the length of elementary antenna of Fig. 370 which,

when carrying a uniform current equal to the current flowing at the refer-

ence point in the actual antenna, will produce the same field intensity as is

actually radiated. The effective height is very seldom used in connec-

tion with transmitting, but is a convenient conception when the antenna

acts to receive radio waves.-

Induction Fields. 1—The electrostatic and magnetic fields having

strengths given by Eqs. (221) and (222) do not include the ordinary

1 For a more complete consideration of the fields existing near an antenna, see

F. R. Stansel, A Study of the Electromagnetic Field in the Vicinity of a Radiator,

Proc. I.R.E., vol. 24, p. 802, May, 19.36; P. S. Carter, Circuit Relations in Radiating

Systems, Proc. I.R.E., vol. 20, p. 1004, June, 1932.
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magnetic and electrostatic induction fields that are present in the imme-
diate vicinity of- the antenna even at low frequencies where the radiation
is negligible. The total magnetic field that is produced in. .the vicinity
of an elementary antenna, such as that of Fig. 370, is given by the follow-
ing equation

:

Magnetic field in lines per square centimeter =

^^cos^-0coS 0-^)sin^-^cos (223)

The notation is the same as in Eq. (221) except that all the units of
length are in centimeters. The first term of this equation represents
the radiation field given in Eq. (222), while the second term represents
the induction field that- gives rise to the self-inductance of the antenna
system. The induction magnetic field is in phase with the current
flowing in the radiator (after making allowance for the time required in
propagation) and is inversely proportional to the square of the distance,
while the radiation field is in time quadrature, i.e., 90° out of phase, with
the current and is inversely proportional to the first power of the distance.
Because of the way in which it varies with distance, the induction. field
is of importance only in the immediate vicinity of the antenna, where
it is much stronger than the radiation field. At a distance of X/2tt from
the antenna the two fields are equal, while at greater distances the radia-
tion field predominates.

Along with the induction magnetic field there is also an induction
electrostatic field, which is in time phase with the electrostatic field of
the radiated wave and, like the magnetic induction field, dies out much
more rapidly with distance than does the radiated wave.

130. Fundamental Properties of Receiving Antennas and Reciprocal
Relations Existing between Transmitting and Receiving Properties—
A receiving antenna is able to abstract energy from a passing radio wave
as a result of the voltages that the magnetic flux of the wave induces
in the antenna. These induced voltages, are distributed along the entire
length of the antenna and have a value which per meter of antenna length
is e cos \p cos 0, where e is the field strength of the wave in volts per meter,
^ is the angle between the plane of polarization and the wire in which the
voltage is induced, and is the angle between the wave front and- the
direction of the antenna

'
wire. It will be observed that the quantity

€ cos $ cos is the component of the field strength which has a wave front
parallel to the antenna and is polarized in the same plane as the antenna.

Energy and Current Delivered to Load Impedance.—In determining the
current that the distributed induced voltages will develop in a load imped-
ance inserted in series with the antenna, it is convenient to replace the
actual antenna with -its load by the equivalent circuit of Fig. 374. Here
the antenna is considered as a generator consisting of an equivalent lumped
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voltage E having an internal impedance Z^with which the load impedance
ZL is in series. The ratio of lumped voltage to the strength of the radio

wave is termed the effective height h of the receiving antenna {i.e.,

E = eh), while the equivalent impedance Za - is the impedance that the

load sees when looking toward the antenna. The current that flows in

Actual Antenna Equivalent Antenna Circuit tnis equivalent circuit is exactly the
Crcuit Equivalent antennaimpedance, same as the current that flows in

.Distributed V~Z \-i ^
voltages l, load
Equivalent^ impedance*

the corresponding part of the real

antenna.

Zc-^ c
Jo/^e

affea'L- —^y The energy absorbed by the load

^ . .
is maximum when the resistance of

fiG. 374.—Actual receiving antenna . . , , .

with load impedance Zh and distributed the load equals the resistance COm-
induced voltages, together with equivalent ponent of the antenna impedance and
antenna circuit in which the distributed , , . .

voltages are replaced by a lumped voltage ttie reactance Ol the load IS equal in
E and the distributed antenna impedance magnitude but opposite in sign to the
by an equivalent concentrated impedance , . „

,

.

za .
reactive component of the equiva-

lent antenna impedance Za . When
the antenna is tuned to resonance with the frequency being received, the

antenna impedance Za is a pure resistance equal to the total antenna
resistance, Rr + R h referred to the point where the load resistance is to

be inserted, and the proper value of load resistance is Ei = (Rr + Ri).

The total energy that the receiving antenna abstracts from the passing

radio wave represents the energy dissipated in the equivalent antenna
circuit, and so is given by the relation

(eh) 2

Total power in watts abstracted from radio wave = -^

—

,
J p (224)Rl + Rr + Ri

where

e = field strength (r.m.s. value) of the radio wave in volts per meter
h = effective height of the antenna in meters

R r = antenna radiation resistance

Ri = antenna loss resistance

Rl = load resistance.

The fraction RL/(Rr'-\- Ri + Rl) of this total energy represents the

portion of the abstracted energy which is usefully employed. Of the

ramainder, part is accounted for by the antenna "losses, such as wire and
ground resistance, etc., while the rest is reradiated. This reradiation

of energy results from the fact that, when current flows in an antenna,

radiation takes place irrespective of whether the voltage producing the

current is derived from a passing radio wave or from a vacuum tube.

The maximum amount of energy that it is theoretically possible

for a given antenna to abstract from a passing radio wave occurs when
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the antenna loss resistance is made negligibly small and when the load
resistance RL is equal to the radiation resistance. Under these conditions
the rate at which energy is abstracted from the wave is (eh) 2/2Rr watts,
and, since half of this is reradiated, the maximum possible amount of
power that can be delivered to a load resistance RL is (eh,y/4:R L watts.
Calculations show that a section of wave front extending for only about
one-quarter of a wave length on each side of the receiving antenna will
be capable of supplying this received energy.

The electromagnetic and electrostatic fields in the vicinity of a receiv-
ing antenna are the sum of the fields produced by the radio wave - and
by the current in the receiving antenna. The result is that the receiving
antenna causes a distortion in the field pattern in its immediate vicinity. 1

Analysis shows that the effect of the receiving antenna on the passing
wave is, first, abstraction of energy, which weakens the main wave, and,
second, reflection or reradiation of energy, which redistributes the energy
of the passing wave in a manner depending upon the antenna tuning (see
Sec. 135 for a further discussion of this point)

.

•

Relations between Receiving and Radiating Properties and the Rayleigh-
Carson Reciprocity Theorem—The properties of an antenna when used to
abstract energy from a passing radio wave are similar in nearly all respects
to the corresponding properties of the same antenna when acting as a
radiator.

. Thus the direc.tional characteristics, the current distribution
the effective, height, and the impedance of the antenna are the same in

reception as in transmission. The only difference is in the radiation
resistance, which in the case of receiving antennas depends upon the
inserted load impedance and tends to be higher than when radiating. 2

These reciprocal relations between the transmission and reception proper-
ties are extremely useful because they make it possible to deduce the
merits of. a receiving antenna from transmission tests, and vice versa.

Thus the directional characteristics of a given antenna can be determined
' either by operating this antenna as a receiver and moving a portable
transmitter about or by using the antenna as a transmitter and making
observations of field strength on a portable receiving set. Similarly the
effective height can be calculated by determining the voltage that must
be inserted in the antenna to produce the same current as is produced by a
wave of known strength, or it can be obtained by determining the field

strength that the antenna produces at a known distance when the antenna
is transmitting with a known current.

1 See Henry C. Forbes, Re-radiation from Tuned Antenna Systems, Proc. I.R.E.,
vol. 13, p. 363, June, 1925; F. A. Kolster and F. W. Dunmore, The Radio Direction
Finder and' Its Application to Navigation, Bur. Standards JSci. Paper 428.

2 See Raymond M. Wilmotte, Generalized Theory of Antennae, Exp. Wireless and
Wireless Eng., vol. 5, p. 119, March, 1928.
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These reciprocal relations between the transmitting and receiving
properties of an antenna are incorporated in reciprocal theorems, the most
important of which was discovered by Rayleigh and extended to include
radio communication by John R. Carson. 1 It is to the effect that, if an
electromotive force E inserted in antenna 1 causes a current I to flow 'at a
certain point in a second antenna 2, then the voltage E applied at this point
in the second antenna will produce the same current I (both in magnitude
and phase) at the point in antenna 1 where the voltage E was originally

applied. The Rayleigh-.Ca'rson theorem fails to be true only • when
the propagation of the radio waves is appreciably affected by an ionized
medium in the presence of a magnetic field, and so holds for -all conditions
except short-wave transmission over long distances. Even then, it is to

No. / «v\ No.2 ean •No.f
ear.

Length =^ A.

No.2ear- No. 2ear^
No.Jear,

No.4ear, I

,

*Antenna ^Antenna

Length =2A Length^ A Length =8A
Fig. 375.—Polar diagrams showing strength of field radiated in various directions from an

antenna consisting of a wire remote from the ground.

be expected that on the average the theorem will still apply, even when it

cannot be depended upon to.be exactly correct in every instance.

131. Directional Characteristics of Simple Antennas.—The direc-

tional characteristics of transmitting antennas are important, because
only those waves radiated in certain directions from the transmitter
will reach a particular receiving point, while all energy radiated in other
directions is wasted as far as transmission to this receiver is concerned.
The directional characteristics of receiving antennas are likewise impor-
tant because an antenna that abstracts much larger quantities of energy
from waves coming from the direction of the transmitter than from waves
of equal strength arriving from other directions will not pick up interfering

signals and static arriving from other directions.

1 See John R. Carson, Reciprocal Theorems in Radio Communication, Proc.
I.R.E., vol. 17, p. 952, June, 1929; John R. Carson, The Reciprocal Energy Theorem,
Bell System Tech. Jour., vol. 9, p. 325, April, 1930.
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a Angles of Maximum and Zero Radiation
ofthe Long Wire Radiator

The fundamental factors determining the directive characteristics of

antennas can be understood by considering a series of simple cases which

incorporate the various principles involved.

Wire Remote from Ground.—The directional characteristics of an

antenna consisting of a single wire having a length that is an exact multi-

ple of a half wave length (i.e., an antenna operated at a resonant fre-

quency) and. far removed from other objects (particularly the ground)

is given by Eq. (238)! Polar diagrams giving the directional character-

istics of several such antennas in a plane containing the wire are shown in

Fig.. 375. ' If the directional charac-

teristic is viewed in three-dimensional

space,' it consists of a figure of revolu-

tion Having a cross section as shown in

Fig. 375. An examination of Fig. 375

shows that the directional character-

istic contains a number of lobes, the

largest of which are always the lobes

making the smallest angle with the

axis of the wire. Increasing the

antenna length as measured in wave

lengths has the effect of reducing the

angle between the axis of the wire and

the direction of the large lobes, and

also of increasing the number of lobes

present, as is clearly evident in the

figure.
'

The important features of the

directional characteristics of a wire

antenna in space are. incorporated in

the curves of Fig. 376, which show

the angles with respect to the wire

axis at which the radiation is maxi-

Q 2 4 6 8 10 J2

Lengfh of Wire in 'Wave Lengths

b Relative Amplitude of Ears for
Unit Loop Current

I'Lu

"*3

E'

-2 o fi M Asks
5$1 21*

6 10 12

Length of Wire in Wave Lengths

Fig. 376.—Angles at which the radia-

tion from an isolated wire antenna is zero

and maximum, together with relative field

and zero, and also show the strength of ears. The ears are numbered
so that ear 1 is the lobe nearest the direc-

tion in which the antenna points.

mum
relative amplitude of the successive

lobes or ears. Thus reference to Fig.

376 shows that a wire five wave lengths long has five lobes in each

quadrant,* with the maximum of these lobes coming at angles of 22.5°,

46°, 60°, 73°, and 84° with respect to the wire axis, while the relative

amplitudes of these lobes are 2.25, 1.40, 1.20, 1.05 and 0.95, respectively.

The reason that the directional characteristic of a long wire differs

from that of an elementary antenna is that the current in different parts

of the long antenna may not be in the same phase, and the distance

from a remote point to various parts of the long antenna will not be the
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Radiation
pattern^

distribution

same. The"result is that the fields radiated from different portions of

the long antenna add together vectorially and give a sum that depends
upon the direction and upon the current distribution along the wire.

This can be made clear by referring to

Fig. 377 and considering the radiation

produced at distant points P, Pi, and P2

by elementary .sections located at a; and
— x on the antenna. The observer at P
is equidistant from both points under

consideration, and, since the radiation at

x is in opposite phase from the radiation

at —x, the two cancel at P to give zero

field. In contrast with this, the observer

<

v / \ j at point Pi is closer to x than to — x, so

tjC qtt tv^~ ~ -n * 4.- that, although the waves start from these
Fig. 377.—Diagram illustrating

. .

factors controlling the directional two points in phase Opposition, they do
characteristic of an antenna. Note not completely cancel at P x . Finally at
that the radiation does not cancel .

r J J

in the direction Pi because of the point P2 there is no field because an
different distances to the two ends elementary length of the antenna does
Ol lI16 £111X61111£1* • >

not radiate energy along its axis. The
result is a directive pattern in which the maximum of radiation occurs at

an angle with respect to the wire axis, as shown. 1

Grounded Vertical Antenna.—Typical examples of grounded antennas
are illustrated in the top lines of Figs. 371 and 373. When the height of a

grounded antenna is of the order of one-eighth wave length or less, the

radiation from the vertical- portion is almost exactly proportional to the

cosine of the angle of elevation, and the directional characteristic is as

shown in Fig. 378 (assuming a perfect earth). This is because the total

length of the antenna plus its image is then so small that to a distant

observer the difference in distance to the different parts of the antenna is a

small fraction of a wave length. The directional, characteristic is hence

substantially that of an elementary antenna.

1 The directive pattern obtained from a long wire can be readily calculated by
considering the antenna to be made up of a number of elementary lengths and then
adding up the resulting fields produced at a distant point as indicated in Sec. 129.

Thus consider the case where the antenna is an even number of half wave lengths

long, as is the case in Fig. 377, and assume that the current is sinusoidally -distributed.

If the reference point is the midpoint of the antenna (x .
== midpoint) and 7o is the

maximum current, then the equation of the current distribution can be written as

- /./sin ^)[cos (cot + 90°)] (225)

Radiation at a distance x from the midpoint reaches distant point Pi sooner than

radiation from the reference point because the distance is less by x cos 0, which
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When the antenna has a flat top as in the case of the two antennas

shown at the end of the top line of Fig. 371, the radiation from the flat top

will be substantially zero unless the antenna height approaches or exceeds

a quarter wave length. This is because, with low heights the radiation

from the flat top is almost completely neutralized by the radiation from

the image of the flat top.

When the grounded antenna consists of a vertical wire that is a half

wave length or more in length, the directional characteristics in the vertical

plane are markedly affected, as is apparent from Fig. 378. • These patterns

come about as a result of the fact that such an antenna, together with its

corresponds to (2irx/\) cos radians advance in phase. By combining Eqs. (221)

and (225), the field Ae produced at Pi by an elementary length of the antenna is

:

.. 607T . 2irX ( d . 2vX A . . , /nna\Ae = -j^-i o sm —^— cos I <at 1
—— cos J sin dx (226)

dX*°- X

where
— angle of elevation measured with respect to the wire axis

c = velocity of light

do = distance from the wire center to Pi.

The total radiation from the entire length L of the antenna is

60tt

d\
r a C

X ~2 2irx ( . do . 2irx \ ,

lo sm I _r sin —— cos ( ut 1
—— cos 1 dx

Jx—-~ X \ c X /

L
60,r r • a C

X=
2 27r.rr /2irx A / / do\

" "dx
h sin e

]x-zf
sm ir[ cos [t-

cos v cos r " t;

- sin (^ cos ^Ysin (c*t - ^)1 dx (227)

/ J \ ( —cos -^-(1 — cos 0) cos -^-(1 + cos 0)

(»t - 52V

—

±-± J LL J

^
'

[
—(1 — cos 0)

/1
' ~~~ rtN

/ a \\ sin "T^ 1 - cos en sin

&hr T . J= -ly-Io sm 0< cos

-(1 — cos 0) — (1 + cos 0)
A A

I "T^
1 + cos ^

x
(l-cos0) ^(1+COS0) |)^r

When the length is a whole number of wave lengths, substitution of the limits,

followed by a few transformations, gives:

sin
(
£- cos )

e = ^V VX
„

/ (-l)"sin( (or-52) (228)d sm \ c J

where n is the number of wave lengths.

The same procedure is. followed when the antenna length is an odd number of

half wave lengths, ex63pt that the current distribution is now i = I cos (2irx/\) cos

(ut + 90°). The directivity in this case is given by Eq. (238a).
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image, is so long that the distance from different parts of the antenna to a
distant observer may differ by an appreciable fraction of a wave length for

the higher vertical angles.

Spaced Antennas.—One of the most important means of obtaining
directivity is by combining the radiation from two or more spaced anten-
nas. A simple example of such directivity is illustrated in Fig. 379,
which shows two vertical antennas spaced a quarter of a wave length
apart, carrying equal currents and excited so that they are 90° out of

phase. To an observer at the point P 3 the radiation from the two anten-

!l=X/8 J&*

Antenna Length?A/g Anfenna Length'A/4

Antenna Length -A^

P-A
]\ V

Antenna Length=5 A/g

•7777777777777777777777777777T*

Antenna Lehgth-3fyj

Fig. 378.^-Directional characteristics in a vertical plane of field produced by grounded
vertical antennas of varying, lengths. These polar diagrams can.be thought of as cross
sections of a figure of revolution about the axis of the antenna, and assume a perfectly
conducting earth.

"

nas adds because, although the radiation leaves antenna A a quarter of a
cycle ahead of the radiation from antenna B, it takes this first radiation a
quarter of a cycle to travel the quarter wave length to antenna B, and the
two radiations add in the direction toward P 3 . However, to an observer
at Pi the radiations from the two antennas cancel because the radiation
from antenna B starts a quarter cycle late and loses an additional quarter
cycle in traveling to A, thereby arriving exactly in the correct phase to

cancel the radiation that is starting out from A towards Pi. A- distant

observer at P2 is equidistant from the two antennas, and, since the radia-
tions start out with a phase difference of 90°, they will add up in quadra-
ture at P2 to give a result that is -\/2 times the radiated field from a single

antenna. The resulting directional pattern is a cardiod as shown in Fig.
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_ (Radiations
" cancel)

379. x By changing either the spacing, the relative phase, or both, other
directional patterns are obtained as illustrated, in Fig. 380.

More complicated systems of spaced antennas are considered in the

section below on Antenna Arrays.

Non-resonant Long-wire Antennas.

When the end remote from the source

of power is properly terminated, a trans-

mission line and hence an antenna
have current distributions such as illus-

.* trated in Fig. 33c. The current dies

away exponentially with distance from
the sending end, and "there is a phase
shift that increases uniformly with dis-

• p4
7f

(Radiations add
in quadrature)

'if (Radiations
I add)
%

Fig. 379.—Diagram illustrating
how directivity is obtained by the use
of two spaced antennas. In the par-
ticular case shown the spacing is

A/4, the currents are equal, and the
relative phase is 90°.

90

180 OO

.0

oo
4a|A

. Spacing
Fig. 380.—Directive patterns obtained from a

pair of spaced antennas with different spacing and
phasing, but carrying currents of equal magnitude.

tance and amounts to 360° per wave length,

current distribution is hence

The equation of the

Current at distance a;

from power source I = /„€-«* cos (u>t + 90p - ^\ *^±Y (230)

1 The equation of the field "pattern obtained from two spaced antennas can be
readily derived as follows: To a distant observer at P 4 antenna A is closer by d cos #,
where d is the antenna spacing and $ is the angle,, as shown in Fig. 379. If the phase
of the currents in B lags by a. radians behind A, then the phase difference between the
radiations arriving from A and B at P is (27rd/X) cos * + « radians. The relative

field at P as a function of the angle * is then

. Relative field = 2 cosm cos * -f- (229)

When d = X/4 and a — v/2, this becomes a cardiod as shown in Fig. 380.
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where

Jo cos (cat + 90°) = current entering the line at the sending end

a = attenuation factor determined by losses (includ-

ing radiation)

X = distance corresponding to a wave length.

A long wire with such a current distribution has a directional char-

acteristic determined by the same factors that have been considered above,

but, because the law of amplitude and phase variation of the current are

different, the directional characteristics will as a result be modified. The
results for several typical cases are shown in Fig. 381. x Here it is seen

that the maximum radiation takes place at an angle with respect to the

axis of the wire which decreases as the wire becomes longer and is very

little affected by even considerable attenuation. Attenuation modifies-

the shape of the pattern in various details, however. It will be noted that

in all cases the radiation pattern is. substantially unidirectional.

Gain of Directive Antennas.—The merit of a directive antenna is most
conveniently measured in terms of the antenna gain, which is defined as

1 The formula from which these patterns are calculated is derived as follows

:

Referring to Fig. 381, the current at x lags the current at the generator by 2irx/\

radians, but is closer to P by x cos 0, which corresponds to (2xx/X) cos 9 radians, so

that, relative to the radiation from the generator end, the radiation arriving at P
from dx lags by (27ra;/A)(l — cos 0). From Eq. (221), the radiation Ae from dx is

Ae = ^(sin 8)I<>e-a *. sin lot - ~(1 - cos 0)1 dx . (231)

Accordingly, the total radiation from the entire length L is

-7 sin I *-ax sin
|

cat ^-(1 — cos 0) I dx

= -prlo smffl e-^/jsm ut cos -r-(l — cos 6)

— cos at sin -r^(l — cos 6) j dx (232)

607T,

d\

Upon integrating and simplifying, this becomes

4
' k

-

€ = -(.-a* COS [cat — (px — <!>)]

V a2 + P
2

where

7
607T T . „

K = —jr-/o sin
aX

p = — (1 — COS 0)
A

4> = arctan —
V

Substituting the limits and making further simplifications then yields

307 sin

dVl + (a/p) 2 (l - cos 6)

(1 + «-** - 2j-ai cos pL)H (233)
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the power that must be supplied to a standard comparison antenna to lay-

down a given field strength in the desired direction, divided by the power
that must be supplied to the directive antenna to accomplish the same
result. Thus a gain of 100 (= 20 db) means that the directive antenna
requires only Koo as much power to produce a given field strength in the
desired direction as does the comparison antenna, or, conversely, when
both antennas are supplied with the same power, the directive system will

.
make the received energy 100 times as great (corresponding to a tenfold
increase in field strength).

The comparison antenna is usually taken either as a wire one-half
wave length long and at arbitrary orientation and height above earth or as.
one of the individual antennas of which the array is composed. The latter

(a) Diagram foruse in deriving Eq.233

Current oUsfribufion^*P

-x—JL-dx ^
Z

k l—-.-- -->! •

(c) Directional pattern for L=4A
•and negligibleattenuation

<b> Directional pattern tbrl_=2A
and negligible attenuation •

(d) Directional pattern for L- 4X
and tota I attenuation ot L» 0.8

Fig. 381.—Typical directional characteristics for a non-resonant wire in space, iuese
patterns may be considered as cross sections of a figure of revolution in which the wire
is the axis.

method of expressing gain has the merit of giving a'result that is nearly
independent of earth effects and of the directive characteristics of the
comparison antenna, except when the comparison antenna is sharply
directional in the.same planes as is the array. .

Methods of calculating gain are discussed in Sec. 133.

132. Antenna Arrays.—Directional arrangements involving a com-
bination of two or more spaced antennas are termed antenna arrays. The
array represents one of the most widely used methods of Obtaining direc-
tivity, and is" accordingly of such importance as to warrant special con-
sideration. The principal characteristics of the more important types of
arrays are discussed below. 1

1 The discussion on broadside, end-fire, and colinear arrays and also arrays of
arrays is based largely upon the following references: Ronald M. Foster, Directive
Diagrams of AnteAna Arrays, Bell System Tech. Jour., vol. 5, p. 292, April, 1926;
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Broadside Array.—A broadside array consists of a number of antennas

uniformly spaced along a line, carrying equal currents and all excited in

the same phase. The broadside array is characterized by a concentration

of radiation in a plane at right angles to the line of the array, with a

tendency for radiation in other directions to be canceled.

The principal properties of a broadside array are illustrated in Figs.

382 and 383. The sharpness of the beam in the horizontal plane increases

with the length of the array and is substantially independent of the spac-

ing of the radiators until a critical spacing is exceeded/ which in the case

Effect of Array Length
onthe Directional
Characteristics ofa
Broadside Array in

Which the Element
Spacing is^. ^ ,

Effect of Element Spacing on the Directional
Characteristics of a Broadside Array Having
an Overall Length of Three Wave Lengths

Fig. 382.—Effect of array length and element spacing on the directional characteristics of

field radiated from a broadside array in a horizontal plane.

of Fig. 382 is 3X/4. The directivity in a vertical plane at right angles to

the line of the array is the same as the directivity of the individual

radiators, while in other vertical planes there is a tendency for the radia-

tion to be either partially or completely canceled.

The gain of a broadside array consisting of short vertical antennas is

shown in Fig. 383 ; it is almost exactly proportional to the length of the

array and substantially independent of the spacing up to the critical

spacing. It will be observed that the gain realized is large if the array is

long.

The individual antennas making up the array can be of any desired

type. Thus it is possible to use horizontal radiators instead of vertical

radiators, or each elementary radiator of the array can in itself be an array,

thus giving an array of arrays. In any case, the broadside"arrangement

increases the sharpness of the beam in a plane containing the line of the

array. .

G. C. Soirthworth, Certain Factors Affecting the Gain of Directive Antennas, Proc.

I.R.E., vol. 18, p. 1502, September, 1930; E. J, Sterba, Theoretical and Practical

Aspects of Directional Transmitting Systems, Proc. I.R.E., vol. 19, p. 1184, July, 1931.
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The maximum permissible spacing of the individual radiators within
the array depends upon the extent to which the individual radiators con-
centrate their radiation in the desired direction. If the elementary radi-
ators have a nondirectional characteristic in the plane being considered,
such as is the case in Fig. 382, then the maximum spacing is 3X/4; but if

the individual radiators already possess some directivity ; the spacing can
be increased. Thus in a broadside array composed of horizontal radiators
the antennas may be spaced as much
as one wave length without spoiling

the directional characteristic in the J
35

horizontal plane, because a horizontal -S 30

wire possesses appreciable directivity

in the horizontal plane. When the
elementary radiators are themselves -£

*°

arrays with considerable horizontal J

«

directivity, spacings of two to three * 10

wave lengths are often permissible. |
The number and character of c

the minor lobes in the directional 5 °
(

characteristic of a broadside array

25

8 14 16io n
Array Length in Wave Leng+hs

depend upon the length of the array a£$£%£?£££™°TT
and thenumber of radiators contained. ment spacings. These curves are for the

The longer the arrav thpmnrP mi'mm-
Case whe

.

re radiation fron* the individuall ne longer me array tne more numer- antenna is proportional to the cosine of the
OUS but also the Smaller these minor angle of elevation and give the gain over.

a

lobes will be. If the spacing between
single element of the array '

radiators exceeds the critical value, one or more of the minor lobes
will become so greatly enlarged as to spoil the directional characteristic,
as illustrated in Fig. 382 for spacing = X. '

•

The directional characteristics of a broadside array can be calculated
by summing up the fields produced by each element of each component of
the array. Formulas for doing this are given in Sec. 133.

Colinear or Stacked Array.—This is a' special form of broadside array
where the line of the array is vertical. Such an arrangement gives direc-
tivity in a vertical plane, i.e., in a plane containing the. line of the array,
and represents a common means of obtaining vertical directivity.

Typical directional characteristics under different conditions are shown
in Fig. 384. The sharpness of the beam is proportional to the length of
the array and is independent of element spacing up to a critical spacing,
which in the case illustrated is one wave length. This critical spacing is

determined by the same factors as in a broadside array, and Would, for
example, be 3X/4 if the radiators were horizontal wires.

End-fire Array.—The end-fire array consists of a series of antennas
arranged in a line, carrying equal currents and excited so that there is a
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progressive phase difference between adjacent antennas equal in cycles to

the spacing between antennas in wave lengths. Thus, if the adjacent

Effect of Array Length on the
Directional Characteristic of
a Co-Linear Array in Whieh the
Element Length and Mid-Point
Spacing Are A.

Effect of Element Spacing on the
Directional Characteristic of a Co-Unear
Array Having a Length of3X (Measured
Between Mid-Points of End Elements)
and Composed of Elements A. Long

Fig. 384.—Effect of array length and element spacing on the directional characteristic of
field radiated from a co-linear array in a plane containing the array.

antennas are a quarter of a wave length apart, a phase difference of 90°

between adjacent antennas is called for. The result of such a phasing

Effect of Arrow Length on the Directional Characteristics ofan End-Fire Array in Which
the Element Spacing is A^ ,and the Element Length is^

Horizontal Directivity

Vertical Directivity (Where the Array is Remote from Ground)

. _ uneofaniay-

Length "1.X Length *4X Length*6
Effect of Element Spacing on the Directional Characteristics of an End-Fire Array in Which the

Array Length is 3X,'and the Element Length is ^
Horizontal Directivity

Vertical Directivity (Where the Array is Remote from Ground)

Spacing infinitelysmall Spacing*f\
Fig. 385. —Effect of array length and element spacing on the directional characteristic of

field radiated from an end-fire array.

.system is to concentrate the radiation in the direction toward the end of

the array having the most lagging phase, as illustrated in Fig. 385. The
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unidirectional nature of the resulting characteristic makes the end-fire
array of considerable practical importance.

The principal properties of an end-fire array are illustrated in Figs. 385
and 386. The degree of concentration
in both horizontal and vertical planes
is proportional to the length of the
array, and is also independent of the
spacing of the elementary radiators

provided this spacing does not exceed
a tritical value. The gain of the array
is likewise proportional to length and
nearly independent of spacing up to
the critical spacing. This critical

spacing depends upon the directivity

of the individual radiators and is 3X/8

14 6 8 10 12
Array lencfth In Worve Lengths

with antennas whose length does not tJ&'2£5t££%%S£,*i
exceed A/2, but it can be greater if the meut spacings. These curves are caicu-

individual radiators have greater gS'^.tSShS£££££
directivity. portional to the cosine of the angle of

The directive characteristics of end-
elevation -

fire arrays can be calculated in the same manner as the broadside array,
by adding up the radiations produced in the desired direction by each
element of each antenna. The necessary formulas for doing this are
given in Sec. 133.

(a) Single shortwave antenna -C5) Broadside Array of short wave
antennas

^Collector
antennasTransmission

line to

receiver
J£±

\

.•Transmission line

^^Terminating
\J resistance

Coupling capacities

Transmission
ling to
receiver

Fig. 387. -Plan view of single fishbone antenna and of an array consisting of two such
antennas in broadside.

Fishbone Antenna. 1—The fishbone antenna is illustrated in Fig. 387
and is a special form of end-fire array in which the necessary phase

1 This type of antenna was developed by H. O. Peterson, and is described by H. H.
Beverage and H. 0. Peterson, Diversity Receiving System of R.C.A. Communi-
cations, Inc., for Radio Telegraphy, Proc I.R.E., vol. 19, p. 531, April, 1931.
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relations are maintained by a non-resonant line. The outstanding char-

acteristic of the fishbone antenna is the. ability to perform satisfactorily

over a considerable band of frequencies without any readjustments

whatsoever.

The fishbone antenna consists of a series of collectors arranged in

colinear pairs and loosely coupled to the transmission line by small

capacities (usually the insulator capacity) as indicated in Fig. 387. The
collectors are usually but not necessarily horizontal. The phasing
is obtained by taking advantage of the fact that, when a transmission line

is terminated in its characteristic impedance, there is a uniform -phase

shift along the line of 360° perwave length, which automatically phases the

collector antennas properly with respect to each other.

In the usual design the collectors are each about 0.3 wave length long

at the optimum frequency and are spaced a distance not to exceed X/12
at this frequency. The length of the array is commonly three to five

wave lengths, and is limited by the reactive loading that the coupled

,jte«/ antennas place upon the transmission line. With these

proportions the antenna is effective for frequencies ranging
Ijtcakv/atet from about 1.2 to 0.5 of the optimum frequency, or over a

frequency range exceeding 2 to l. 1

?

Length=a7SA. ^ typical directional pattern of a fishbone antenna is

Fig. 388.— given in Fig. 388, and is a unidirectional pattern charactef-

SiaractVristics
*ze(* ^y very sma^ w^IiOT lobes. The characteristics of the

in a horizontal back-end radiation can be controlled to some extent by

?hort-wa
iCal causmS either the phase or magnitude of the terminating

fishbone an- impedance to depart slightly from the characteristic imped-
tenna.

ance,- and it is even possible in this way to make a null occur
in almost any arbitrary backward direction. When the directivity

desired in a horizontal plane is greater than tha,t given by a single fish-

bone, two such arrays can be placed broadside as illustrated in Fig. 3876,

thus giving a two-element broadside array, each component of which is a

fishbone antenna.

Array of Arrays.—The antenna arrays used in practice are nearly

always combinations that can be considered as an array, each element
of which is itself an antenna array. The directional characteristic of

such an array of arrays is the group effect resulting from the combination
of arrays multiplied by the directional characteristic of the individual

arrays. The directional characteristic of the individual elementary

.
x The frequency range is limited at low frequencies by the fact that very little

energyis coupled into the line because the collectors are so far out of resonance, and at

high frequencies by the fact that, when the collectors approach resonance, the result-

ing reactive loading on the line alters the phase shift per unit distance along the

transmission line, and hence makes it impossible to maintain the proper phasing.
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array can be calculated as outlined in Sec. 133, while the group effect

depends upon the arrangement of the elementary arrays and is the direc-
tional characteristic of an array composed of elements located at the center
of each individual elementary array of the array of arrays, and having
uniform radiation in all directions.

The commonest example of an array of arrays consists of two parallel
broadside arrays one-quarter wave length apart and excited in phase
quadrature. -. Such an arrangement is illustrated in Fig. 389a and can be
considered as a broadside array, each element of which consists of two
radiators spaced one-quarter of a wave length apart and connected so
as to be one-quarter of a cycle out. of phase. The directional characteris-
tic in a horizontal plane of this two-element elementary antenna array
is unidirectional, as shown in Fig. 3896 and discussed in connection with

(c) Directional
Characteristic
ofSingle Curtain

"

(o.) Broadside Array of Vertical Unidirectional Gou|Hets (b) Directional Characteristic (e™thl»*1Sic)
(Curtains One Fourth Cycle Out of Phase) f Unidirectional Couplet

""P™"**™1^
Plan View .

(Individual Characteristic} » (id) Directional

^ 2 >, / \ Characteristic of

s o o i 2 j * o o o .^—N/" X ( ]
Broadside Array

*/4 / Line ofarrays' "
I

ofUnidirectional

f ° ° ° °t ° ° ° ? / • \ I l Couwetsflndividuol
*< —: *A —••• >i

[ j
W Characteristic of (b)

Side View \ / \L ,.
Tim

!?
Gr?HP.

Characteristic of <fe))

Fig. 389.—^Broadside array, each element of which is composed of unidirectional
couplets, together with polar diagrams showing individual and group characteristics, and
the actual directional characteristic of the field radiated from the array of arrays.

Eq. (229), while the directional characteristic of a simple broadside array
is as shown in Fig. 389c. The characteristic of the broadside array, each
element of which consists of a unidirectional couplet, is obtained by
multiplying the individual characteristic of Fig. 3896 by the group direc-
tional characteristic of Fig. 389c, which • results in the unidirectional
broadside beam of Fig. S89d. The directional characteristic in a vertical
plane is determined in- a similar manner, but is not of great importance
because the presence of the second broadside array does not materially
affect the vertical radiation. Unidirectional characteristics in a horizontal
plane, similar to those illustrated in Fig. 389, are obtained whenever the
spacing between the two broadside arrays is an odd multiple of a quarter
wave length and the phase difference between the two arrays is ±90°,
depending on the desired direction.

Many short-wave antenna arrays consist of several arrays of broad-
side couplets stacked one above the other in order to give directivity in
both vertical and horizontal planes. Such an antenna is illustrated in



670 RADIO ENGINEERING [Chap. XV

Fig. 390 and can be considered as consisting of a broadside array of
elementary antenna arrays, each element of which consists of an array
of stacked unidirectional couplets. Each elementary array of such an
antenna is in itself an array of arrays, and the directional characteristic
is obtained by multiplying the directional characteristics of the unidirec-

J$t*
£•7

End View

*#
II-

II

Plan View , Side View

I I I I I I I | |

I I I I I I I I I

I I M I I I I I L

Fig. 390.—Typical antenna array consisting of a broadside array of stacked unidirectional
couplets.

tional couplet of Fig. 3896 by the directional characteristics of a stacked
colinear antenna and then again multiplying by the directional charac-
teristic of a simple broadside array. It will be observed that the principal

effect of the stacking is to increase the directivity in the vertical plane,
that the effect of the second curtain is largely confined to eliminating

Fig. 391.—Directional characteristic in three-dimensional space of field radiated from a
broadside array of stacked unidirectional couplets. {From Southworth.)

the back-end radiation, and that the broadside arrangement gives
high directivity in a horizontal plane. The result is a very intense
radiation confined to a small cone directed along the horizontal and
aimed broadside to the antenna array. The directional characteristic of

such an array in three-dimensional space is illustrated in Fig. 391

Plan View Side View

T"

End View

:*A

Fig. 392.—Views of a typical array composed of horizontally polarized antennas.

An array of arrays similar to that of Fig. 390, but consisting of

horizontally polarized half-wave radiators is shown in Fig. 392. The
resulting directional characteristics are much the same as in the case
of vertical radiators, except that the ground reflection cancels the
radiation at very low vertical angles.
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The supporting towers of antenna arrays usually divide the main

array into smaller arrays, or bays, between the ends of which there is a

small spacing to accommodate the tower. Such an arrangement is

essentially an array of arrays in which each bay represents an elementary

array and the group effect corresponds to a linear array of elementary

antennas with a spacing equal to the distance between bay centers. If

the- spacing between the adjacent bays is at all appreciable, parasitic

lobes of considerable size appear in the directional characteristic and

seriously reduce the gain of the array. 1

The gain of an antenna array composed of an array of arrays depends

upon the individual and group directional characteristics and follows a

very complicated mathematical law. It is possible, however, to give

certain general principles by which the gain of such antenna systems

can be readily estimated under many practical conditions. Thus an

array of undirectional couplets as in Fig. 389 has twice as much gain

as the corresponding single-curtain broadside array. Again, when the

elementary array tends to concentrate the radiation in one plane, while

the group effect is to concentrate the radiation in another plane, the

gain of the array Of arrays is then very nearly equal to the gain of the

elementary array multiplied by the gain of the group array. Thus, when

several broadside arrays of couplets are stacked, the total gain is very

nearly the gain obtained by stacking elements in a colinear array, multi-

plied by 2 to take into account the effect of the second broadside array,

and finally multiplied by the gain of a linear broadside array correspond-

ing to the group array. .

Antennas Employing Non-resonant Wires; Rhombic Antennas. 2—
A number of directive antenna systems have been developed based upon

non-resonant radiating elements such as discussed in connection with

Fig. 381. These arrangements have the advantage of operating over a

considerable frequency band without readjustment, and so are par-

ticularly desirable under conditions where different day and night fre-

quencies must be Used.

1 See G. C. Southworth, Certain Factors Affecting the Gain of Directive Antennas,

Proc. I.R.E., vol. 18, p. 1502, September, 1930.

2 Further information on rhombic and non-resonant V antennas is given by

E. Bruce, Developments in Short-wave Directive Antennas, Proc. I.R.E., vol. 19,

p. 1406, August, 1931; E. Bruce, A. C. Beck, and L. R. Lowry, Horizontal Rhombic

Antennas, Proc. I.R.E., vol. 23, p. 24, January, 1935.

In reading these papers it is to be kept in mind that the method of analysis

presented involves the approximation that the current is uniformly distributed along

the wire. This is equivalent to assuming that there is no radiation from the antenna,

an obvious absurdity. However, with practical proportions of rhombic antennas,

the directional characteristics calculated on this basis do not differ greatly from the

true directional characteristic, so the approximation is permissible for this case.
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A simple arrangement of this sort is illustrated in Fig. 393a and
consists of two wires arranged in the form of a V and made non-resonant

by grounding the far ends through resistances equal to the characteristic

impedance of the wires. By suitably tilting the wires the radiations

from the two legs will add in the direction of the bisector of the apex

angle, as shown in Fig. 393, while in other directions the radiation will

tend to cancel. This optimum value of the tilt angle $ is given by .the

solid line in Fig. 394 as a function of the wire length. 1 When the length

of the leg exceeds about two wave lengths, the angle is seen to vary only

slowly with the length measured in wave lengths. As a consequence a

<a) Non-resonant V (Ffrst -type) (b) Non-resonan+ V < Second fypej

Directional char-
acteristics ofindi
virtual wires

/

Terminating resistance
equaIto characteristic

impedance

Directional characteristics
ofindividual wires.

/

Terminating resistance-^

(c) Rhombic antenna

Terminating resistane

Fig. 393.—Various forms of non-resonant antenna systems.

non-resonant V with long legs will maintain its directive pattern reason-

ably well over a considerable frequency range. •

A modification of the non-resonant V antenna is shown in Fig. 3936

and consists in exciting the system from one end of the V and terminating

the other end through the characteristic impedance. In this arrange-

ment the major lobes are in the same direction when the tilt angle <£ has

1 This figure gives the optimum tilt angle for antennas in free space. When the

plane of the antenna is parallel to the surface of the earth and the antenna is near

earth (which is the usual case), theoptimum tilt angle is smaller than given in Fig. 394

by an amount that depends on the height.

These tilt angles as given in Fig. 394 do not contain the approximation which

Bruce states was made in deriving the curves of optimum tilt given in his 1931 paper,

and so/are more accurate.
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the value given by the solid line in Fig. 394, while the major lobes of the
two legs add up in phase when the tilt angle has the value given by the
dotted curve in Fig. 394. The optimum tilt angle is hence somewhat
intermediate between these two curves. The directivity with this

arrangement is not particularly sensitive to frequency (or tilt angle)
because changes produced in the direction of the major lobe of. one leg

tend to be counteracted by changes of opposite character in the direction
of the major lobe of the other leg.

The most widely used form of non-resonant antenna is illustrated in

Fig. 393c and is made up of four non-resonant wires arranged in the form
of a diamond or rhomboid. This arrangement can be considered as being
built up of two non-resonant. V's of

Fig. 3936 placed side by side. The
rhomboid arrangement gives in-

creased directivity and simplifies the

terminating problem by avoiding

the necessity of providing a ground
connection that will be independent
of frequency and have the same
resistance in all weather. Thedirec- . ,

. • i i ... „ ,. . Wire Length in Wavelengths
tional characteristic of the radiation FlG 394._ ptimum tilt angle for. non-
from each leg Of the rhomboid is as resonant antennas in space (assuming zero

shown, and, when the tilt angle $ has
attenuation>-

the optimum value according to Fig. 394, all four legs have major lobes

in the direction of a line drawn through the apexes, as shown, and tend to

add up in phase.

The directional characteristics of a rhomboid antenna are not par-

ticularly critical with respect. to tilt angle provided the length of each
leg is not less than two wave lengths, and as a consequence the rhomboid
can be used over a considerable frequency range without any adjustment.
The effect of a change in frequency is to alter the length of the legs when
measured in wave lengths. This alters the angle that the lobes of maxi-
mum radiation make with respect to their corresponding wires, but, as

is apparent from Fig. 393c, the two legs that are on the same side of the

diamond are affected oppositely and also no longer add exactly in phase.

However, since the phase difference and the change in tilt angle with
frequency are small when the legs are long, the result of a change in

frequency is merely to alter the sharpness of the directional pattern some--

what without changing its fundamental character. The frequency range

obtainable is approximately 2 to 1. . .

Typical directional characteristics obtained with the same rhombic
antenna operated at different frequencies are shown at Fig. 395. The
greatest directivity is obtained at the highest frequency, where the length
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of the legs measured in wave lengths is greatest, but the general character
of the directional pattern is maintained without change over the 2-to-l
variation in frequency. In the usual case where the p\ane of the rhombic
antenna is parallel to the earth, the radiation is horizontally polarized and
the most important factor controlling the directivity in a vertical plane is
the height above ground. The tilt angle and the length of the legs also
influence the vertical directivity, however, and can be so chosen as to
compensate to a considerable extent for lack of proper height. 1

The terminating resistor for the rhombic and other non-resonant
antennas must equal the characteristic impedance of the line if the
ideal unidirectional characteristic is to be obtained. It is possible,
however, to modify the minor lobes to the rear, and in particular to
obtain a null in any desired backward direction, by merely modifying the
magnitude or phase angle, or both, of the terminating resistance a
slight amount as experiment indicates is required. When the rhombic
antenna is used with a transmitter, the terminating resistance must
Horizontal Directivity (Neglecting Ground
Reflections) of Horizontal Rhombic Vertical Directivity of Horizontal Rhombic
Antenna with Tilt Angle of 65° Antenna with Tilt Angle of 65°

mr—^ 77Z>?777777777777'

Length ofleg*4\^ '^ 'AV^ Length of/eg°4\ Length of/eg'3X Lengthofleg'?X
U?ngthofleg-4\ Length cfleg-ZX Length of/eg*2X

H"^f'X Height--3/4X He,ght-'/2 l

Fig. 395.—Polar diagrams showing directional characteristics of the same horizontal
diamond-shaped antenna for three different frequencies.

absorb all the power that would otherwise be radiated in the backward
direction. The amount of energy involved depends upon the length
of the legs, but in the usual designs is of the order of half the total power
supplied.

In practical rhombic antennas it is desirable to make up each con-
ductor of two wires connected in parallel and spaced a small distance
apart. .The characteristic impedance of the antenna can then be con-
trolled by the spacing, which may be made such as to assist in matching
the radiq-frequency transmission line. Furthermore with an ordinary
wire the characteristic impedance at different positions along the leg
is not the same because of the varying spacing between opposite legs
as one moves along the diamond. With the spaced-wire conductor it is

possible to compensate for this effect by varying the spacing between
parallel conductors in such a way as to keep the characteristic impedance
constant. This means a greater spacing as the wire recedes from ground,
or, in the case of the diamond, as the two sides separate.

The directional characteristics of rhombic and other non-resonant
antenna systems can be calculated by the same principles that have

1 See Bruce, loc. dt.
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been applied to other types of antennas. Formulas for the rhombic

antenna are found in Sec. 133.

The gain of a rhombic antenna depends upon the design and the

length of the legs, -and in commercial designs is about 30 to 40 compared

with a half-wave radiator.

The V (or Folded Wire) Antenna. 1—This type of antenna is illustrated

in Fig. 396 and consists of two long resonant wires arranged to form a

V and excited so as to carry equal currents that are in phase opposition.

The radiation from the individual wires of the V antenna has the character

illustrated*in Fig, 375, and it is seen that with a suitable choice of apex

angle there is a concentration of radiation in the direction of the bisector

of the apex angle. 2 The resulting directional pattern is as illustrated,

Directional Characteristics of Radiation From
Individual Legs

LeqNal „.^cti0j- Direction ofmax-
imum- radiation
from antenna

Direction of
maximun radiation
from ctntenna

Resultant Directional
Characteristic Resulting

From Joint Action of
Both Legs

Directionofmax-
imum radiation
from antenna

Fig. 396.- -Resonant V antenna, showing how the radiation from the two legs combines to

give a well-defined beam.

and possesses very marked directivity in the plane of the V, particularly •

when the legs are iong. Some directivity is also obtained in the vertical

plane although this is less pronounced.

Increased directivity can be obtained by means of an array, each

element of which is a V antenna. Thus the backward radiation can be

eliminated by the use of two V's spaced an odd number of. quarter wave

lengths apart and excited 90° out "of phase to give an end-fire action

(Fig. 397) .
3 The directivity in a vertical plane can be improved by stack-

*

ing two or more V's above each other as illustrated in Fig. 397a. The

1 See P. S. Carter, C. W. Hansell, and N. F. Lindenblad, Development of Direc-

tive Transmitting Antennas by RCA Communications, Inc., Proc. I.R.E., vol. 19,

p. 1773, October, 1931; P. S. Carter, Circuit Relations in Radiating Systems, Proc.

I.R.E., vol. 20, p. 1004, June, 1932.

2 The apex angle is ordinarily made equal to twice the angle that exists between

the major lobe of radiation from one leg of the V, considered as an isolated radiator,

and the axis of the wire. This is the optimum apex angle for a V antenna in free

space when the legs are at least 2\ long. In the practical case when the antenna is

near the earth with the plane of the V parallel to the earth's surface, the ground reflec-

tions introduce modifications that tend to reduce the optimum angle somewhat.

3 An alternative arrangement for eliminating back-end radiation is shown in

Fig. 397a", and consists in placing a second V a short distance above or below the first.

This second V is a half wave length shorter than the first V; and is excited in phase

quadrature. Since its center is almost exactly a quarter wave length closer to the

apex than the center of the other V, the two acting together are essentially equivalent

to tH*e arrangement of Fig. 397a, but only half as many supporting poles are required.
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vertical directivity is also determined to a considerable extent by the

height above earth, since the radiation from a horizontal V is horizontally

polarized. Greater directivity in a horizontal plane can likewise be
realized by arranging V's in broadside as* illustrated in Fig. 3976.

(a) Commercial Design
of V Antenna

(c) Schematic design offeedersystem

($>) Plan view oftwo arrays
Such as shown at (a) placed

broadside to give increased

horizontal directivity

From transmitter
(non-resonant) \

Non-resonant- -

line forphasing
antenna and
reflector

iiK - - -nr-Resonant
flijl TF coupling, lines

'Movable short-circuJts

for tuning

(d) Alternative arrongernent fprreflecting

antenna

Reflecting'
antenna

Radiating-'
71

*** antenna
Fig. 397.—Commercial designs of resonant V antenna array, together with feeder circuits.

The directional characteristics of the V antenna can be calculated by
adding the radiated fields produced by the individual legs, being careful

to take into account the fact that the legs are not parallel. Formulas
are given in Sec. 133.

(a) Arrangement ofwires
(b) Directional characteristics

of individual wires

Line ofcenters

(c) Group characteristic in

plane of wires 'for- center
spacing A/4sin 2a

(d) Resulting directional
characteristics in plane
of wi res < pattern <b)

times pattern(c)>

Fig. 398.—-Harmonic-wire array, with field patterns illustrating how the directional pattern
is built up.

The gain of a bay such as illustrated in Fig. 397a located at an average

height of one-half wave length is 'approximately 39 times as compared
with a half-wave antenna.

Harmonic-wire Arrays. 1—This array is an ingenious combination of

1 See Carter, Hansell, Lindenblad, loc. cit.
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four long wires arranged in parallel in a staggered formation as shown

in Fig. 398aand carrying equal currents with a progressive phase difference

of 90° between wire currents. The. wires are arranged. so that the

maximum of radiation from an individual wire when isolated is in the

desired direction as indicated, while the spacing between wire centers is
1

Distance between wire centers = -.—:—^- (234)
4 sin 2a

where a is the angle of maximum radiation from single wire with respect

to wire axis as given by Fig. 376a. The resulting directional characteris-

tic is obtained by multiplying the directional characteristic of the indi-

vidual wire as shown at Fig. 3986 by the directional characteristic of

four non-directional radiators spaced -.—-.
—

-xr- apart with a progressive
4 sin 2a •

phase difference oi 90°, corresponding to the arrangement of the actual

antennas. This latter characteristic is shown at (c) for the plane of the

wires, and the resulting directional characteristic of the harmonic-wire

array in the plane of the wires is as at (d). It is to be noted that the

unidirectional characteristic of (d) comes from the. fact that, with the

phasing and spacing specified, the group characteristic always Has a

zero in the backward direction. There is no radiation at right angles

to the plane of the wire because of the way the wires are spaced. .

Commercial designs. of harmonic-wire arrays are shown in Fig. 399.

A single bay composed of four wires approximately eight wave lengths

long has a gain of approximately 16 as compared with a half-waVe

comparison antenna.

Polyphase Antenna Arrays.—Polyphase antenna systems have been

suggested for meeting .certain special requirements. Thus the turn stile

array of Fig. 400 has been proposed, for ultra-high-frequency broadcast

transmission, where very high vertical directivity is desirable with

substantially uniform radiation in all horizontal directions. 2 This

arrangement consists of two arrays oriented 90° in space and excited 90°

but of phase {i.e., two-phase system). Each array consists of stacked

horizontal • half-wave antennas carrying identical currents, and thus

gives a sharp directivity in the vertical plane. The horizontal directivity

of the individual arrays is as shown in Fig. 400, but, since these combine

in phase quadrature, the combined directional pattern is very nearly

circular.

1 The stagger, distance s and wire spacing d that correspond are . . ~ and

X cos a' , . , .

•

•-; 7j-> respectively.
4 cos 2a

2 See George H. Brown, The Turnstile Antenna, Electronics, vol. 9, p. 15, April,

1936.



678 RADIO ENGINEERING [Chap. XV

Other polyphase arrangements can be. devised to meet different

requirements. Thus at broadcast and lower frequencies it is possible to

obtain a large amount of vertical directivity by a polyphase array of short

radiators such as shown in Fig. 401. l Here there are a number of short

vertical radiators associated in a polyphase manner to obtain a sub-

,

stantially non-directional characteristic in the horizontal plane while

maintaining marked directivity in the vertical. Directional character-

,Pesonant
i coupling!

\ lines

Antenna wires.
Direct""!*

Quarter wave lent

non-resonant line
for phasing

feflectors and
antenna wires

-Non-resonant line
from transmitter

(a) Vertically Polarized Long Wire Antenna Array

Antennas^

fieflectors

Pet'lector feeder

0.1J/JA

^-Antenna feeder

(b) Horiiontally Polarized Long Wire Antenna Array

( Plan Vi'evy )

Fig. 399.—Examples of harmonic-wire antenna arrays, together with feeder circuits

for the vertically polarized array. (Feeder arrangement for horizontal array is similar.)

The spacings shown between wires represent distances between corresponding points, and
so are measured at a stagger from the perpendicular.

istics for a typical case are shown at Fig. 401. Polyphase arrange-

ments of this type are very flexible, since by simple changes in the array

it is possible to vary, the directional characteristics in almost any manner

desired.

Beverage or Wave Antenna. 2—This was the first non-resonant antenna,

and it is used in the reception of long-wave signals. The Beverage or

1 Arrangements of this type were, suggested by the author in a paper presented

before the Seattle section of the Institute of Radio Engineers; Mar: 27, 1936.

2 An extensive discussion of the wave antenna, including a complete mathematical

analysis, practical construction data, etc., is given by Harold H. Beverage, Chester W.

Rice, and Edward W. Kellogg, The Wave Antenna, Trans. A.I.E.E., vol. 42, p. 215,

1923.
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wave antenna consists of a wire ranging from one-half to several wave
lengths long, pointed in the direction of the desired transmitting station

and mounted at a convenient height (usually 10 to 20 ft.) above earth.

The end toward the transmitting station is grounded through an imped-
ance approximating the characteristic impedance of the antenna when

(a) Turn-stile Array

90deg.

(b) Directional patterns in horizontal plane

Combinect-
paftern

^~Patterns of
Inotiv/a/ua/Arrays

Fig.

Mr—Flagpo/e

400.—Turnstile array (two-phase system) together with directional patterns in
horizontal plane.

considered as a one-wire transmission line with ground return, while

the energy abstracted from the radio waves is delivered to a radio

receiver at the end of the antenna farthest from the transmitter.

The wave antenna abstracts energy from passing waves as a result

of the wave-front tilt which the earth losses produce in vertically polarized

,'Horizontal'radiation
1 pattern (single array)

P/ane a-apattern-,
;P/ane b-bpattern

Circ/e enciosing same 7 ^SL i^<Horizontal'radiation
area aspo/yphasepattern \~--pr*' pattern (polyphase array)

Directional characteristics
in horizontal

plane *
•

Fig. 401.—Polyphase array which concentrates radiation along the horizontal without
requiring high pole structures. By varying the angle between the lines, of antennas, or by
modifying the arrangement of antennas within a line, etc., it is possible to vary the hori-
zontal and vertical patterns as desired.

waves traveling along the surface of the ground. This tilt causes voltages

and hence currents to be induced in the wire. When the wave is traveling

in the' direction of the wire toward the receiver as in Fig. 402, the induced

currents all add up in phase at the receiver because the currents induced
in the wire travel with the same velocity as the radio wave and so all
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keep in step with it. When the wave travels in the opposite direction,

the energy builds up as the terminated end is approached, but the

terminating resistance absorbs this energy so that there, is little or no.

effect on the receiver. Waves arriving from the side induce currents

that largely cancel out at the receiver because, although the various

induced currents are more or less in phase at their point of origin, they are

at widely different distances from the receiver.

The wave antenna has marked directivity in the horizontal plane, as

shown in Fig. 402, and this can be still further improved by arranging

several wave antennas in a. simple array. 1 Since the wave antenna is

non-resonant, it can be used to receive simultaneously signals of different

wave lengths provided that the transmitters all lie in the same general

direction.

Directional Characteristic

•
.

of Individual Wave
Antenna

(jL=5000 Meters)

Actual Wave Antenna

Radio wave
(wave front)

/Inc,ucgl}^e traveiing

Receiver

toward receiverendin
phase with radio wave

' Terminating impedance-

Fig. 402.—Details of action taking place in the Beverage wave antenna when the inci-

dent wave arrives from the direction in which the response is maximum, together with

directional diagram when wire length is 0.9 wave lengths. *

133. Methods and Formulas for Calculating the Directional Char-

acteristics of Antenna Systems.—The general method of calculating the

directional characteristics of antenna systems has already been outlined

in Sec. 129, and applied to specific cases in the two preceding sections.

Briefly it consists in determining the magnitude and phase of the field

produced at a distant point by each elementary length of the antenna,

and then adding the resulting fields vectorially for all the elementary

lengths of the entire antenna system. This method can be applied

irrespective of the geometry involved, the number of antennas, the type

of antennas, the current distribution, etc.

Effect of Ground.—When, an antenna is near the ground, waves

radiated toward the earth are reflected and combine with the unreflected

wave as discussed in connection with Fig. 372. In the case of transmit-

ting antennas it is convenient to consider the reflected wave as being

produced by an image antenna as discussed in Sec. 128 and illustrated in

i See Austin Bailey, S. W. Dean, and W. T. Wintringham, The Receiving System

for Long-wave Transatlantic Radio Telephony, ProcJ.R.E., vol. 16, p. 1645, Decem-

ber, 1928.
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Figs. 372 and 373. * In the case of a perfect ground the currents in cor-
responding parts of the actual and image antennas are the same, but have
opposite phase when these, parts are horizontal and the same phase when
the parts are vertical, as indicated in Fig. 373. It will be noted that with
ungrounded wires the antenna plus its image forms a simple array con-
sisting of two identical antennas with centers spaced a distance equal
to twice the height of the actual antenna above earth. With horizontal
antennas and also vertical antennas that are an even number of half
wave lengths long, the antennas can be considered as being excited 180°
out of phase (negative image antenna), while with vertical antennas that
are an odd number of half wave lengths long the two antennas can
be considered as being excited in the same phase (positive image).
The effect of a perfect ground on the directional characteristic of an
ungrounded antenna can hence be obtained by multiplying the free-
space characteristic of the antenna by the group characteristic cor-
responding to an array having two suitably spaced elements radiating
uniformly in all directions'. This gives 2

For negative image:

Actual radiation in] / H '
. \ (

Radiation from

presence of ground
f

= 2 sin ( 2ir \ sin e )< antenna when
(235a)

; x ' (in free space

For positive image:

Actual radiation in\ . / H v ^Radiation from

presence of ground (
= 2 cos

( ^X sil> 0K antenna when (2356)
^ ' (in free space

where H/\ is the height of the antenna center above ground, measured
in wave lengths, and is the angle of elevation above the horizontal.

The nature of the factor 2 sin (2^ sin djl which takes into account

the effect of a negative image, is indicated in Figs. 403 and 404. It is
seen that the ground reflection causes cancellation along the ground and
.at certain vertical angles. The angle of elevation of the first lobe
above the horizontal decreases as the height of the antenna above earth

1 Directional characteristics obtained in this way on the basis of a radiating
antenna are, according, to the Reciprocity Theorem, the same as the directional char-
acteristics obtained when the same antenna is used for reception. In the case of
receiving antennas the Wave that 'is effective in inducing voltage in the antenna is the

"

vector sum of a direct and a reflected wave, with the latter being related to the direct
wave through the reflection coefficients of the earth.

2 These equations follow at once from Eq. (229) by redefining *, noting that the
spacing d = 2H, and assuming a = 180° for a negative image and 0° for a positive
image.
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is increased. . Hence, to obtain strong radiation in directions approaching

the horizontal in the presence of a negative image, it is necessary that

the height above earth be at least one wave length. With a positive

image the positions of the lobes and nulls are interchanged from, the

conditions shown in Figs. 403 and 404, and there is a maximum of radia-

tion along the ground. When the antenna is grounded, short-cut meth-

ods such as illustrated by Eqs. (235a) and (2356) cannot be used, and

the total field is obtained by summing up the radiation from the actual

antenna plus the radiation from the image.

Height A.bove Ground'*^ Height Above Ground =X

Height Above Ground- 2X Height Above GroundMA
rx

Fig. 403.—Polar diagram of the negative image factor |2 sin (2x- sin 6)\ for various

values of - showing how the height above earth affects the directional characteristic of

A
the antenna.

In the practical case of an imperfect earth, losses in the ground cause

the reflected wave to be smaller in magnitude, and slightly different in

phase from the reflected wave obtained with a perfectly'conducting earth.

With the aid of the Reciprocity Theorem it can be shown that the

reflection coefficients of Eq. (216) hold except in directions where a

Sommerfeld type of ground wave exists, -even though these equations

were derived on the basis of plane waves while the waves near a trans-

mitting antenna are obviously not plane. 1 As a result of the incomplete

i The reasoning leading to this conclusion follows: When the antenna receives

waves from a distant transmitter, the resulting field at the antenna is the sum of

a direct wave and a reflected wave, and the latter can be determined with the aid of

the reflection coefficients of Eq. (216) because the waves are unquestionably plane.

However according to the Reciprocity Theorem the behavior is the same when the

antenna is transmitting as when receiving, so it follows that the reflection coefficient,

must be the same when radiating as when receiving. This analysis fails to hold
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reflection, the currents that can be considered as flowing in the image
antenna are less than the image currents with perfect reflection by a
factor A, and likewise differ in phase from the perfect ground case by an
angle 3>, where A and $ are the magnitude and phase of the reflection

Height of Antenna H in W«v« Lengths

•Chart showing the vertical angled at which the negative image factor

These represent the vertical angles at which the

Fig. 404

1 2 sin (2ir-- sin 0)| is maximum and zero

reflections from the ground cause complete reinforcement and complete cancellation,
respectively, of the radiation. With a positive image the position of the nulls and maxima
are interchanged.

coefficients as calculated in Eq. (216). The equation giving the
resultant sum of the direct and reflected waves under such conditions
is: 1

Actual radiation)

in presence of \

ground
)

1 + A 2 ± 2A cos ($ + 4tt— sin 6
j

IRadiation

I from

/antenna

(when in

[free space

(236)

when a ground wave is formed, i.e., with vertically polarized waves at low vertical
angles, because the Sommerfeld type of ground wave is not a plane wave even when
produced by a distant transmitter, and so does not follow the ordinary optical laws
upon which the reflection coefficients of Eq. (216) are based.

1 This equation is obtained by. noting that the resultant wave is the sum of two
components having relative amplitudes of unity and A, with a phase difference

between them of M? + 4^ sin 6) for a positive image and fl80° + $ + 4ir^sin 0)
for a negative image. The addition of these two vectors by the formula giving the
third side of a triangle when two sides and the included angle are known leads at
once to Eq. (236)
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The + sign is for a positive image and the negative sign for a negative

image, while the remaining notation is the same as used above.

In making use of Eq.' (236) it is to be noted that the magnitude and

phase of the reflection coefficient depend upon the angle of incidence

at the reflecting surface and upon the polarization of the wave. Hence

the currents that are assumed to flowin the image antenna vary with the

direction in which the resultant radiation is desired, and under some

circumstances the situation becomes quite complex. Thus with a

horizontal wire the radiation is horizontally polarized in a vertical plane

perpendicular to the axis of the wire, is vertically polarized in a vertical

plane containing the wire, and has both vertical and horizontal com-

ponents in intermediate vertical planes. In the latter case the reflection

is. calculated separately for vertically and horizontally polarized com-

ponents, and then is combined with the direct wave to obtain the total

resultant fields.'

. Height above ground/'

\

Fig. 405.—Curves showing the effect of ground losses upon the negative image ground

factor with a horizontally polarized antenna one wave length abbve a typical earth.

When a ground wave is formed, as is the case when vertically polarized

waves are radiated at or near the horizontal, the reflection-coefficient

method of analysis fails to hold, and it is necessary to employ the Som-

merfeld analysis. The intensity of the ground wave along the horizontal

in the immediate vicinity of the antenna is then the same for an imperfect

earth as for a perfect earth, while at higher angles of elevation the ground

wave gradually merges into the wave calculated on the basis of reflection

coefficients, until at vertical angles appreciably above the pseudo-

Brewster angle" it is possible to ignore the ground wave. It will be

noted that ground waves are produced only when vertically polarized

waves are radiated along the horizontal, and that with horizontally

polarized waves the reflection-coefficient method of analysis applies

even at very low vertical angles.

The principal- effect of the ground losses in practical cases is to

reduce the field intensities slightly while leaving the shape, of the direc-

tional characteristic substantially unchanged. This is illustrated in

Fig. 405, which compares the fields obtained for a perfect earth with

those existing with typical earth. The principal effects produced by
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the ground losses are seen to be a reduction in the amplitude of the lobes,

together with a slight filling in of the nulls. The discrepancy approaches
zero at low vertical angles, and is so small even at high vertical angles

as not to alter appreciably the shape of the directional pattern. As a

consequence, the directional patterns of antennas are usually calculated

on the assumption of a perfect earth.

Agreement between Calculated and Observed Antenna Characteristics.—
Experience has shown that the gain and the directional characteristics

pf antenna arrays calculated on the basis of perfectly conducting earth

(b) Radiation from Horizontally Polarized
Array of Fig. 392

Direc+ivi+y in Vertical Plane

(ci) Radiation in Horizontal Plane from
an fKrray Composed of 24 Vertical
Uni- Directional Couplets Spaced
One Half Wave Length

Measured
60° 70°- 60° 50°

Calculated
80° 70° 60° 50°

120° 90°80°70
o
60

o
50

o
40

o 30° Z0°

150°

180
e

/ //V*.~ Experimentalpo nts

Directivity in HoriTontal Plane as Taken by
Airplane at Considerable Distance Above Earth

Measured Calculated
20° 10° 0° 10° 20° 20° 10° 0° 10° 20?

406.—Comparison of measured and calculated distribution of radiated field about
arrays composed of horizontal and vertical elements. The calculated results assume a
perfect earth.

agree satisfactorily with observed results under nearly all conditions.

Comparisons of theoretical and observed directional characteristics for.

typical vertically and horizontally polarized antenna arrays 1 are given in

Fig. 406 and show excellent agreement.

Formulas for Calculating Radiated Field and Directional Characteristics

of Common Antenna Systems.—1. Radiation from an elementary length

of wire in the absence of ground [from Eq. (221)]:

-3r-J(5Z) cos (237)

1 See Southworth, loc. tit.; see also M. Baumlef, K. Kruger, H. Plendl, and W.
Pfitzer, Radiation Measurements of a Short-wave Directive Antenna at the Nauen
High-power Radio Station, Proc. I.R.E., vol. 19, p. 812, May, 1931.
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where

e= field strength in volts per meter

d = distance to antenna in meters

6 = angle of elevation with respect to plane perpendicular to antenna

wire

X = wave length of radiated wave in meters

81 = length of elementary antenna in meters •

I — current in antenna in amperes.

2. Radiation from a wire in space. 1

a. When the wire is an odd number of half wave lengths long

:

(4 cosd
)

•
e =

oui__A » —

,

(23ga)
a sin

b. When the wire is an even number of half wave lengths long [from

Eq. (228)].:

( L *\
I 7T~ cos 6

JAnr sin

e=^ ^= '- (2385)
a sin 8 •

where

€ = field strength in volts per meter

d = distance to antenna in meters •

I = current in amperes at a current loop

L = length of antenna in meters

X = wave length in meters

6 = angle of elevation measured with respect to wire axis.

3. Radiation from vertical grounded wire, assuming a perfect earth: 2

607
cos 2nr- cos

A
f 2tt- sin 0j

cos
(239)

where 6 is the angle of elevation with respect to ground and the remainder

of the notation is as in Eq. (237).

4. Radiation from a non-resonant wire in space [from Eq. (233)]

:

30/o sm ^ >(1 + e-2«L - 2e~«L cos pL)* (240a)
d\/l + \<*/p)\(l ~ cos 0).

:

1 See Carter, Hansell, and Lindenblad, loc. cit.

2 See Stuart Ballantine, On the Radiation Resistance of a Simple Vertical Antenna

at Wave Lengths Below the Fundamental, Proc. I.R.E., vol. 12, p. 823, December,

1924.
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where

e = field strength in volts per meter
Jo = current entering the line

d = distance to antenna in meters
a = attenuation constant of line in meters

V = (2x/X)(l - cos 0)

= angle with respect to wire axis

L = length of wire in meters

X = wave length in meters (assumed same on wire as in space).
In the special case where the attenuation a can be assumed zero (i.e.,

when the wires are so short that the current can be considered to be
constant),

60/ sin .

€ = —-=- sin
a 1 — cos

I tt^(1 - cos 0) * (2406)

5. Radiation from a rhombic (diamond) antenna in space, with
characteristic impedance termination, and neglecting the attenuation
along the wires: 1

Relative field} / cos (<S> — ft) . cos ($"+ /S) \
strength j

=
\1 - cos 6 sin (<i> - 0) + 1 - cos sin (<*> + 0))

X sin <^[1 - cos sin ($ + /8)]> sin <^[1 - cos sin (<£ - 0)]\. (241)

where

$ = tilt angle of antenna (see Fig. 393c)

ft = bearing angle with respect to line passing through the apex
having the terminating resistance and the diagonally opposite
apex

= angle of elevation with respect to the plane of the antenna
1 = length of each side of the rhomboid
X = wavelength.

6. Radiation from a resonant V antenna (see Fig. 396) when the
length of each leg is an even multiple of a half wave length and the
antenna is remote from ground:2

Field strength in plane of V =

<\JEJ + Eb
2 - 2EaEb cos (2*1 sin asin

3>J
(242a)

1 See Bruce, Beck, and Lowry, loc. cit.

2 See Carter, Hansell, and Lindenblad, loc. cit.
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where

Ea and Eh = radiation in desired direction from individual legs of

antenna as given by Eq. (238)

I = length of leg

X = length corresponding to one wave length

a — half of angle at apex

<£ = bearing angle with respect to bisector of apex.

Radiation in vertical plane passing through bisector of apex angle =

120/

d

• (nir a\
sin I -^ cos a cos 6

J

. 1 — cos 2 cos 2 a

sin a

(2426)

where

n = number of half wave lengths in each leg of antenna

a = half of angle of apex

— angle of elevation with respect to plane of antenna

1 = current at current loop

d = distance to antenna in meters.

7. Radiation from an antenna array remote from ground and con-

sisting of 91 parallel planes each made up of N parallel columns where

each column is made up of n individual radiating elements radiating uni-

formly in all directions with equal intensity: 1

Relative field strength = sin mr(a cos $ cos + b)

n sin 7r(a cos 3> cos + b)

sin Nw(A sin <S> cos +-B) sin 9for(3t sin + 33)

N sin tt(A sin $ cos + B) W sin tt(21 sin 5+53)
(243)

where

n, N, and 91 = number of radiators along x-, y-, and z-axes, respec-

tively

a, A, and 21 = spacing of adjacent radiators along x-, y-, and z-axes,

respectively, measured in fractions of a wave length

b, B, and 33 = phase displacement between adjacent radiators along

x-, y-, and z-axes, respectively, measured in fractions

of a cycle

= angle With respect to xy-pl&ne (angle of elevation)

•
<£.'= angle with respect to zz-plane (bearing angle).

8. Radiation from an antenna array in which.the individual antennas

are not spherical radiators is obtained by calculating the directional

characteristic for spherical radiators, using Eq. (243) and then multiply-

ing the result by the actual directional characteristic of the individual

antenna involved.

1 See Southworth, loc. cit.
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9. Radiation frohi an array of arrays is. determined by calculating
the individual directional characteristic of the elementary array as out-
lined in Eq. (243) above, and then multiplying this individual effect by
the group effect calculated by- determining the directional characteristic
of an array consisting of spherical radiators located at the centers of the"
elementary arrays.

10. Loop antennas are considered in Sec. 139.
11. T.he effect of the ground in the case.of ungrounded antennas can

be taken into account by the methods discussed above in connection with
Eqs. (235) and (236). The ground effect is already included in Eq.
(239) for the grounded antenna.

134. Power Relations in Transmitting Antennas.—The power rela-
tions existing in an antenna can be derived either from the radiated
fields or from the self and mutual impedances existing in the antenna
system. 1

Evaluation of Radiated Power, Radiation Resistance, and Gain in
Terms of the Radiated Field.—The procedure for carrying out this method
has already been indicated in Sec. 129 and is briefly as follows: The
antenna is assumed to be at the center of a large sphere, a convenient
antenna current is assumed, and the resulting fields produced over the
spherical surface are calculated. The energy passing through each
square centimeter of the spherical surface is then 0.00265e2 watts, where
e is the field strength in r.'m.s. volts per centimeter. The total energy
radiated through the entire spherical surface is then found by a process
of summation. This summation can be carried out either by mathe-
matical or by graphical methods. In the mathematical method the
appropriate expression for field strength as given in Sec. 133 is squared
and integrated over the surface of the sphere. 2 This is a straightforward
process, but even in the simplest practical cases it involves seldom used
mathematical functions, and in the more complicated cases the indicated
integrations cannot be performed with known functions.

Graphical means of summation can be used when mathematical
methods are impossible or impracticable,. and they are relatively simple
if a systematic procedure is followed. The first step is to determine the
average effective field strength at the spherical surface as a function of
the angle of elevation. In cases where the radiated field varies with
the bearing angle, the equivalent uniformly distributed field can be
obtained by taking advantage of the fact that the radius of the circle

1 Still another method is described by W. W. Hansen and J. G. Beckerley, Concern-
ing New Methods of Calculating Radiation Resistance Either With or Without
Ground, Proc.'I.R.E., vol. 24, p. 1594, December, 1936.

2 Examples of such integrations are to be found in the following' references:
Ballantine, loc. tit.; Carter, Hansell, and Lindenblad, loc. tit.
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enclosing the same area as does the actual distribution when plotted on

polar paper represents the mean effective field strength. The second

step is to plot the average effective field strength as a function of angle

of elevation on polar paper and then multiply \h.e resulting curve by

\/cos 0. The multiplication by \/cos takes into account the fact that

on approaching the. vertical the distance swept through in traveling

around the sphere through a. 360° bearing-angle rotation is proportional

to the cosine of the angle of elevation, and the square root sign is neces-

sary because the area under a curve plotted in polar form is proportional

to the square of the radius vector. The final step consists in evaluating

the area under this curve. This area is proportional to the total radiated

power and can either be evaluated in terms of watts or can be compared

with the corresponding area obtained from a comparison antenna in

order to obtain the relative gain. The details of the graphical method

Short- antennai
i
/

Fig. 407.—Curves used in obtaining the gain of the polyphase array of Fig. 401 compared
with a short vertical antenna.

can be made clear by applying to a specific case such as the polyphase

antenna system of Fig. 401. Here the average effective field strength

along the horizontal is given by the radius of the circle shown in Fig.

401, which has the same area as the actual field distribution. When aver-

age effective values for different vertical angles are obtained in this way

and plotted on polar paper, the result is as shown by the solid line in Fig.

407. Multiplication by Vcos gives the dotted curve, which incloses an

area proportional to the total radiated power. For purposes of com-

parison the corresponding curves for a >short vertical radiator (field

strength proportional to cos 0) producing the same field strength along the

horizontal are shown by the dash and dash-dot lines.

The merit of a directive system can be expressed in terms of the

gain with respect to some comparison antenna. As explained in Sec.

130, this gain is the ratio of powers that must be supplied to -the two

antennas to produce the same field in the desired direction. 1 Thus in

Fig. 407 the relative gain of the polyphase array as compared with the

1 In making this comparison the antennas are assumed to have the same efficiencies.
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short vertical radiator is equal to the ratio of areas under the dash-dot

and dotted curves, and in this particular case is 1.70.

• Evaluation of Power, Radiation Resistance, and Gain in Terms of Back

Voltages Induced in the Antenna.—This method of analysis takes advan-

tage of the fact that the fields produced by the antenna currents induce

back voltages that are equivalent to an impedance against which the

applied voltage can be considered as acting. With an isolated antenna,

the resistance component of this antenna impedance is the radiation

resistance, while the reactance component depends upon the tuning of

the antenna and will be zero at resonance. When seyeral antennas are

in close proximity, the current in each causes a voltage to be induced

in every other antenna, giving rise to mutual impedances such as exist

in any other coupled circuit arrangement. A system of antennas can

therefore be treated, as a series of circuits each having a self-impedance,

together with a mutual or transfer impedance to every other antenna

present. The voltage and current relations existing in a system of

radiators hence corresponds exactly with the voltage and current relations

of a network, 1 and so can be written as

E\ = I\Z\\ -\~ Il7i\i +•••"+ InZln

E2 = I1Z12 -\~ I2Z22 4~ • ' ' ~l~ InZin

En = IlZi„ + 12^2n "t" " ' ' ~f~ InZn

(244)

where

Ei, E2, etc. = voltages applied to antennas .1, 2, etc.

1 1, I2, etc. = currents flowing in antennas 1, 2, etc.

Zu, Z22, etc. = self impedances of antennas 1, 2, etc.

Z\2, Zin , etc. = mutual impedances between antennas denoted by
subscripts.

The self impedances Zu, Z22, etc., and the mutual impedances

Z12, Z 2re , etc., can be calculated from the fields existing in the vicinity

of the radiating wires and depend upon the geometry and type of

current distribution involved. The actual details of the calculations are

too involved to be presented here but can be found in the literature,

together with formulas giving results for many practical cases. 2 Typical

1 These equations are given in any book on network theory. For example see

E. A. Guillemin, "Communication Networks," vol. 1, p. 156, John Wiley & Sons, Inc.,

New York.
2 A comprehensive treatment of antennas from the point of view of self and mutual

impedances is given by P. S. Carter, Circuit Relations and Radiating Systems and

Application to Antenna Problems, Proc. I.R.E., vol. 20, p. 1004, June, 1932. This

paper gives a derivation of general formulas for the self and mutual impedances, and

also formulas for a number of commonly used configurations such as the resonant V/
harmonic-wire antennas, staggered and non-staggered parallel wires, colinear wires,
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results of such calculations are shown in Fig 408. Here a gives the

radiation resistance of an isolated wire as a function of length, while b

gives the effect of spacing on the mutual impedance between two parallel

half-wave radiators that are not staggered. It will be. noted that as

the spacing increases the mutual impedance diminishes rapidly and
the real part may be either negative or positive according to the exact

spacing. '
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Fig. 408.—Radiation resistance of isolated wire antenna, together with mutual impedance
between parallel half-wave radiators (not staggered).

The use of self and mutual impedances in the analysis of antenna
problems can be made clear by typical examples

:

Example 1.—Two half-wave radiators remote from earth are arranged broadside
(same currents with same phase), and it is desired to determine the spacing for maxi-
mum gain. The solution is obtained by noting that the field produced in the desired
direction is independent of spacing,, so that the optimum spacing is that for which the

etc. Additional discussions of the same subject are given by A. A. Pistolkors, The
Radiation of Beam Antennas, Proc. I.R.E., vol.- 17, j): 562, March, 1929; R. Bechmann,
Calculation of Electric and Magnetic Field Strengths of Oscillating Straight Con-
ductors, Proc. I.R.E., vol. 19, p. 461, March, 1931; R. Bechmann, On the Calculation
of Radiation Resistance of Antennas and Antenna Combinations, Proc. I.R.E., vol. 19,

p. 1471, August, 1931; F. H. Murray, Mutual Impedance of Two Skew Antenna
Wires, Proc. I.R.E. vol. 21, p. 154, January, 1933. .
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power input is lowest. From Eq. (244) it is seen that the power supplied to the indi-

vidual antenna is I2(Rn + B12), where Ru is the resistance component of the self

impedance and R12 is. the resistance component of the mutual impedance. From
Fig. 408a, Rn for a half-wave antenna is seen to be 73.4.ohms, while R12 varies with

spacing as shown in Fig. 4086. This causes the total antenna resistance, and hence

the input power to the individual antenna, to vary as shown in Fig. 409. The mini-

mum occurs at a spacing of 0.65 wave length, corresponding to an effective total

resistance of 48.4 ohms for each antenna. The gain with this optimum spacing as

compared with a single half-wave radiator is readily obtained by noting that, as

compared with the single wire, the two antennas radiate twice as much field and hence

four times the power in the desired direction, whereas the power input required is

2(48.4/73.4) = 1.32 as great. The gain is accordingly 4/1.32 = 3.03 times.

Example 2.—It is desired to determine the gain, in comparison with a single half-

wave radiator, of a broadside array consisting of six half-wave radiators remote from

140

120

100.

„ 80
E

o 60

40

20

0.5 1.0 1.5

Spacing in Wavelengths

Fig. 409.—Variation of antenna resistance with spacing for two broadside half-wave

radiators.

earth and spaced a half wave length apart. The six broadside antennas radiate

6 times the field and hence 36 times as much power-in the desired direction as does the

comparison antenna when both carry the same current. The power supplied to the

comparison antenna is proportional to its radiation resistance of 73.4 ohms, while

the power supplied to the broadside array is proportional to the sum of the radiation

resistances of the individual wires plus the resistance components of all the possible

combinations of mutual impedances. The total resistance of the end wire is therefore

the radiation resistance plus the resistance component of the mutual impedances

between theend wire and every other wire, and so from Fig. 408 is 73.4 — 15.5 + 3

— + — = 60.9 ohms. In similar fashion the total resistance of the neXt-to-end

wires is 73.4 — (2 X 15.5) + 3.0 — + = 45.4 ohms, and for the middle wires is

73.4 — (2 X 15.5) + (2 X 3.0) - = 48.4. The power that must be supplied to the

array must therefore be 2(60.9+45.4 + 48.4) /73.4 = 4.22 times as great as that

required by the comparison antenna, so that the relative gain of the array is 36/4.22

= 8.5.

Another example showing how the behavior of parasitic antennas

can be calculated from a knowledge of the self and mutual impedances is

given in the next section.

Total resistance
ofindividualantenna

\
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Effect of Ground on the Energy Relations.—The methods of analyzing
energy relations can be readily extended to include the effect of a perfect
earth. When the analysis is based upon the radiated fields, the effect

of the ground reflection upon the fields is taken into account by assuming
the usual image antenna, but the integration for total radiated energy is

carried out only over the hemisphere above the earth's surface, instead
of over the complete spherical surface as with an isolated antenna.
When the analysis is carried out in terms of mutual and self impedances,
the mutual impedances between the image and the actual antenna ele-

ments are calculated, and the resulting effect upon the voltage, current,
and power relations existing in -the actual antenna then represent the
effect of the ground.

In the case of an imperfect ground the situation is complicated since
the radiated energy is less than the energy supplied to the antenna by
the amount of the earth's losses. The principal effect of the earth losses

is to absorb energy that would otherwise be radiated, without appreciably
altering the^ impedance of the antenna. 1 Gain, calculations are not
affected appreciably by earth losses provided the actual and comparison
antennas are in approximately the same relation to ground.

Formulas for Calculating Gain.—The formulas for calculating gain are
too complicated and too specialized to warrant reproducing here but
can be found by referring to the papers of Southworth, Sterba, Carter,
Ballantine, and Carter-Hansell-Lindenblad, already referred to.

• 135. Directive Antenna Systems Employing Reflectors and Parasitic
Antennas. Parasitic Antennas.—Directivity is sometimes obtained by
the use of antennas that react upon the main antenna only through
mutual impedance. The fundamental principles involved in such
parasitic antennas can be understood by considering a simple example,
such as a parasitic half-wave vertical antenna placed in the vicinity of a
vertical half-wave radiator. The current Zi in the radiating antenna
induces a voltage in the parasitic antenna which according to Eq. (244) is

Voltage induced in parasitic antenna = — Z1Z12

The resulting induced current that flows is equal to this induced voltage
divided by the self impedance Z22 of the parasitic antenna, so that

—I Z
Current in parasitic antenna — I2 = — *

12

Hence the magnitude and phase of the current in the parasitic antenna
depend upon the spacing of the antennas (which determines the mutual

1 This is substantiated by what literature is available dealing with the effect of
earth losses on the power relations. Thus see W. L. Barrow, On the Impedance of a
Vertical Half-wave Antenna above an Earth of Finite Conductivity. Proc. I.R.E.,
vol. 23, p. 150, February, 1935.
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impedance Z12) and the tuning of the parasitic antenna (which deter-

mines the self impedance Z22). The directive patterns that result for

several typical conditions are shown in Fig. 410. It is seen that, when

the spacing between the antennas is not too great, the parasitic antenna

produces a marked directive effect because a large voltage is induced in it

by the radiating antenna. The tuning of the parasitic antenna also has

a pronounced effect since it alters both the magnitude and phase of the

induced currents.

.

The most common use made of parasitic antennas is to produce a

unidirectional effect in antenna arrays. Thus in arrays such as illustrated

in Figs. 389 and 390 the rear curtain is very commonly excited para-

sitically. The optimum spacing for unidirectional action under these

Spacmg= ^

Spacing^ A

Parasitic antenna Parasitic antenna Parasitic antenna

impedance 45 deg. . in resonance impedance 45deg.

leading lagging

Note : Parasitic antenna on right and radiating antenna on

left in each case

Fig. 410.—Directive p&tterns obtained with simple parasitic antenna under various

conditions.

circumstances is approximately but not exactly a quarter of a wave

length, and the parasitic antenna must be tuned so that its radiation is

in the proper phase to produce the desired results.

Reflectors.—Another method of obtaining directivity is by the use of a

metallic reflector, which in the case of a transmitting antenna concen-

trates the radiation in the desired direction in much the same manner as

a mirror reflects light, and in the case of reception gathers in the energy

from a wave coming from the desired direction and focuses it on the

receiving antenna. Reflectors for this purpose are usually constructed

of copper because this material has such high conductivity that it acts as

a practically perfect reflector for radio waves.

Practical reflectors are shown in Fig. 411. In the parabolic types

the antenna is placed at the focus and the concentrating action is similar

to that obtained with a searchlight. The plane-surface type of reflector

is used primarily to obtain a unidirectional characteristic with a broad-
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side array. It replaces the reflecting antenna system otherwise required

and to be effective it must be of ample dimensions.

The use of reflectors to obtain directivity is in practice limited to

very short wave lengths, where the distance corresponding to a wave
length is small enough to permit reflecting structures of practical size.

136. Radio-frequency Transmission Lines and Impedance Matching
Systems.—The output of a radio transmitter is usually delivered to the

Reflector
withparabolic
crass section

Antennas Reflecting coppersheet
A/4 or 3*/t behindantennas

Fig. 411.—Examples of conducting reflectors for producing directive characteristics.

antenna by means of a transmission line. Transmission lines are also

used to connect receivers to receiving antennas, particularly directive

antennas, special all-wave antennas, and apartment-house antenna
systems. By proper design the energy can be transmitted to distances

of the order of ^ to 1 mile with only moderate loss.

The most common types of lines are the two-wire open-air line illus-

trated in Fig. 412a, the concentric-conductor line of
#
Fig. 4126, the four-

fa) Open air
line

(b) (c) Four wire line
Concentric (diagonally
•conductor • opposite

wires in parallel)

©

Fig. 412.—Common types of transmission lines.

wire balanced lin'" of Fig. 412c, and a twisted pair composed of lamp cord,

or other insulated conductor. Lines used with transmitting antennas are

usually of the two-wire open-air or concentric-conductor types. The
open-wire line, is commonly used because of its low cost, but the con-

centric-conductor type is less subject to weather, particularly when
buried and filled with dry nitrogen gas under slight pressure to prevent

collection of moisture from "breathing."
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The requirements for lines used with receiving antennas depend upon
the circumstances. Where it is merely a matter of transmitting the

energy from antenna to receiver, any type of line is satisfactory, but with

a directive receiving antenna it is very important that the transmission

line abstract no energy whatsoever from passing waves. When there is

abstraction of energy, one of the main objects of the directive receiving

antenna will be lost because the antenna effect of the line will not be

highly directive and so will cause the line to pick up noise and interfering

signals to which the antenna itself is not responsive. The two-wire

open-air line is not particularly satisfactory under such conditions because

of the difficulty of maintaining perfect balance with respect to ground.

The concentric transmission line, particularly when buried, is practically

immune from stray pick-up but is expensive. A reasonably satisfactory

and inexpensive compromise is furnished by the four-wire transmission

line illustrated in Fig. 412c, which consists of four wires arranged at the

corners of a square approximately 1 to 2 in. to a side and with the diag-

onally opposed wires connected in parallel. This arrangement is simple

and when regularly transposed is very effectively balanced against

extraneous disturbances.

Twisted pair lines are often used in low-power transmitters and in

lines associated with receivers. Such lines are not susceptible to stray

pick-up because of the small spacing and frequent twisting, but are

suitable only for short lengths because of their high losses. 1

Resonant and Non-resohani Lines.—Transmission lines may be

operated in such a manner as to be resonant or non-resonant, according

to the load impedance at the receiving end of the line. If the receiver

load is a resistance equal to the characteristic impedance (i.e., a resistance

equal to -\/L/C), then voltage and current die away uniformly as one

recedes from the sending end of the line, and have a distribution that

follows an exponential law as shown at Fig. 33c. There are then no resor

nances irrespective of the line length; the voltage and current at every

point along the line are in phase with each other; the ratio of voltage to

current at any point is the characteristic impedance Z = \ZL/C;&nd the

phase drops back uniformly at a rate 'of 360° per wave length as the

receiver is approached. 2

When the load impedance does not equal the characteristic impedance

of the transmission line, resonance effects are produced, as illustrated in

1 See C. C. Harris, Losses in Twisted Pair Transmission Lines at Radio Frequen-

cies, Proc. I.R.E., vol. 24, p. 425, March, 1936.
2 In the case of lines with air insulation, the distance corresponding to a wave

length on the line is almost exactly equal to the wave length of the corresponding

radio wave. However, in the case of lines having appreciable dielectric insulation,

as, for example, a twisted pair, the distance representing a wave length on the line is

correspondingly less.
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Fig. 33, and the resonances will be very pronounced if the load impedance

differs appreciably from the characteristic impedance. With resonant

lines the voltage and current follow cyclical variations which repeat

every half wave length, and there is a large phase difference between

voltage and current except near points where the voltage or current

passes through a minimum. In traveling from generator toward load

there is a progressive phase lag of 360° per wave length, but, instead of

taking place at a uniform rate as in the case of non-resonant lines, most

of the shift takes place in the vicinity of the voltage and current minima.

Non-resonant lines transmit energy at unity power factor and so are

more efficient than resonant lines, and also subject the line insulation to

less voltage in proportion to power transmitted. Hence non-resonant

lines are always used in association with high-power transmitters and in

all cases where the transmission distance is appreciable. The resonant

lines are suitable only with low-power transmitters where the transmis-

sion distance is quite short, as in the case of amateur, airplane, and

similar equipment.

Properties of Transmission Lines^—The 'most important characteris-

tics of a transmission line are the characteristic impedance Z and the

attenuation factor a. The characteristic impedance is determined by

the line construction and at radio frequencies can for all practical pur-

poses be considered to be a resistance denned by the equation2

"Vc ohms (245a)

where Land C are the inductance and capacity, respectively, per unit

length of line. For the two-wire and concentric-conductor transmission

lines, substitution of the usual formulas for inductance and capacity gives

Characteristic impedance)
, b , ,«.„%.

f , v > = 276 log™ - ohms (246a)
of two-wire line

j
•

& a

Characteristic impedance)
, & , ,^.„,k

of concentric cable }
= 138 log10 s

ohms (2466)

1 For further information see E. J. Sterba and C. B. Feldman, Transmission Lines

for Short Wave Radio Systems, Proc. I.R.E., vol. 20, p. 1163, July, 1932. This paper

gives an excellent discussion of the electrical properties of two-wire and concentric-

conductor lines, constructional problems, correlation of measured and predicted

behavior, etc.

2 The exact formula for. the characteristic impedance is

-4R + jcoL

G + juC
(245b)

where. R and G are the resistance and conductance per unit length of line. At high

frequencies co is so large that R and G can be neglected, thereby resulting in Eq. (245a)
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In these equations b represents ' the spacing between conductors of the

two-wire line and the inner radius of the outer conductor of the concentric

cable, while a represents the radius of the conductor in the two-wire line

and the outer radius of the inner conductor in the case of the concentric

line. With the usual Construction the characteristic impedance is com-
monly of the order of 600 ohms with a two-conductor open-air line, and
in the neighborhood of 75 ohms for the usual concentric conductor with

air dielectric. With a twisted-pair transmission line the characteristic

impedance is commonly of the order of 125 ohms, but will depend greatly

upon the construction.

The attenuation constant of a transmission line depends upon the

resistance, leakage, and characteristic impedance, and at radio frequencies

can be expressed by the equation

*

7? C7
Attenuation constant = a = ~~- + —^ (247)

where B and G are the resistance and leakage per unit length of trans-

mission line and Z is the characteristic impedance.

In the usual two-wire and concentric-conductor lines most of the

insulation is air, so that the leakage is substantially zero except when
the insulators are-wet, and the conductor resistance accounts for nearly all

the attenuation. This resistance is determined largely by skin effect,

and can be calculated*by the following formulas: 1

Resistance of
) r/i A

concentric conductor/ = 41 -6V7^ +
I)

X 10"9 ohms per centimeter

(248a)

Resistance of two-) Wf . ,

wire line f

= 83 -2 x 10_9 ohms Per centimeter

(2486)

The frequency is in cycles, the dimensions are in centimeters, and a and

b have the same meaning as in Eq. (246). It will be noted that the

resistance is directly proportional to the square root of the frequency and

inversely proportional to the physical size of the transmission line. In

a concentric conductor having a fixed radius b of the outer conductor,

the lowest resistance will be obtained when the inner conductor is such

that b/a = 3.6.

The behavior of a non-resonant line can be summarized by the

following equations:

1 The two-wire formula neglects proximity effect, and so is about 15 per cent low

for b/a = 4, and less than 2 per cent low for b/a > 12.
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E = Ese-«
l

I = 1st-" 1

y = Zo = characteristic impedance .

Phase shift of i^'aiicn

I per unit length j
— P — °>

Power loss = 8.686al db

where

co = 2tt/

X = length along line corresponding to one wave length

E8 and Is = voltage and current at the generator end of the line

E and I = voltage and current at a distance I from the generator;

The losses in a properly constructed line can be made very small. Thus

by combining Eqs. (247), (2486), and (249) it is found that a Jfcwo-wire

line made of No. 4 copper wire and having a characteristic impedance

of 600 ohms introduces an attenuation of 0.24 db per thousand feet at a

frequency of 10 mc.

Radiation from Transmission Lines.—A two-wire transmission line

radiates very little energy because the close proximity of the two con-

ductors carrying current in opposite directions very nearly cancels the

radiated field. Analysis shows that in the case of a perfectly balanced

two-wire line the total radiation, including that of the terminal connec-

tions, is twice the radiation that would be obtained from an elementary*

antenna having a length equal to the transmission line spacing and

carrying a current equal to the line current. With resonance on the

line the radiated, power is greater because of the larger line currents. 1

When a two- or four-wire line is not balanced with respect to ground,

there is a current component that travels out over the wires acting in

parallel and returns by way of the ground. The radiation under sueh

conditions will depend upon the amount of unbalance and the height

of the transmission line above earth, and will in general tend to be large

because the height is much greater than the spacing between wires.

A concentric transmission line radiates no energy under ordinary

condition^ because the outer conductor acts as a . substantially perfect

shield.

1 The power radiated from a non-resonant two-wire line

.

Power radiated = 1607 2(yV watts (250)

where I is the line current (assumed constant) and a/X is the spacing in wave lengths.

For a resonant line the radiated power depends on the amount of resonance, but is

greater than given by Eq. (250)- by a factor that is very roughly (I /I)% where/

is the maximum current in the resonant linei For further information see Sterba

and Feldman, loc. cit.
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The tendency of a transmission line to radiate when carrying currents

is also a measure of the extent to which the transmission line will act as

an antenna in the reception of radio waves. Accordingly, a receiving

antenna transmission line that is to pick up the minimum possible energy

is designed in the same way as a line that is to radiate the minimum
possible energy. With open-air lines this means non-resonant operation,

careful balance with respect to ground, and close spacing. A concentric

conductor line is particularly suitatye for receiving purposes because the

(d) Tuned circuit coupling (b) Resonant tine coupling

To antenna

ustable kk 'Adjustable
short-circuit

Antenna

•Resonant line

(g) Quarter wave coupling line (d)Stub
J7-

To antenna

< *Quarter wavelength
v
x

line with adjustableZ

Non-resonant
line

^Non-resonant
transmission line

Sectionin which
resonancescan exist.

,-r_

•so

line
A/on-resonant,M. connected

f
Stub line

here

(e> Direct coupled line (f) Coupling coif method
Antennalpdjusted ^Coupling

|<—m '—>i' to resonance) coil

Non-resonant
^Antenna

Proper
adjustment

(g) Single wfre line

Line connected
at wrongplace

Antenna
wrong length

Antenna

Non-resonant
line—

^

v.. J
'"-Current distribution -""

Fig. 413.—Commonly used impedance-matching systems.

outer conductor acts as a practically perfect shield against radio-fre-

quency waves.

. Impedance-matching Systems for Non-resonant Lines.—In order to

avoid resonances in transmission lines associated with transmitters, it is

necessary that the antenna be coupled to the line in such a way that the

effective load, impedance which is offered to the line is a resistance equal

to the characteristic impedance of the line. Typical methods for doing

this are illustrated in Fig. 413. At Fig. 413a a tuned circuit is used to

provide the impedance- matching. A resistance load is obtained by
proper tuning, while the magnitude of the load can be adjusted to the

.
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correct value either by varying the mutual inductance or by varying the

fraction of the coil across which the line is connected.

In the resonant coupling line at Fig. 413& a resistance impedance is

obtained by adjusting the short- circuit on the coupling line to give

resonance in' conjunction with the antenna. The resulting load offered

the non-resonant line is then resistive and has a magnitude determined

by the point of connection. The length of resonant line should be

approximately a quarter wave length when the antenna resistance is

higher than the non-resonant line impedance, and a half wave length

when the antenna resistance is lower. Arrangements employing resonant

coupling lines are shown in Figs. 397 and 399a. •

The arrangement of Fig. 413c makes use of the fact that in a quarter-

wave-length coupling line Z8 = Z 2/Za , where Z8 is the impedance that

the non-resonant transmission line sees when looking toward the matching
line, Z is the characteristic impedance of the matching line (a resistance),

and Za is the antenna impedance. By adjusting the antenna so that it is

in resonance, Za becomes a resistance, and the impedance Zs , which
serves as the load for the non-resonant line, is likewise%a resistance which
can be made the desired value by varying the spacing between wires of

the matching line to vary Z . At low frequencies where a quarter wave
length is inconveniently long, it is possible to use an artificial line designed

as explained in the footnote on page 541. l

In the stub-line arrangement of Fig. 413d the transmission line is

connected directly to the antenna and a suitable shunt reactance, com-
monly in the form of a short length of transmission line (i.e., a stub line),

is- used to eliminate resonances between the shunting point and the

generator. This shunting reactance must be placed at a point such that,

when the impedance looking toward the antenna is paralleled by the

shunt reactance, the impedance of the combination is a resistance equal

in magnitude to the characteristic impedance of the line. The exact

details can be worked out theoretically and lead to the results that are

presented graphically in Fig. 414.

Several other coupling methods sometimes employed are shown at

e, /, and g in Fig. 413*. At e the transmission line is directly coupled
to the antenna, the matching being obtained by making the antenna
length the exact value required for resonance and then connecting the

two wires of the line symmetrically with a spacing m such as to give the

1 Information on the design of such lines for broadcast transmitters is also giVen
by Ralph P. Glover, R-f Impedance Matching Networks, Electronics, vol. 9, p. 29,

January, 1936; Carl G. Dietsch, Terminating Concentric Lines, Electronics, vol. 9,

p. 16, December, 1936. An excellent discussion of impedance-matching networks in

general is given by W. L. Everitt, Output Networks, for Radio-frequency Power
Amplifiers, Proc. I.R.E., vol. 19, p. 725, May, 1931.
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required impedance match. At / the antenna is made shorter than is
required for resonance and is then tuned by means of a small coil to which
the transmission line is directly coupled. The single-wire transmission
line shown at gr is a modification of Fig. 413e in which the ground supplies
a return circuit that is completed through the capacity of the antenna

Terminated,
tine

Imox
-| ) Required

Loop Position-Wavelengths

J

0.22 0.18 0.14 aiO 0.06

Current wave on
unterminated line

Ratio I

Untermindted Lifie

RequiredPosition of
Auxiliary Line-Wavelengths

_ . • _QI4 0.10 Q06Q02
lerminatecL

line

Current Wave On Unterminated Line

Ro,tl'° Imin./Imax.On
' Unterminated Line

Fig. 414.-—Curves giving design information on stub lines. These curves give therequired position and length of stub line in terms of the ratio of minimum to maximum
c™t maximum. " **^^ ""^ ^ l0Cati°n is indicate<

*
™th -spect to"

to ground. The proper adjustment of a single-wire transmission line
can be determined by observing the relative current distribution in the-
line a.nd antenna as indicated. * The single-wire line radiates much more
energy than the corresponding two-wire line, but is often used because
of its simplicity.

1 See W. L. Everitt and J. F. By.rne, Single-wire Transmission Lines for Short-
wave Antennas, Proc. I.R.E., vol. 17, p. 1840, October, 1929.
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When it is desired to avoid resonances in a transmission line asso-

ciated with a receiving antenna, it is necessary that the input impedance
of the receiver be a resistance equal to the characteristic impedance of

the line, since in this case the antenna is the source of energy and the

receiver acts as the load. Failure to match the antenna to the trans-

mission line prevents the receiving antenna from delivering the maximum
possible amount of energy to the transmission line, but does not cause

resonances.

Phasing Systems.—In antenna arrays it is necessary to adjust care-

fully the relative phases of the various antennas. There are two basic

(a) Vertically Polarized Antenntf Used in Trans-Atlantic
v Telephone

t* (b) Chireix-Mesny Array (French)

> Paras/tic radiator

Primary radiator

Parasitic radiator

Feeders allexcitedinthe samephase

(c) Antenna Arroiy of'W) Rotated 90°
+o Give Vertical Polarization

To transmitter

(cX) Horizontally Polarized Antenna Used at Nauen^Germaijy>

feeders aft excited in the samephass

Fig. .415.—Commercial designs of broadside antenna arrays. The reflector antenna
that is always used to give a unidirectional characteristic is omitted in the figures for the
sake of clearness.

methods of accomplishing this. The first makes use of the fact that a

non-resonant transmission line in open air has a uniform phase shift of

360° per wave length. Hence any desired phase difference can be
obtained by the use of a non-resonant transmission line of suitable length.

Thus in the antenna system of Fig. 397 the 234-wave-length non-resonant
line connecting antenna and reflector makes the relative phase difference

2K cycles, i.e., 90°. Phasing of end-fire antenna arrays is always
accomplished by the aid of a non-resonant line.

The second method of phasing makes use of the fact that in a resonant

line the phase shifts 180° every half wave length (even though the shift

does not take place uniformly) . This method is commonly used in

phasing broadside antenna arrays. Typical detailed illustrations are

shown in Fig. 415. At c and d the radiators a^e connected to the reso-
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nant line at voltage loops and are spaced a half wave length apart so that
by connecting successive radiators to alternate sides of the line all the
radiators are excited in the same phase.

.
At a the antenna is formed

by folding the wife in such a manner that the vertical sections all carry
current in the same phase while the horizontal sections serve as half-wave
non-radiating resonant lines that produce a phase reversal. At 6 the
antenna wires serve simultaneously as radiators and transmission lines

by being so bent that the currents along any diagonal are in the same
phase. The diagonals in opposite directions then combine to give the
effect of a vertical polarized array.

Experimental Determination of Current Distribution along Trans-
mission Lines and Antennas.—The way in which a transmission line or

rfiooks,
Hook-x ..--Line

JL t "H-^J^ J.

\X,Thermocouple
ifc'

meter Thermocouple

(a)
meter

(b)

rtwo wireline

\TCo/Vs^!\ -̂ {Conductor \
;

_l^

'Thermocouple 1
,

meter —*- *
thermo-
couple
meter

(d)

Cc)

Fig.- 416.—Devices for measuring the relative current distribution along a transmission
line or antenna.

antenna is operating can ordinarily be deduced by observing the current
distribution. In the case of a transmitting antenna the current dis-

tribution can be measured by coupling a sensitive thermocouple instru-

ment to the line, using one of the arrangements in Fig. 416, In the case

of receiving antennas the thermocouple can be replaced by a portable
receiver and the antenna can be excited by means of a portable oscillator

adjusted to produce radio waves of the appropriate frequency.

Radio-frequency Distributing Systems. 1—It is sometimes desired to

operate a number of receivers from the same antenna, employing a
transmission Jine to carry the energy to the various locations involved.

Such an arrangement is particularly desirable in apartment houses in

large cities, since it permits the installation of one efficient antenna on
the roof remote from man-made noises and where the signals are strong.

The most satisfactory arrangement of this type employs a non-
resonant transmission line to which the various receivers are coupled

1 Further information on this subject is given by P. X. Rettenmeyer, Radio-
frequency Distributing Systems, Proc. I.R.E., vol. 23, p. 1286, November, 1935.
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through an attenuation unit that introduces about 30 db loss. The loss

in the attenuator is compensated for either by employing an individual

buffer amplifier between each receiver and the line or by means of a
wide-band amplifier connected between the antenna and the transmission

line. With an arrangement of this sort satisfactory reception can be
obtained with receivers having only ordinary sensitivity, and interaction

between receivers is practically eliminated because effects originating in

a particular receiver, such as local oscillations, are. attenuated 60 db
before reaching the input of a second receiver.

In simple installations where only a few receivers are involved, the
attenuating network and amplifier are sometimes omitted. In' such
cases the receiver is provided with a high impedance input circuit which
is connected directly across the transmission line.

137. Practical Transmitting Antennas.—The principal considerations

involved in the design of transmitting antennas are the directivity,

efficiency, and cost. These matters become of increasing importance
as the power of the transmitter is increased since the expenditures for

improving the antenna system are then easier to justify.

Short-wave Antennas.—Short-wave directive antennas find their chief

use in long-distance high-power point-to-point communication. For
this purpose it is desirable to concentrate the energy in a well-defined

beam which is directed toward the receiving point at a vertical angle that

is of the order of 10 to 25 deg. above the horizontal. The rhombic and
resonant V antennas are usually preferred because they give good
directivity, are easily tuned, and can be supported upon inexpensive

wooden poles. The rhombic antenna has the additional advantage
that it will operate satisfactorily over a frequency range approximately

2% to 1 with no readjustment, and so can be used for both the day and
night frequencies. Before the resonant V and rhombic antennas were
developed, broadside arrays such as illustrated in Figs. 389 and 415
were generally employed, but these have lost favor because they are

difficult to tune, require expensive supporting structures, and give only

slightly better directivity.

Practical experience indicates that for best results the angular spread
of the beam in the horizontal plane should be of the order of 10 deg. while

in the vertical plane a spread of perhaps 15 deg. centered at a vertical

angle of 15 to 20 deg. is optimum. With less sharply defined beams
energy is wasted by being sent in directions where it has no chance to

reach the receiver, while, if greater directivity is used, the- beam will

sometimes be deflected sufficientlyfrom the great-circje route to make the

received signals weaker than when a broader beam is used. Interpreted

in terms of practical antenna arrays, the amount of gain that can be

usefully employed is of the order of 100.
•
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Non-directional radiators consisting of a vertical or horizontal half-

wave antenna are commonly used for amateur, marine, and short-wave

broadcast work, where it is desired to transmit signals in all directions

and for varying distances. Typical examples of such antenna systems,

together with typical transmission line arrangements, are shown in Fig.

416a. ,

The polarization of the transmitting antenna is not important since

the ionosphere causes the received wave to contain both vertical and
horizontal components irrespective of the polarization at the transmitter.

Horizontal polarization is usually preferred, however, because the

supporting structures required are generally not so high as for vertical

radiators with the same vertical directivity, and furthermore with

vertical radiators it is probable that the Sommerfield ground wave in the

vicinity of the transmitter absorbs an appreciable fraction of the radiated

energy.

a- Current feed

H—-V2-— -*i

Even multiple'
'ofquarter
wavelength .

b-Voltage feed
(or Zeppelin)

t- Modified Zeppelin

I*-—-X—->t

pnnnnn
.

nnnnnn
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of quarter
wave/ength

\msih)

Oddmultiple
ofquarter
wavelenqth

|TO>OT\

Transmitter

Fig. 416a.-

Transmitter Transmitter

-Representative types of resonant transmission lines for delivering energy to
antennas.

The proper procedure for tuning an antenna depends upon the

arrangement. In the case of arrays involving many radiators, such as

illustrated in Fig. 389, the length of the individual parts are adjusted
until the current distribution as experimentally observed has the desired

character. In other cases where the antenna is associated with a reso-

nant line such as Figs. 397, 399, and 416a, it is possible to tune the

antenna and the resonant line as a unit. At Figs. 397 and 399 this is

done by adjusting the position of the short-circuiting bar, while in

arrangements of the type shown in Fig. 416a the tuning can be accom-
plished by means of the variable condensers in series with the Une,
provided the antenna and transmission-line lengths are. approximately
correct to begin with. In cases such as Fig. 413e where the antenna must
offer a resistance impedance, it is necessary to adjust the antenna length
very accurately to the proper value.

In general it will be found that the antenna length required for reso-

nance is usually less than the corresponding length in wave lengths meas-
ured in free space. . This is because of end effects and mutual coupling
in antenna elements. Thus in the case of a half-wave antenna it is
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necessary to make the wire about 5 per cent shorter than a true half

. wave .length, while in an array composed of a multiplicity of half wave
length antennas the elements sometimes must be as much as 10 per cent
shorter.

'

•

When a reflector system is employed to give a unidirectional character-
istic, the tuning procedure in the case of a parasitic antenna is first to
adjust the radiating antenna to give the desired' current distribution,
after which the element lengths in the reflecting antenna are adjusted
until the backward radiation as observed upon a suitably located radio
receiver is a minimum.

In cases where both antenna and reflectors are excited, the antenna and
reflector lengths are adjusted to give the desired current distribution, and
the relative phasing is maintained by coupling the two together with a
non-resonant line of the proper length. Under such conditions it is

desirable to have the reflector spaced at least % wave lengths from the
antenna in order to prevent excessive interaction during the adjustment
process.

The efficiency of short-wave antennas is very high because of the high
radiation resistance of the antenna in proportion to size and because the
antenna is ungrounded. Even including the effect of ground losses, the
over-all efficiency is commonly well in excess of 80 per cent, and most of
the losses that do occur are the result of ground imperfections.

Ultra-high-frequency Antennas.—Antennas for use with ultra-high-
frequency transmitters are of the same general character as those used at
short-waves. However, since the length corresponding to a wave length
is less, it is possible to obtain greater directivity with antennas of reason-
able proportions.

In ultra-high-frequency broadcasting it is desirable to have an antenna
located at a high elevation and possessing considerable vertical but no
horizontal directivity. The necessary elevation is usually obtained by
locating the antenna upon a flagpole of a high building, while vertical
directivity can be obtained by stacking colinear half-wave radiators or
by a turnstile array of the type illustrated in Fig. 400.. In point-to-point
communication with ultra-high frequencies it is possible to make use of
almost unlimited directivity, but the beam must be directed toward the
receiver (not at an angle above the horizontal as in the case of short
waves) and must have sufficient elevation above earth to minimize
destructive interference from the reflected ground wave.

Transmitting Antennas for Broadcast Frequencies. 1—Nearly all the
more recent broadcast antennas are self-supporting steel towers having a

1 For further information on this subject see H. E. Gihring and G. H. Brown,
General Consideration of Tower Antennas for Broadcast Use, Proc. I.R.E., vol. 23,
p. 311, April, 1935; G. H. Brown, A Critical Study of the Characteristics of Broadcast
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height either approximately a quarter wave length or slightly in excess of.

a half wave length, and serving as vertical radiators. Such an antenna
can be excited by insulating the base of the tower from ground and apply-
ing the exciting voltage between the base and ground, or by making use of
a loop formed by the ground and a wire attached to the tower above
ground at a height corresponding to approximately 20 per cent of the
antenna height, as illustrated in Fig. 417d. This loop is made resonant
to the transmitted frequency by means of the capacity C, and therefore
carries a large circulating current which develops sufficient voltage across
the section h to'excite the remainder of the tower. The tower radiator has
the advantage of simplicity, low cost, and good efficiency.

(a) Tower radiator (b) Tower radiator (c) Tower radiator (d) Grounded
with capacitytop with series tower

•inductance •

Physical
structures

Insulators,
Coupling
unit

' To transmitter

»/////////////,.

Current
distributions

Fig. 417.'—Different types of tower radiators, with current distribution for each.

The vertical directivity of a vertical radiator depends upon the height,

as shown in Fig. 378. The optimum results for broadcast purposes are
obtained when the height is of the order of 0.50 to 0.56 wave length, as
this gives maximum concentration of energy along the ground consistent
with suppression of the sky wave (see Sec. 122 for discussion of the desired
directional characteristics). With heights much less than 0.5 wave
length the directivity is largely lost, and heights greater than 0.6 wave
length produce a strong high-angle sky wave.

The relatively great cost of vertical radiators with optimum height
has led to the investigation of possible alternative arrangements. Among
these are the polyphase array of Fig. 401, the capacity-top arrangement
of Fig. 4176, and the sectionalized tower with series inductance shown at

417c. The polyphase array is capable of giving greater directivity

than obtainable with a simple vertical radiator, but is also much more

Antennas as Affected by Antenna Current Distribution, Proc. I.R.E., yol. 24, p. 48,
January, 1936; A. B. Chamberlain and W. B. Lodge, The Broadcast Antenna, Proc.
I.R.E., vol. 24, p. 11, January, 1936.
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expensive. The capacity top reduces slightly the height required for
optimum operation, but the saving with practical structures is. hardly
worth bothering with. The sectionalized towers with series inductance
make it possible to reduce the total height from 20 to 30 per cent without
sacrifice in directive characteristics, but this is in part counterbalanced by
the extra cost of sectionalrzing the tower and by the energy losses in the
inductance. 1 However, sectionalizing has the advantage of making it

possible to adjust the effective height experimentally without involving
expensive structural changes and so is sometimes used for this reason.

The amount of directivity obtainable with a vertical radiator about
0.54 wave length high approximates the optimum directivity for a 50-kw
station operating in the frequency range of 750 to 1000 kc with average soil
and receiving conditions. With high-conductivity soil, lower frequency,

Auxiliary surface
groundimmediately

under tower

Common
connectingpoint
for allparts, of'—
groundsystem

^Buriedradio/is
preferably 3°aparf
and

'

x/z long

Tower base

Fig. 418.—Typical ground system for vertical radiator.

favorable receiving conditions, or greater transmitter power, more direc-
tivity would ordinarily be useful if obtainable at reasonable cost. Under
typical conditions a vertical radiator of optimum height roughly doubles
the primary service area of a 50-kw station as compared with a short
vertical radiator. A portion of this gain is the result of a stronger ground
wave, while the remainder is due to the reduction of the high-angle sky
wave.

Where a vertical radiator of optimum height is not practicable or
cannot be justified economically, as in the case of transmitters with low
power or low frequency, or when established airplane routes pass in the
vicinity of the antenna, it is customary to use radiating towers having a
height of approximately one-quarter wave length. Such an arrangement
radiates a field that is almost exactly proportional to the cosine of the

1 An analysis of the sectionalized tower is given by G. H. Brown, A Note on the
Placement of the Coil in a Sectionalized Antenna, Broadcast News, no 22 v 14
October, 1936.

' '
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angle of elevation, and so has no more directivity than .a short antenna
with flat top, but is less expensive and more efficient.

The efficiency of a broadcast antenna depends largely upon the ground
losses occasioned by currents flowing in the earth near the antenna.
These losses can be made low by providing a ground system of buried
wires as shown in Fig. 418, consisting of numerous radials having a
length that is preferably not less than a half wave length. These radials
provide a low-resistance path for the currents that flow out through the
ground to. charge the capacity between tower and ground, and they
thereby reduce the effective ground resistance. With tower antennas it is

customary to use between 90 and i20 such radials. These should, if

possible, be about a half wave length long, since when appreciably shorter
the ground losses increase greatly even when the antenna height is small. 1

With such a ground system the efficiency of a tower radiator is high.
A self-supporting tower insulated from ground has a relatively high

localized capacity from the lower end of the tower to the earth immedi-
ately below. Losses from this source can be reduced to a negligible value
by placing the tower insulators on posts from 6 to 10 ft. high in order
to reduce the capacity to ground and by providing an additional grounding
system in the immediate vicinity of the tower base. This auxiliary
ground can be a screen laid on the earth's surface an.d extending out a
short distance beyond the tower footings, or can be a system of closely
spaced overhead radial wires bonded together and connected to the buried
grounding system at one point. 2

Calculation of the exact behavior of tower antennas is complicated by
the fact that a self-supporting tower is tapered, and this causes the cur-
rent distribution to deviate somewhat from sinusoidal. Experiments
indicate that with the self-supporting tower radiator the current dis-

tribution is of the form shown in Fig. 417a. As a result of the reduced
current in the top portion of a tapered tower, it is necessary that the"

tower have a slightly greater height when tapered than when of uniform
cross section. Otherwise there is no. essential difference in spite of the
fact that a uniform-cross-section structure is sometimes believed to be
capable of giving a performance that cannot be duplicated by the tapered

1 Thus G. H. Brown, The Phase and Magnitude of Earth Currents near Radio
Transmitting Antennas, Proc. I.R.E., vol. 23, p. 168, February, 1935, shows that with
a half-wave tower the maximum earth losses in a circular shell about the tower are
at a distance approximately X/3 distant from the tower base.

2 The first tower radiators were specially designed to have a yery small capacity
from the lower end to ground, since it was assumed that this capacity

f
was highly

detrimental to the behavior. However, analysis shows that the ground capacity is

harmiul only if the ground losses in the immediate vicinity of the tower base are high,
and the self-supporting type of structure is now generally accepted as being entirely
suitable.
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tower. The only advantage of the uniform cross section is that it enables
one to predict the optimum height accurately by calculation (optimum is

0.53 wave length), while with a tapered tower the optimum height

depends upon the rate of taper and there is not enough information
available on these towers to permit an exact predetermination of the best
height.

Simple antenna arrays are used to some extent to give horizontal

directivity in broadcast work. Thus it is sometimes desired to concen-
trate most of the radiated energy toward the regions of maximum popula-
tion or to avoid interfering with another station. These objectives can
often be achieved by means of a simple array consisting of two or three
radiators properly phased. Thus a broadside array consisting of three
vertical radiators spaced one-half wave, length apart will give a field

strength approximately three times as great in the broadside direction as
in the right-angle direction. .

•

Transmitting Antennas for Long Waves.—At frequencies below the
broadcast band the distance corresponding to a wave length is so great
that it is impracticable to obtain directivity with efficiency arid reasonable
cost. .The usual antenna system for the lower frequencies consists

of a T, or inverted L, flat-top arrangement, as illustrated in Fig. 371e and
/, supported by two towers. The flat top radiates very little energy but
serves two very important functions. In the first place, if its capacity to
ground is considerably greater than the capacity of the vertical wire,

the current in the vertical wire will be substantially constant over its

entire length. This increases the effective height of the antenna by giving
more radiated energy in proportion to the antenna current and height,

with the result that the antenna efficiency is improved. In the second
place, the flat top reduces the antenna voltage, since with a large-capacity
top it is possible to have a large current in the vertical section with a
relatively low antenna voltage. This is important when the power is

high and the frequency is low. Thus, when the power is of the order of

100 kw at a frequency of 20 kc, a flat-top structure 1 mile long and 500 ft.

wide, is required to keep the antenna voltages low enough to permit
adequate insulation and avoid corona losses.

The efficiency of low-frequency . antennas tends to be very small
because of -the low radiation resistance obtained with practical heights
and because the power losses in the ground and in the antenna tuning
coil tend to be large as a result of the large physical dimensions involved.
The ground system is particularly important because, with a large flat

top, currents must flow through the ground for a considerable distance.
The preferred arrangement is to carry these ground currents by means
of buried or overhead wires to the immediate vicinity of the point where
these currents leave the ground to charge the capacity between antenna
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and ground, x In this way the distance that must be traveled through the
earth is greatly reduced.

Miscellaneous.—Steel towers, guy wires, and other conductors in the-
.. vicinity of an antenna tend to alter the directive characteristics and so
must be located with considerable care. Steel supporting towers should
not have a length that makes them resonant to the frequency being
transmitted, and they should be located where the coupling to the antenna
system is a minimum. Guy wires should not be too numerous, and must
be broken up into lengths that are a small fraction of a half wave length
by means of insulators.

"

Transmission lines used with transmitting antennas should approach
the antenna at right angles so that there will be a minimum of coupling
between the antenna and line. .

In some locations trouble is encountered from sleet. This can be
avoided by arranging the antenna system so that a 60-cycle heating
current can be passed through the antenna wires to prevent the formation
of sleet. It is desirable that the .arrangements be such that the heating
current can be applied while the antenna is carrying on its normal radiat-
ing functions.

Antennas for use with airplane transmitters introduce special prob-
lems. In some cases the antenna is^trung from wing tip to tail| or from a
short vertical pole to wing tip, etc., but such antennas have a low effective
height and tend to be rather inefficient even with short waves. A more
satisfactory arrangement from the point of view.of efficiency is a trailing
wire reeled out through a hole in the rear end of the fuselage. This wire
trails behind the plane with little or no weight at its end, and is made weak
enough so that, if the pilot forgets to reel in the wire before landing, it will
break without producing any serious reaction on the plane.

138. Receiving Antennas.^The main considerations involved in
receiving antennas are the amount of energy that the antenna can deliver
to the receiver, the directivity, the cost, and the freedom from extra-
neous disturbances.

The energy that an antenna is able to deliver to a radio receiver
depends upon the physical size of the antenna, the frequency, and the
antenna efficiency as denned for transmission. If the efficiency is high,
i.e., if the antenna resistance is largely radiation resistance, the energy
that can be abstracted from a passing radio wave tends to be independent

1 The distance that the ground currents must be transmitted in this way can be
reduced greatly in the case of very low frequency antennas by using multiple ground
leads spaced perhaps 1000 ft. apart, giving what is termed a "multiple tuned antenna."
See N. Lindenblad and W. W. Brown, Main Considerations in Antenna Design
Proc. I.R.E., vol. 14, p. 291, June, 1926, for further information on ground systems
for long-wave antennas.
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of size until the antenna dimensions approach a half wave length. This

is because the equivalent lumped voltage induced in such an antenna is

•approximately proportional to size, while the radiation resistance is

proportional to the square of the size. Hence with perfect matching

(i.e., a load resistance equal to antenna resistance) the abstracted energy-

will be independent of size. With larger physical dimensions the antenna

picks up more energy from passing waves, but also tends to be directional.

When the loss resistance is appreciable, there is an advantage in making

the antenna reasonably large since the loss resistance normally increases

more slowly than the square of the size:

The amount of energy that can be abstracted from a passing radio

wave by a given antenna tends to decrease as the frequency becomes

greater. This is because the induced voltage is independent of frequency

while the radiation resistance increases rapidly with frequency. When the

antenna dimensions do not exceed a half Wave length, the radiation resist-

ance varies as the square of the frequency, and with negligible loss resist-

ance the energy delivered to a load resistance that equals the radiation

resistance will be inversely proportional to the square of the frequency.

As a result increasing attention must be paid to the amount of energy

abstracted as the frequency becomes high.

A receiving antenna should abstract sufficient energy from passing

waves so that the noise level resulting from static and other natural

causes under normal receiving conditions is at least comparable with the

thermal-agitation energy existing in the input of the receiver. The signal-

to-noise ratio cannot then be improved by further increase in received

energy, and the. antenna system is adequate as far as energy pick-up is

concerned.

When it is desired to avoid marked directional, effects in the reception

of signals of broadcast and lower frequencies, a single wire with one end

elevated and the other grounded through the receiver is ordinarily used.

The height rather than the length of such an antenna determines the

induced voltage since waves of broadcast and lower frequencies are verti-

cally polarized in the vicinity of the earth. A height of only a few feet is

sufficient if great care is taken to eliminate all loss resistance and to match

the receiver input, perfectly with the antenna, but it is usually simpler to

make the height at least 15 to 20 ft. so that the penalty of not realizing

ideal conditions is less.

The usual non-directional antenna for the reception of short-wave

signals is a single wire perhaps 25 to 50 ft. long^. This may be used as a

vertically or horizontally polarized antenna since short-wave signals

ordinarily contain both components. However, most man-made dis-

turbances are vertically polarized near the earth, and so cari be minimized

by a horizontal antenna.
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In the special case of automobile-radio antennas, it is customary to use

either an antenna in the car top, if this is of wood or fabric, or an arrange-

ment employing metal plates suspended below the running boards, with

one receiver input terminal connected to these plates and the other to

the car. With such antennas the energy pick-up at best is small, and

there is consequently considerable advantage in designing the antenna

and input circuit to the receiver so that, when the specified antenna con-

stants are realized, there is an efficient coupling to the grid of the first tube.

All-wave Antenna Systems for Broadcast Receivers.—The advent of the

all-wave receiver has led to the development of special antenna systems

which give adequate pick-up over the full frequency range with a mini-

mum of directivity, and which do not respond to vertically polarized

high-frequency noise voltages such as those produced by electrical

appliances. An example of such an antenna system is shown in Fig.

419. x This arrangement employs a horizontal doublet antenna having

an over-all length slightly less than a half wave length at the highest

frequency. to be received. This antenna has its own ground and is

coupled to a balanced non-resonant line by an antenna-coupling unit.

The receiving terminal of the balanced line is coupled to.the unbalanced

input of the receiver through a "line-to-receiver filter" or transformer

which has a balanced primary with an electrostatic shield between primary

and secondary.

The antenna-coupling unit is designed so that at the high frequencies

the antenna functions as a horizontal doublet coupled to the transmission

line through transformers LiL 2 as shown at Fig. 4196, with the coupling

network so designed that the impedance match between line and antenna

is sufficiently good to permit the energy transfer to approach the maximum

possible value. At low frequencies the arrangement functions as a flat-

top antenna which is coupled to the line through the transformer LJj?,

as shown in Fig. 419c. The transition between doublet and flat-top

action occurs in the vicinity of 5 mc and comes about as a result of the

fact that at high frequencies the capacity C2 is a virtual short circuit and

so prevents action as a flat-top antenna, while at low frequencies the

transformer LiL2 is so inefficient as to prevent action as a doublet antenna.

The complete antenna-coupling unit can therefore be considered as a

combination of an impedance-matching network and switching network.

This switching is necessary because at the lower frequencies the waves

near the earth's surface are vertically polarized and so do not induce

voltages in a horizontal antenna. The resistance R shown in the antenna

1 For further information concerning this all-wave antenna system, with particular

reference to the principles involved in the coupling networks, see Harold A. Wheeler

and Vernon E. Whitman, The Design of Doublet Antenna Systems, Proc. I.R.E.,

vol. 24, p. 1257, October, 1936.
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ground lead is to prevent the possibility of resonances when this lead is

long. .

'

The use of a horizontal antenna carefully balanced to ground greatly

reduces the amount of man-made noise picked up at the higher frequencies.

The suppression of noise can be still further improved by locating the
antenna together with its ground in a quiet, location' even when this

requires the antenna to be some distance away from the receiver. Each

(a) Actual circuit

Horizontal antenna
K 15meters—̂ -—^

2 ^meters
Elecfrostat/'c shields

I „-~i

(

1/5ohm I i<--
\non-resonant fine

Antenna '

coupling '

unit

To receiver
input

To receiver
* ground
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(b * SnitTt «Pn
d
h
e> uIvalent coupling (c). Antenna emdequi'valent couplingcircuited high frequencies circuit at low frequencies

Fig. 419.—All-wave antenna system, together with equivalent circuits at high and low
frequencies.

side of the doublet antenna is composed of two wires, as shown in Fig.
419a, for the purpose of lowering the reactive component of the antenna
impedance in order to simplify the matching of antenna to the trans-
mission line. • •

The transmission line is ordinarily a twisted pair and terminates in a
balanced coupling unit; thus it is relatively free from antenna action.

The addition of a transmission-line ground with a 500-ohm resistance as
shown still further reduces antenna action by damping out unbalanced
currents in the line. The "line-to-receiver" filter consists of a double
transformer with condensers, as shown, and with proper design it is possi-
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ble to obtain efficient transfer of energy over the entire frequency band
from 0.54 to 18 mc, while at the same time making the impedance that
the line sees when looking into the filter substantially equal to the char-
acteristic impedance over this entire range, provided the receiver offers a
constant input resistance.

The design of the circuits for antenna-coupling and line-to-receiver
networks is based upon the theory of wave filters and is beyond the scope
of this book. It is sufficient to say that by proper attention to details
surprisingly satisfactory results are obtained oyer the entire frequency
band. Thus, in addition to the automatic change in mode of action with
frequency, the energy pick-up at high frequencies is within a few decibels
of that theoretically obtainable with coupling units individually adjusted
to the frequency being received.

Directional Receiving Antennas.—In point-to-point radio communica-
tion it is of considerable advantage to employ directional receiving anten-
nas, since in this way interference from static and radio signals coming in
from other than the desired direction can be eliminated, with consequent
improvement in the signal-to-noise ratio. This is equivalent to increasing
the power of the transmitter and, in cases where the bulk of the inter-
ference arrives from directions other than that in which the transmitter is

located, the benefits from directivity become very great. With.a random
distribution of interference the gain from a directive receiving antenna is

the same as the gain when the same antenna is used for .transmitting, while,
if most of the energy comes from other than'the desired direction, 'the gain
resulting from directivity at the receiver is still greater.

In a directional receiving antenna it is desirable for the directive
pattern to have ©ne main lobe with negligible minor lobes, and it is essen-
tial that the transmission line be arranged so that no energy reaches the
receiver except that picked up by the antenna. In this way strong
disturbances from undesired directions deliver practically ho energy to the
receiver. The most satisfactory directive antenna systems for short-
wave work are the fishbone anlenna of Fig. 387 and the rhombic antenna
of Fig, 393c. Both of these are non-resonant and so can operate over a
range of frequencies without readjustment. The fishbone antenna is

more complicated than the rhomboid, but has the advantage of a directive
pattern that is substantially free of minor lobes . Other types of antennas,
such as the resonant V, the broadside array, etc., have been used to some
extent in reception but are generally less desirable.

The maximum directivity usable in a receiving antenna is set by. the
angular deviations that can be expected from time to time in the received
wave, just as is the case with transmitting antennas. There is also a limit
to the physical size of a short-wave directive antenna, since signals received
at points separated by distances of the order of 10 wave lengths ordinarily
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have more or less random phase difference, and so will not add up properly

in the antenna. This causesa loss bidirectional characteristics since the

maintenance of the pattern requires proper phase relations for the differ-

ent parts of the antenna. It is hence undesirable for the receiving antenna

to be more than six to eight wave lengths in size.

At broadcast and lower frequencies the Beverage wave antenna is the

most satisfactory directive antenna since it is simple, has excellent direc-

tivity, and, as a result of being non-resonant, can be used for the reception

of different frequencies without readjustment. In cases where only a

single frequency is to be received, as in the transatlantic long-wave tele-

phone, it is also possible to use an array of two to four antennas (such -as

loops or vertical wires) spaced from half a wave length to two wave lengths

apart and coupled together with proper phase relations by use of trans-

mission lines,
, . .

In the construction of directional short-wave repeiving antennas it is

necessary to take special precautions to prevent the directional character-

istics from being partially destroyed by the action of near-by conductors,

such as towers, guy wires, and power lines. Such objects, if of the right

dimensions, will abstract appreciable energy from waves that arrive m
unwanted directions and will reradiate this energy to the receiving

antenna. If the interference arriving from these unwanted directions is

great, this action will largely neutralize the other advantages of the direc-

tional antenna. Hence it is customary to locate short-wave directive

receiving antennas in spaces that are clear of trees, houses, power

and telephone wires, etc., and considerable attention is also paid to

minimizing the effect of towers and other metal structures. that must

necessarily be near the antenna. Wooden telephone poles are partic-

ularly satisfactory when they can be used. It is also desirable to locate

directive receiving antennas where there will be a minimum, of noise of

man-made origin. This in general means rural locations removed from

main traveled roads, regular air routes, power lines, etc. It is also desir-

able to bury near-by power wires in underground conduits to prevent

the receiving antennas, transmission lines, etc., from picking up disturb-

ances originating on the power system.

Antennas for Ultra-high Frequencies.—With ultra-high frequencies the

principal problem involved in non-directional reception is to obtain

adequate energy pick-up. Since the energy abstracted by an antenna a

half wave length or less in size is very small at such frequencies, it is

commonly desirable to employ larger antennas even, though this intro-

duces appreciable directivity. It is also essential that the receiving

antennas for ultra-high frequencies be located as far as possible above

the earth, since, as shown by Eq. (219), the field strength received from

a distant' transmitter is directly proportional to the antenna height

above earth.
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Directive antennas used at ultra-high frequencies are commonly of

the same types employed at lower frequencies, but with the difference

that there is greater flexibility possible in design because of the small

physical size represented by a wave length.

Problems

1. A vertical wire 10 meters lbng carries a current pf 5 amp. of frequency 2000 kc.

Assuming the wire is in free space, and that the current is uniformly distributed,

calculate the strength of the radiated field produced at distances of 1, 10, 50, and 200

km in a direction at right angles to the axis of the wire.

2. In Prob. 1 calculate the rate at which energy flows through a square area X/4

on a side when the distances are 1, 10, 50, and 200 km. •

•

3. a. A particular antenna consists of a horizontal wire 2% wave lengths long.

Sketch the nature of the current distribution in the antenna, and also sketch the image

antenna with its .current distribution.

6. Repeat (a) for the case where the wire is vertical with its lower end X/4 above

ground.

4. Discuss the equivalent receiving antenna circuit of Fig. 374 from the point of

view of Thevenin's theorem.

6. Discuss qualitatively the reasons that the pattern for the 1 H-wave-length wire

in Fig. 375 has six lobes (three on each side of the wire).

6. Derive an equation analogous to Eq. (228) but for the case where the wire

length is an odd number of half wave lengths.

7. Calculate and plot the directional characteristic in a horizontal plane obtained

from two vertical wires spaced one wave length apart and having the same phase.

8. a. An antenna system consists of two spaced vertical wires carrying identical

currents. Deduce a formula for the directional characteristic in a vertical plane

containing the line joining the wires, and for the vertical plane at right angles to this,

assuming that the field from the individual radiator is proportional to the cosine of

the angle of elevation.

6. Calculate and plot the directive patterns for a spacing of one wave length.

9. Deduce a formula for the directional characteristic in a horizontal plane of

.three vertical antennas spaced apart a distance d along a line, with phases of -a, 0,

and a, respectively, and carrying identical currents.

10. In a non-resonant antenna it is possible, by the use of series condensers, to

reduce the phase shift of current along the line, even to the point where the current

everywhere is of the same phase. Discuss, qualitatively, the effect that this change

can be expected to produce in the directional characteristic, with particular reference

to the directions of maximum radiation.

11. Discuss the directional characteristic of the array of arrays of Fig. 389 on the

basis that this is a two-element array, each element of which is a broadside array,

and show that the result is the same as obtained by taking the arrangement to be a

broadside array, each element of which is a unidirectional couplet.

12. In a non-resonant V antenna of the type shown at Fig. 3936, if the tilt angle

is not the optimum value, demonstrate qualitatively that, although the major lobes of

radiation from the two sides of the V do not point in the desired direction, the sum

of the two lobes does provided the tilt angle is not too far from optimum.

13. Design a horizontal rhomboid antenna that will give optimum directivity at a

wave length of 20 meters, when the length of each leg is limited to 60 meters and

. the radiation is to be concentrated at a vertical angle of 15 deg. above the horizontal.

The design includes determination of antenna dimensions (in meters or feet), angles,

and height above earth.
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14. Calculate and plot the directional characteristic of the antenna of Prob. 13
for the antenna in free space, for the plane of the antenna, and for a vertical plane
passing through the terminating resistor and the diagonally opposite apex. From
this calculate and plot the directional characteristic in the vertical plane for a perfect
earth with the antenna height selected in Prob. 13.

15. Repeat the calculation of directivity in the vertical plane of Prob. 14, assuming
an imperfect earth having the reflection coefficients of Fig. 346.

16. Design a horizontal resonant V antenna for service at a wave length of 40
meters, when the length of each leg is 3% wave lengths, when the optimum vertical

angle is 20 deg., and when a unidirectional characteristic is desired. The design
includes specification of antenna dimensions (in meters or feet), apex angle, and
height above earth.

17. Calculate and plot the directional pattern for the antenna of Prob. 16 in the
horizontal plane, and also in the vertical plane passing through the bisector of the
apex angle (assuming a perfect ground).

18. An antenna consists of a horizontal wire a half wave length long and three-
fourths of a wave length high. Calculate and plot the directional characteristics in
vertical planes that: (a) are at right angles to the axis of the wire, (6) contain the wire.
Make calculations (1) for a perfect earth, (2) for an earth having reflection coefficients

as given in Fig. 346.

19. Derive a formula for the directional characteristic in the horizontal plane of an
antenna system comprising two vertical wires spaced a distance d apart, carrying
currents with magnitudes in the ratio A and having a relative phase f>.

20. Determine the gain of a vertical grounded antenna that is 5X/8 high compared
with a short vertical wire, using the graphical method.

21.' Calculate and plot the resistance component of the impedance of a half-wave
horizontal antenna as a function of height above a perfect earth (up to height = 2X)
by deducing from Fig. 408 the resistance component of the impedance which the
negative image antenna couples into the actual antenna.

22. Prove that, when to antenna systems are arranged in an array in such a manner
that the maximum lobes of radiation all add in phase, then the gain of the combination
will be to times the gain of the individual antenna system provided the spacing
(or orientation) is such that the mutual impedances' between antenna systems are
negligible.

23. A parasitic half-wave
. antenna is 3X/8 distant from the radiating antenna.

Using Fig. 408 determine: (a) the magnitude and phase of the induced voltage when
the radiating antenna current is I

; (b) the current in the parasitic antenna when it is

tuned to resonance; (c) the resistance component of the effective impedance of the
radiating antenna, taking into account the effect of the parasitic antenna.

24. When a parabolic reflector is used, explain why the focus must.be an Odd
number of quarter wave lengths distant from- the nearest part of the reflector.

26. A particular two-wire transmission line is to be constructed from No. 12 wires
and must have a characteristic impedance of 600 ohms. Specify the spacing required.

26. In the arrangement shown at Fig. 413e explain why the distance m depends
upon the antenna height above earth.

27. A half-wave transmitting antenna is to be coupled to a 600-ohm line so that
the line will be non-resonant. • If the connection to the antenna is made by opening the
center of the antenna so. that the antenna offers a resistance inpedance of 73.4 ohms,
design a quarter-wave coupling line of the type shown at Fig. 413c.

28. When a particular antenna is connected directly to a transmission line, it is

found that the resonances are such that the minimum line current is half the maxi-
mum current along the fine. Design a stub line that will make the line non-resonant.
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29. Describe the mechanism by which unbalances to ground or dissymmetries in a

transmission line will cause currents to flow out along the two transmission-line wires

in parallel and return via the ground.

30. In (b) of Fig. 416a, explain:, (a) the coupling mechanism between line and

antenna, (b) the reason the line should be an odd number of quarter wave lengths long.

31. Discuss the differences that would exist between short-wave directive antenna

systems for communication over a few hundred miles as compared with corresponding

antennas intended for communication over great distances.

32. Describe a tuning procedure that would be suitable for placing the antenna

system of Fig. 397o in operation.

33. Calculate and plot the directivity in a vertical plane of grounded vertical

antennas of heights X/8, 3X/8, A/2, 5A/8, and 3X/4. Plot on the same polar coordi-

nates and reduce all cases to the same radiation along the horizontal. From the

results . discuss the effect of antenna height from the point Of view of broadcast

coverage.

34.' Design a fishbone antenna to receive long-distance signals in the frequency

range 15 to 7.5 mc. The design includes specification of number, length, and spacing

of the collector antennas, and the height of the array.

35. Explain why a large receiving antenna is of advantage when the receiver is not

particularly sensitive, but is of little or no advantage with a sensitive receiver.

36. In the all-wave receiving antenna of Fig. 419 what would be the practical

effect of: (a) a poorer impedance match between the antenna and the line, (6) a

poorer impedance match between the line and the receiver input, (c) removal of

electrostatic shielding in the line-to-receiver filter, (d) increasing the length of the

transmission line?



CHAPTER XVI

RADIO AIDS TO NAVIGATION

139. Fundamental Principles of Radio Direction Finding. 1—The
fact that radio waves propagate away from the transmitter along a great-
circle route can be utilized in direction-finding work. Thus a ship or
airplane can obtain its location by determining the direction of the radio
waves sent out by transmitters at known locations, Similarly it is

possible to determine the location of a radio transmitter by taking bear-
ings on the radio waves at two receiving locations.

%n
Fig. 420.—Examples of typical loop antennas.

Analysis of Loop Characteristics.—Most practical direction-finding

systems make use of a loop antenna, which is essentially a large coil of

any conveniently-shaped section (see Fig. 420, for examples). Such an
antenna has the directional characteristic shown in Fig. 421 and abstracts
energy from passing waves as a result of phase differences between the
voltages induced in the opposite legs. Thus consider the case of a

rectangular loop in the path of a vertically polar-

ized radio wave! When the plane of the loop is

perpendicular to the direction of travel pf the

waves, the voltages induced in the two legs are of

equal magnitude and the same phase, and, being-

directed around the loop in opposite sense, cancel

each other and result in zero response. As the

plane of the loop is brought nearer to parallel

with the direction of wave travel, the wave front
reaches the two legs at slightly different times, causing a phase
difference between the voltages induced in the two legs and giving rise to a
resultant voltage that acts around the loop and is maximum when the
plane of the loop is parallel to the direction along which the waves travel.

1 For further information on direction finding and for references to the extensive
literature on the subject one should read R. L. Smith-Rose, Radio Direction Finding
by Transmission and Reception, Proc. I.R.E., vol. 17, p. 425, March, 1929.

722

Loop (Plan View)

Fig. 421.—Directional
characteristic of loop an-
tenna. This applies to
loops df all shapes.
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Vector diagrams illustrating the situation for several loop orientations

are shown in Fig. 422.

The resultant voltage acting around a rectangular loop is given by the

following equation: 1

(fees,)Resultant voltage acting around loop = 2elN sin (— cos
J

(251a) •

where

€ = strength of radio wave in volts per meter

I — height of loop in meters .

s = width of loop in meters

N = number of turns in loop

X = wave length of radio wave in meters

6 — direction of travel of wave with respect to plane of loop.

In practical loops the size is small compared with a wave length so that

sin ( — cos 6
J
may be written as — cos 8 without appreciable error, giving

Is
Resultant voltage acting around loop = 2x6^^- cos (2516)

„ Ar(loop area) . ,„.. v— 27rei\P ~- cos (251c)
A

Equation (251c) applies to loops of all shapes provided only that the

loop is small compared with a.wave length. 2

The effectiveness of a loop as a means of abstracting energy from pass-

ing waves (or for radiating energy) is low because of the tendency of the

opposite legs to cancel each other's effects. The practical usefulness of

the loop arises from its directional characteristic, its convenient physical

form, and its' independence of the ground.

Direction Finding with Loop Antennas.—The direction of travel of a

radio wave can be determined by using a loop antenna to excite a radio

receiver. The loop is rotated until zero response of the receiver indicates

that the plane of the loop is perpendicular to the direction in which the

•
x This formula can be readily derived as follows: The voltage induced in each

2tts
vertical leg is eNl, while the phase difference between the voltages is -r- cos radians,

since* the wave front must travel a distance s cos to pass from one leg to the other.

Subtracting the voltages in the two legs while taking into account this phase differ-

ence gives Eq. (251).
2 A discussion of loops not small compared with a wave length is given by L. S.

Palmer and L. L. K. Honeyball, The Action of Short-wave Frame Aerials, Proc.

I.R.E., vol. 20, p. 1345, August, 1932; V. I. Bashenoff and K A. Mjasoedoff, The
Effective Height of Closed Aerials, Proc. I.R.E., vol. 19, p. 984, June, 1931.



724 " RADIO ENGINEERING [Chap. XVI

wave travels (see Fig. 421). In using the loop the position for minimum
rather than maximum response is used because the percentage of change
of response with small change in loop position is much greater in the
vicinity of the loop minimum.

A simple loop antenna employed as described gives the bearing angle of

the passing radio waves but leaves a 180-deg. uncertainty in the actual

direction of the transmitting station. The sense of the bearing can be
determined by making use of a vertical antenna in conjunction with the
loop. The vector diagram of Fig. 422 shows that the polarity of the
resultant voltage acting around the loop depends on the direction from
which the waves arrive, so that, if a small amount of pick-up from a
vertical antenna is suitably coupled into the loop, the antenna action will

cause one lobe of the loop pattern to be enlarged and the other to be
diminished, as shown in Fig. 423. When the two forms of pick-up are

of the same magnitude, the directional pattern reduces to a cardiod. The
procedure for direction finding is hence to obtain the bearing by adjusting
the loop for zero response with the vertical antenna disconnected, after

Plan View of Loop Vector Diagrams of Voltages Acting in Loop
Sh
°W^ve

D
wf"°

f Side View of Loop A- B C D • E

Fig. 422.—Vector diagrams showing how the voltages induced in the two sides of a loop
by a passing radio wave combine to give a resultant voltage acting around the loop.

which the 180-deg. uncertainty in the bearing is eliminated by rotating

the loop 90-deg. in a specified direction and coupling the vertical antenna
to the loop. If the addition of the vertical antenna increases the signal,

the sense is one way, while a diminution of signal indicates the opposite

sense. '

'

.

The vertical antenna used to obtain the sense of the bearing can be
any convenient arrangement located near the loop, and must be coupled

so that the voltage induced in the loop circuit will either add to or sub-

tract from the resultant loop voltage. A practical arrangement is shown
in. Fig. 423. Here a resistance of several thousand ohms is placed in

series with the antenna to make the current in the antenna substantially

in phase with the induced voltage and independent of frequency. This
current then passes through a coil that is inductively coupled to the

loop, thereby causing the vertical antenna voltage acting in the loop

to be 90 deg. out of phase with the voltage induced in the vertical antenna.

This gives the required phase conditions, since reference to Fig. 422 shows
that the resultant voltage acting around the loop is also almost 90 deg.

out of phase with the voltages induced in the vertical sides of the loop.

In Fig. 423 the required antenna effect is obtained by connecting the



Sec. 139] RADIO AIDS TO NAVIGATION 725

antenna to one end of the antenna coil. The amount of vertical antenna
effect must not appreciably exceed the loop pick-up, but at the same time
it must be sufficient to produce a noticeable effect upon the directional
pattern.

Error8 inLoop Bearings and TheirElimination.—The bearings obtained
by the use of a loop antenna are accurate only when the ioop is remote from

"X"
X

#

Vertical'antenna-

High resistance

Condenser fo
controlcompen-
sation forloop
unbalance-.

(b) Directional pattern with
various amounts of
vertical antenna effect

Zero response directions
with moderate antenna
.-— -~- effect

!_ jrtJfcr*

Fig.

Switch to change
verticaiantenna
from unbalance
compensation to
senseadjustment

No antennaeffect'
i \

Moderate antenna effect ' '

Lpop and antenna effectequal

'

423.—Circuit diagram of practical radio compass, together with typical directional
patterns tHat result when loop is combined- with the vertical antenna.

metal objects, when it is balanced electrostatically to ground, and when
down-coming horizontally polarized waves are absent. Wires and other
metal objects abstract energy from, passing waves and then produce
induction and reradiation fields that induce spurious voltages in a near-by
loop. The resulting error in bearing can usually be allowed for by an
experimentally determined correction curve, provided the metal objects

InsulatedJoinfUnbalanced loop Balanced loop arrangements ;n shields

1*T IF
Shield

Loop

To receiver t r sm>\ sialic \ \

Radio receiver k \ shields Tor

tpur^" Torece,ver '

Fig. 424.—Unbalanced, balanced, and shielded loop arrangements.

are always in the same relation to the loop. The correction required will

ordinarily depend somewhat upon frequency.
Spurious bearings can also be expected unless the loop is electro-

statically balanced with respect to ground. Thus, referring to the left-

hand diagram in Fig. 424, after the loop is in the zero signal position the
voltages induced in the vertical legs are of the same magnitude and phase,
and, being directed around the loop in opposite directions, produce no
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resultant voltage around the loop circuit. However, because of the dis-

symmetry that results from grounding one side of the tuning condenser,

capacity currents flowing to ground through C6
' flow through the tuning

condenser, whereas the corresponding currents through Cg
- do not, and

this unbalance causes a signal to be delivered to the receiver even though
the loop is in the position for zero response. The resulting effect is

equivalent to coupling a small amount of vertical antenna pick-up into

the loop circuit, and results in a spurious bearing, as seen from the direc-

tional characteristic given in Fig. 4236. It will be noted from Fig. 4236
that a small amount of vertical antenna action such as produced as the

result of unbalance causes the angle between the two zero positions to

differ by less than 180 deg., so that the presence of unbalance in a loop
can be tested for by finding a null position and then rotating the loop

180 deg. and noting whether or not a null is again realized. Errors from
unbalance can be minimized by using circuit arrangements that are

symmetrical with respect to ground, such as shown in Fig. 424. It is also

helpful to enclose the loop in an electrostatic shield, such as a metal
housing broken by an insulated bushing, as shown in Fig. 424, so that the
shield does not act as a short-circuited turn. Such a shield insures that all

parts of the loop will always have the same capacity to ground irrespective

of the loop orientation or of neighboring objects. Finally, where maxi-
mum accuracy is required it is possible to compensate for residual unbal-
ances by connecting the antenna to the center of a small balancing
condenser such as shown in Fig. 423, in order to introduce a controllable

amount of compensating antenna effect. The proper adjustment of this

balancing condenser is obtained experimentally as the setting for which a
180-deg. rotation of the loop does not affect the null.

When horizontally polarized downward-traveling waves are present,

the horizontal members of the loop have voltages induced in them that
do not give zero resultant voltage when the plane of the loop is perpendic-
ular to the bearing of the radio waves. This causes the minimum signal

to occur at a false position, and in some cases makes it impossible to
obtain zero response at any loop position. Since horizontally polarized
downcoming waves are produced by the action of the ionosphere, the error
is negligible near the transmitter where the sky wave is much weaker
than the ground wave, but becomes of increasing importance as the dis-

tance is increased. When this type of error is present, the bearing of the
waves as observed by the loop appears to vary continuously. At broad-
cast and lower frequencies, where loops are most commonly used, the
sky wave is much stronger at night than in the daytime, so that the error

from down-coming sky waves is often termed night effect. The "night
effect " type of error sets a limit to the usefulness of the loop as a direction-

finding device, and makes it necessary to replace the loop by an Adcock
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aerial, as described below, when it is necessary to take bearings in the
presence of strong sky waves.

When the straight-line path between radio transmitter and receiver

follows along a coast line, the direction from which the radio waves arrive

at the receiver often differs from the true bearing of the transmitter.

This comes about as a result of the higher ground-wave attenuation over
the land, and makes it necessary to distrust all bearings obtained under
this particular situation. Similar behavior is often found in mountain-
ous regions, since the attenuation of a wave traveling up a valley is less

than for a wave traveling crosswise from ridge to ridge.

A properly balanced and calibrated loop will ordinarily give bearings
on near-by radio stations that are accurate to within ^ to 2 deg. The
accuracy diminishes, however, as the distance to the transmitter increases,

is greater during the day than at night, is reduced as the frequency is

raised, and is greater when the transmission is over water than when over
land. This is because all these factors affect the ratio of ground wave to

downward-traveling sky wave. The maximum distance for which satis-

factory bearings can be obtained in the day-time is of the order of 50 to

200 miles at frequencies of about 500 kc, and may be as great as several
thousand miles at very low radio frequencies.

.. When radio direction finding is employed to enable ships, airplanes,

etc., to determine their location, it makes no difference.whether the ship
observes the bearings of waves radiated from known locations or whether
receivers at known positions are used to determine the bearings of waves
sent out from the ship. This is because the Rayleigh-Carson reciprocal

theorem (see Sec. 130) shows that under the conditions where accurate
bearings are possible (no effect from down-coming sky waves) the
observed bearings are unaffected by interchanging the transmitter and
direction-finding receiver.

Adcoek Antenna.*—The errors in bearing caused by down-coming
horizontally polarized sky waves can be eliminated by replacing the loop •

antenna with the Adcoek aerial system, which in its simplest form consists
of two spaced vertical antennas connected as shown in Fig. 425. The
action of such an antenna as far as vertically polarized waves are con-
cerned is identical with the loop since the resultant current in the output
coil of the Adcoek antenna is proportional to the vector difference of the
voltages induced in the two vertical members, exactly as is the case with
the loop. Horizontally polarized down-coming waves do not affect the
Adcoek antenna/however, since the voltages induced in the two horizontal

1 For further discussion of the Adcoek antenna, see Smith-Rose, loc. cit; R. A.
Watson Watt, Polarization Errors in Direction Finders, Wireless Eng., vol. 13, p. 3,
January, 1936; R. H. Barfield, Recent Developments in Direction Finding Apparatus,
Exp. Wireless and Wireless Eng., vol. 7, p. 262, May, 1930.
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members are the same in magnitude and phase and cancel out as a result

of the circuit arrangements. By maintaining symmetry with respect to
ground and by enclosing in an electrostatic shield, the Adcock antenna
makes it possible to obtain accurate bearings up to several hundred
kilometers at frequencies in excess, of 5000 kc under conditions where
a loop antenna is utterly useless. The practical value of the Adcock
antenna is, however, limited by the fact that the energy pick-up is the
^ame as that of a one-turn loop, and so tends to be quite small. Hence
the Adcock antenna must be relatively large compared with a loop, and so
is not suitable for many applications.

Goniometer Arrangements.—When it is desired to avoid the necessity
of rotating a loop or Adcock antenna, it is possible to obtain the effect of

rotation by using two loop or Adcock antennas at right angles to each
other and combining the outputs in a goniometer. The goniometer con-

Goniometer

To first loop

Output

Crossed
Loops

[XI

W
Fig. 425.—Simple form of Adcock

aerial system.

Goniometer output

Fig. 426.—Goniometer arrange-
ment for shifting directional character-
istic of loop antenna without moving
the loop.

sists of two pairs of primary coils (one pair for each antenna) arranged at
right angles to each other and coupled to a secondary coil as shown in Fig.

426. If the goniometer is built so that the mutual inductance between
each pair of primary coils and the secondary is proportional to the cosine.
of the angle that the axis of the secondary coil makes with the axis of the
primary coils, then for any position of the secondary the directional
characteristic of the antenna system will be identical in form with the
directional characteristic of a single loop or Adcock antenna. The
orientation of this characteristic depends upon the position of the rotating
coil, however, and can be changed at will by rotating the goniometer
secondary just as the orientation of the directional characteristic of a loop
is changed by rotating the loop.

Homing Devices.—A homing device is a form of direction finder which
gives a visual or meter indication of the orientation of the direction-
finding equipment with respect to the direction of travel of the radio
waves. A typical circuit arrangement is shown in Fig. 427. Here loop
and vertical antennas are combined to give a cardioid directional pattern,
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and the putput of the receiver is rectified and passed through a direct-
current zero-center galvanometer. The polarity of the loop output is

continually reversed by means of a commutator so that the directional
pattern is shifted back and forth between the solid and dotted cardioids of
Fig. 427. A second commutator synchronous with the first reverses the
terminals of the galvanometer in synchronism with the reversals of the
loop polarity, so that the galvanometer deflection represents the difference
between the receiver .output for the two loop polarities. If the loop is

perpendicular to the direction in which the signals travel, 'the antenna-
system output is the same for both loop polarities, so that eo.ual d-c cur-
rents will pass through the galvanometer alternately in opposite directions
and there will be no deflection. However, if the plane of the loop is not
perpendicular to the bearing of the signal, the output of the antenna
system will depend upon the loop polarity as seen in Fig. 427, and a result-
ant d-c current will flow through the galvanometer, causing a deflection

D.c.

Galvan.

Motor

"On course "orzero de-
flection direction

Fig. 427.

fc-—-Typical "OfTcourse"
directionwith unequal
antenna outputsand
resu/tantgalvanome-
terdeflection

Receiver

-Circuit diagram of simple homing device, together with diagrams of the antenna
directional patterns for the two loop polarities.

to the right or left according to which side of the zero direction the signals
arrive from. The sense of the bearing obtained in this way can be deter-
mined from the fact that, if the loop is deflected from the position giving
zero output, the direction in which the galvanometer deflects will depend
upon the sense of the bearing.

The actual details of the circuit arrangements of homing devices
may vary considerably. Thus in some cases the polarity of the vertical
antenna instead of the loop is reversed, and in many cases vacuum tubes
arc used for switching instead of the mechanical arrangement illustrated
in Fig. 427.

Homing devices are particularly useful in guiding planes, ships, etc.,

to a base. Thus an airplane sent out from an aircraft carrier can be guided
back to the ship by means of a homing device set to give an "on~course"
indication (zero galvanometer deflection) when the plane is headed
in the direction of travel of the radio signals sent out from the carrier.

It is then merely necessary to make sure that the airplane is headed toward
rather than away from-the carrier, which is done by intentionally turning
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the plane to one side and noting which way the output galvanometer
deflects, and then following the radio waves back to their source. ,

140. The Radio Range. 1—The radio range is a type of radio beacon
which lays down a course in a predetermined direction. The radio

ranges in common use are of the aural type and employ two crossed-loop

or Adcock antennas which are alternately excited from a common source

of radio-frequency power. The directional characteristics of the crossed

antennas are shown in Fig. 428, where it is seen that in certain directions

from the transmitter the signals from the two antennas are of equal
strength. By interlocking the two antennas so that one of them is always
radiating energy, and then sending out complementary signals such as

N( ) and A( ), the signal heard along the equisignal line is a con-
tinuous dash, while at points to the side of this equisignal course either,

one or the other of the code characters dominates, depending on the side

Comparison case

Cb)
Angle between A and

B altered

.(d)
Vertical radiation
added to B

Equisignalcources

Note: Dottedcurves refer fo antenna B
So/id curves refer fo antenna A

Fig. 428.—Equisignal courses from an aural radio range under various conditions of

adjustment.
'

of the course on which one is located. The principal air routes of the
United States are marked by this type of radio range.

The various courses of the radio range can be aligned to the. actual

routes followed by air travel in several ways. These include varying
the angle between the crossed antennas, supplying unequal power to the
two antenna systems, and adding a small amount of additional radiation

from a vertical antenna, as illustrated in Fig. 428, and various combina-
tions of these expedients. The radio range transmitters normally operate
at frequencies between 200 and 300 kc, and preferably make use of two
pairs of spaced vertical radiators arranged to form a pair of crossed
Adcock antennas. 2 Large loop transmitting antennas are sometimes

1 A summary (with bibliography) of the work involved in the development of the
radio range is given by J. H. Dellinger, H. Diamond, and F. W. Dunmore, Develop-
ment of the Visual-type Airway Radio Beacon, Proc. IRE., vol. 18, p. 796, May, 1930.

2 For further information on this type of antenna, see H. Diamond, On the Solu-
tion of the Problem of Night Effects with the Radio Range Beacon System, Proc.
I.R.E., vol. 21, p. 808, June, 1933. .

The proper phase relations between the individual antennas in each pair forming
the Adcock antenna can be maintained irrespective of slight changes in tuning caused
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employed for transmission, but have the disadvantage that such antennas

radiate a strong horizontally polarized wave at high vertical angles. At

the low frequencies employed for radio-range operation there is very little

change in polarization produced by the refraction in the ionosphere so

that a loop gives much more "night effect" error than does an Adcock

transmitting antenna. A goniometer arrangement is employed to supply

power to the two antennas so that the directional pattern (and hence the

equisignal courses) can be shifted at will without disturbing the antenna

Another form of radio range that is being used experimentally is

termed the visual type. It employs the same antenna system as.the.aural

type, but, instead of alternately exciting the separate antennas, it radiates

a carrier wave modulated at a convenient low frequency (usually 65

cycles) from one antenna and the same carrier frequency modulated at a

different frequency (usually 86.7 cycles) from the second antenna. The

result of these two radiations is to produce equisignal zones in which the

65- and 86.7-cycle side bands are of the same amplitude. An airplane

making use of signals from the visual-type radio range is supplied "with a

radio receiver which delivers its output to two reeds tuned to 65 and 86.7

cycles, respectively, which vibrate with an amplitude corresponding to

the strength of the corresponding side-band components. These reeds

are mounted on the,pilot's instrument board with the tips visible. The-

tips are painted white and when in vibration give white lines proportional

. to the side bands involved. When on the course laid out by the visual

radio range, the two reeds vibrate with equal amplitude; when off the

course, one will vibrate with greater amplitude than the other and will

indicate in which direction the true course lies.

The antenna for receiving radio-range signals must be vertical with all

horizontal components of the antenna structure symmetrically arranged. 1

In this way there will be no response to horizontally polarized down-com-

ing waves such as radiated by a loop transmitting antenna or produced by

rotation of the polarization in the ionosphere.

With a suitable receiving antenna and an Adcock transmitting antenna

the course indications of a radio range operating at frequencies between

200 and 300 kc can be depended upon to distances in excess of 100 miles

for both day and night, while with a loop transmitting antenna the night

by weather, etc., using means described by F. G. Kear, Maintaining the Directivity of

Antenna Arrays, Proc. I.R.E., vol. 22, p. 847, July, 1934, and Hans Roder EUmination

of Phase Shifts between the Currents in Two Antennas, Proc. I.R.E., vol. 22, p. 374,

March, 1934.
'

• . . '

VFor further information see H. Diamond and G. L. Davies, Characteristics of.

Airplane Antennas f.or Radio Range Beacon Reception, Proc. I.R.E., vol. 20, p. 34^

February, 1932.
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range is usually reduced to less than half this distance. The width of the
equisignal course depends upon the transmitter adjustments, but is

commonly 5 to 10 per cent of the distance to the transmitter.
141. Blindlanding Systems.—A number of radio devices have been

devised to permit the blind landing of airplanes. In one arrangement two
marker beacons mounted on trucks are driven to points approximately
% and 2 miles distant from the airport at locations such as to indicate the
proper into-the-wind approach for landing. Before landing the pilot first
obtains the position of these marker beacons from 'the airport radio
operator, and then determines his own position with respect to the airport
by ascertaining with the aid of his. own radio receiver when the plane is
directly over the marker beacons. A blind landing is then made using a
sensitive altimeter to give the height above ground and depending upon
the gyrocompass and other navigating instruments on the plane to control
the angle of glide.

In another blind-landing system an ultra-high-frequency horizontally
polarized landing beacon having a directional characteristic such as

Directionalpattern shown in Fig. 429 is used to control
o landing beam

-^^^
the glide i Thig ianding beacon jg/^^~^) Pafh ofpfane outlined by marker beacons, and the

Landing / $/s landing is accomplished by approach-
• beaco

K
n^/^^y^\ ing the ultra-high-frequency beacon

<///^>//^^^w//////////^/yy^(/y//////y'y'y>^ at a specified elevation. A marker

b^/nZ-ngTgiide
r beacon indicates the point at which

Fig. 429.-Blind-landing system in
the 5lide ^Guld begin, and the land-

which the plane glides down a path of con- ing is accomplished by simply follow-
stant signal intensity when landing. mg the j^ down ^ ^^ ^.^
keeping the signals received from the landing beacon at a constant level.
The equisignal line followed has the general.character illustrated in Fig.
429, and by giving the landing beacon the proper directional characteristic
the equisignal line can be readily made correct for a perfect landing.

Problems

1. Determine the height of a vertical antenna that will have the same induced
voltage as the resultant loop voltage of a loop 3 by 2 ft. with 20 turns, when the wave •

length is 1000 meters.

2. Discuss the factors that set a practical limit to the number of turns that can be
used on a given-sized loop frame.

3. Describe the three-dimensional directional pattern of a loop that is in free
space (remote from ground)..

4. Explain why the zero-signal position of a loop .is not affected by horizontally
polarized waves traveling parallel to the ground or by vertically polarized down-
coming waves, but is affected by horizontally polarized down-coming waves.

1 See H. Diamond and F. W. Dunmore, A Radio Beacon and Receiving System for
Blind Landing of Aircraft, Proc. I.R.E., vol. 19, p. 585, April, 1931

.
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5. Derive an equation for the directional characteristic of a goniometer arrange-

ment such as Fig. 426, assuming that the mutual inductance between the rotating coil

and a pair of stator coils is proportional to the cosine of the included angle.

6. Demonstrate that the Adcock transmitting antenna is superior to the loop for

radio-range work only when the ionosphere produces little change in the polarization

of the sky wave, and that at high frequencies, where there is a large change in polariza-

tion produced by the. ionosphere, the Adcock antenna -has little if any advantage for

transmitting.



CHAPTER XVII

TELEVISION

142. Elements of a System of Television.—A picture can be trans-
mitted electrically by exploring the surface in a systematic manner and
transmitting at each instant a current that is proportional to the light
intensity of the elementary area being explored at that instant. The
result of such a process is to produce a current that varies with time in
accordance with the light.intensity of successive elements of the picture.
This current can be amplified and transmitted directly over wire circuits,

or can be modulated upon a carrier and sent out in the form of a radio
wave. At the receiving point the received energy is amplified, and in the
case of radio reception also rectified, to give at the receiver a current
similar to that produced at the transmitter and of adequate amplitude.
The picture is then synthesized by employing this received current to
control the light intensity of the successive elementary areas correspond-
ing to those at the transmitter. In television this process of picture-

transmission is speeded up until the effect of a motion picture is obtained.
143. Scanning.—The process of exploring an image to obtain a current

that varies with time in accordance with the light intensity of successive
areas of the picture is called scanning. In all practical systems of televi-
sion the portion of the picture viewed at any one time is limited by some
form of aperture which has a height that is commonly from H 2 o to K50 of
the height of the image and which is commonly square. This aperture is

moved relative to the image along successive parallel horizontal paths that
are spaced by an amount equal to the height of the aperture, as shown in
Fig. 430. With such an arrangement the entire image is systematically
covered by means of a series of horizontal lines, the edges of which
just barely overlap. .

Many methods have been devised for carrying out the scanning oper-
ation. Until relatively recently all these were mechanical, and involved
such schemes as a flying spot of light controlled by a rotating disk in such
a way as to scan the image in the way that the aperture is shown doing
in Fig. 430. x The practical limitations of such mechanical arrangements

1 Examples of such mechanical systems are described by Herbert E. Ives, Frank
Gray, and M. W. Baldwin, "Image Transmission System for Two-way Television,"
Bell System Tech. Jour., vol. 9, p. 448, July, 1930. R. D. Kell, "Description of Experi-
mental Television Transmitting Apparatus," Proc. I.R.E., vol. 21, p. 1674, Dec. 1933.

1U
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/Aperture

have led to the development of electrically controlled scanning systems

which have no moving parts. There are two successful methods of this

type suitable for general television work, the "Image Dissector" devel-

oped by Farnsworth and the '

' Iconoscope
'

'

of Zworykin.

The Farnsworth Image Dissector. 1—-The

Farnsworth image dissector was the first

successful non-mechanical system of

scanning to be placed in operation. The
principal features of this device are indi-

cated in Fig. 431. Here C is a translucent

cathode, the surface of which is coated

with photo-sensitive material, and upon

which is focused the optical image of the

scene to be transmitted. Each element-

ary area of the cathode surface accordingly

gives a photoelectric emission of electrons

proportional to the light intensity of that

particular part • of the picture

emitted electrons are then attracted to

the anode A, which is at a positive potential with respect to the

cathode. The tube is surrounded by a coil carrying- a direct

current that- produces a substantially uniform axial
.
magnetic

field. When the strength of this magnetic field is adjusted to the

proper value in relation to the anode voltage and tube dimensions,

Lines indicating path and
direction followed by aperture

Fig. 430.—Lines indicating path

These f°^owe^ °y aperture in scanning a
picture.

Focusing coi/\

/Anode

^Aperture
'Collector electrode

Translucent
pho tosensit/ve.
cathode

Amplifier
tube

Loadresistance1

Fig. '431.—Essential features of the Farnsworth image dissector.

electrons emitted from a particular point on the cathode will strike the

same spot on the anode surface as shown in Fig. 431 in spite of the fact

that many of the photoelectrons emitted from the spot on the cathode have

1 For further information on the Farnsworth system of television see P. T. Farns-

worth, Television by Electron Image Scanning, Jour. Franklin Inst, vol. 218, p. 411,

October, 1934; A. H. Brolly, Television by Electronic Methods, Trans. A.I.E.E.,

vol. 53, p. 1153, August, 1934.
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/Tube

§

Coils for producing vertical
deflection

T±

c;

o
.n

o

a*

an initial velocity component in a radial direction. 1 Under this condi-
tion the distribution of. electrons at the anode plane corresponds to the
distribution of light intensity upon the cathode, thus giving at the anode
what might be termed an electron image of the scene being reproduced.

The anode A is provided with a scanning aperture consisting of a small
hole. The electrons passing through the aperture are collected by a

collector electrode which hence receives

an electron current proportional to the
light intensity of the corresponding

part of the optical image. The picture

is then scanned by displacing the elec-

tron image at the anode with respect to

the aperture so that the part of the
image that supplies electrons to . the
collector electrode fe continuously
changing in a systematic manner.

This displacement of the electron

image is accomplished by means of
Fig. 432.—Coil system for producing magnetic fields produced by the two

magnetic deflection of electron image ~„;t.o ^.f „^i„ ~u • m- A^n \r-i

and for focusing. The view shown is a
PaiFS °f COlls shown in FlS- 432 - Cur-

cross section through the middle of the rent passed through the top and bottom
tube of Fig, 431 at right angles to the pair produces a magnetic field that will

deflect the electron image to the right
or left, while current passed through the two side, coils will in the same
manner deflect the electron image up or down. Scanning is accomplished
by applying to the side coils a saw-
tooth wave such as illustrated in

Fig. 433, having a frequency equal
to the number of times per second
the scene is to be scanned, while the
second pair of coils is supplied with
a similar saw-tooth wave having a
frequency equal to the number of lines per picture times the number of
pictures per second. The result is to move the electron image with
respect to the aperture in the manner indicated in Fig. 430.

433 —Saw-tooth wave
scanning purposes.

used for

1 This focusing action conies about as a result of the fact, that, while the axial
magnetic field exerts no force on an electron traveling parallel to the flux lines (i.e.,
traveling directly toward the anode), it causes those electrons which have a radial
component of velocity to follow a helical path and ultimately to intersect the direct
path to the anode. It can be demonstrated that all electrons emitted from the same
spot converge at the same point irrespective of the initial radial velocity. This
focusing action of an axial magnetic field upon a cathode beam is well known and is
discussed many places in the literature. For example see Brolly, loc. cit.
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Electron Multiplier.—The chief drawback of the pick-up arrangement

shown in Fig. 431 is that relatively few electrons pass through the aperture

if this is small enough to provide a large number of lines per picture. It

has been calculated that under ordinary conditions a 240-line picture

of a bright outdoor scene, gives only a few hundred electrons when an

area equal to the aperture area is scanned. This is so small that, when
the output current is amplified, thermal-agitation voltages in the input

circuit of the first tube will be comparable to the signal.

Farnsworth has overcome this limitation by making use of secondary

emission to multiply the number of electrons that the scanning tube

develops. A schematic circuit diagram of one form of electron multiplier

developed for this purpose is shown in Fig. 434. Here electrodes B and

B' are coated with material that gives prolific secondary emission, and

'Anode of Multiplier
dissector tubes section

Aperture-^r

Oscillator
(appro*.

Outputelectrode) 50mc.)\

Fig. 434.—Image dissector provided with electron multiplier.

a radio-frequency potential of the order of 50 mc is applied between these

electrodes. A central ring anode operated at a moderate positive poten-

tial is also provided as shown. Electrons that pass through the aperture

and enter the multiplier chamber at the instant when the radio-frequency

oscillator is just passing through zero and going positive are attracted to

B' and upon striking this electrode emit numeroussecondary electrons. If

the oscillator frequency is such that the time required for this electron to

pass from B to B' corresponds to exactly one-half cycle, then these second-

ary electrons are emitted at the instant when electrode B is just turning

positive with respect to B', so that the secondary electrons are attracted to

B with velocity sufficient to produce more secondary electrons, which are

then attracted to B', and so on. In this way a very few electrons initially

passing through the aperture will in .a relatively few round trips be multi-

plied enormously. A portion of the electrons thus produced is collected

by the ring anode and represents the useful output of the multiplier.

By proper circuit proportions and operating conditions it is possible to
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obtain a stable output that is proportional to the number of primary

electrons originally passing through the aperture and is at least 1000 times

as great. It is to be noted that the input voltage to the first amplifier

tube is now.relatively large, so that thermal-agitation effects no longer

give trouble. The main source' of noise then becomes the shot effect of

the original electron, flow through the aperture. 1

The Zworykin Iconoscope. 2—The iconoscope method of scanning can
be explained by reference to Fig. 435. The optical image of the scene

under consideration is focused upon the screen P, consisting of a mica or

other insulating plate, upon the illuminated side of which is a mosaic
surface composed of minute isolated globules that are photosensitive.

The manufacturing process used in producing this surface must be such

that the individual globules are actually insulated from each other. The
back side of the mica or insulating plate has a metal coating that serves

ing

.

on insi'de of tube

Fig. 435.—Essential features of the Zworykin iconoscope.

as the output electrode, as shown. The optical image focused upon the

mosaic photosensitive surface is scanned by means of a cathode-ray beam
which is produced by an electron gun similar to that used in ordinary

cathode-ray tubes. This cathode-ray beam scans the mosaic surface by
means of vertical and horizontal deflecting fields actuated by saw-toothed
waves similar to those used in the dissector described above.

The operation of the iconoscope depends upon the fact that each

globule of the mosaic surface forms a small condenser with respect to

the back plate. When light falls upon a globule, electrons are lost through

photoelectric emission, and the globule becomes positively charged with

respect to the back plate. This positive charge builds up at a rate

proportional to the light intensity. When the cathode-ray beam strikes

1 Another type of electron multiplier which requires a more complicated tube
structure, but which avoids the necessity of an oscillator, is described by V. K. Zwory-
kin, The Secondary Emission Multiplier—A , New Electronic Device, Proc. I.R.E.,

vol, 24, p. 351, March, 1936.
2 For further description of the iconoscope see V. K. Zworykin, The Iconoscope

—

A Modern Version of the Electric Eye, Proc. I.R.E., vol. 22, p. 16, January, 1934.
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the globule, the negative charge that has been lost by photoemission is

replaced by the electronsin the cathode-ray beam, so that the cathode-

ray spot can be said to discharge the globule. At the instant of discharge .

there is a rush of current through the resistance R equal to the positive

charge accumulated upon the globule, and hence proportional to the

illumination upon the globule. It is to be noted that the current passing

through the output resistance R is relatively large because the number of

electrons represented by the discharge is equal to the total photoelectric

emission since the previous scanning. This means that the total emission

over one picture frame (commonly ^o sec.) is utilized, instead of only

the photoelectric emission during the instant the spot is being scanned."

Actually this storage action is not 100 per cent efficient, since the globule

under consideration may receive electrons from other globules and also

may lose current by leakage. The actual output is, however, ordinarily

several thousand times as great as that obtained from a simple aperture)

as in Fig. 431, before electron multiplication.

144. Reproduction of Television Images at the Receiver.—All modern

systems of television employ a cathode-ray tube to reproduce the signals

at the receiver. 1 The intensity of the luminous spot is controlled by the

strength of the incoming signals, while the position is controlled by saw-

tooth deflecting waves similar to those employed for scanning at the trans-

mitter. By synchronizing the receiver deflecting waves with the

corresponding waves at the transmitter by means described below, the

position of the cathode-ray spot on the frame of the received picture will

be in the same relative position as the picture element being scanned at the

transmitter. The result is then the synthesis at the receiver of the original

image.

Cathode-ray tubes for television are essentially the same as the tubes

commonly used for observing wave forms, but are larger in order to give a

fair-sized image, and operate at a higher anode voltage in order to produce

a picture having a satisfactory level of illumination. It is customary to

use electrostatic deflection for line scanning and magnetic deflection for

the frame scanning. The light intensity of the reproduced image depends

upon the watts dissipated per unit .area of the fluorescent screen, and for

willemite (the usual screen material) the luminous efficiency is about two-

thirds that of a tungsten lamp. The fluorescent screen is usually designed

so that some light persists for a brief period after the passage of the cathode

ray. For optimum results this persistence should be just less than the

time required to scan one frame of the picture. 2

1 This cathode-ray tube is often given a special name such as oscittite, kinescope,

etc., when used in television, but it is still only a cathode-ray tube.

2 For more detailed information concerning the properties of cathode-ray lubes

with particular reference to television, see V. K. Zworyfcin, Description of 'an Experi-
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145. Miscellaneous Considerations. Production ofSaw-toothed Waves.

The saw-tooth scanning waves of Fig. 433 must be substantially linear

during the period t8 in order for the scanning to take place properly.

During the return period tr the exact shape is not important, but the ratio

of return time to scanning time tr/ts should be small in order to avoid lost

time. The nature of the saw-tooth generator must also be such that the

frequency can be readily controlled by means of pulses injected from an
external source.

(a) Generator of saw-tooth voltage wave

"
*

: C Output.
Synchronizing
pulses

J

(b) Generator of voltage wave that will cause
- saw-tooth current wave in a coil

Synchronizing
pu/ses

(c) .Shape of voltage waves required to produce a
saw-tooth current wave

For resistance

For inductance

For coil with resistance

Fig. 436.—Circuit for generating a saw-tooth wave,'together with voltage wave shapes
required for a saw-tooth current wave through a resistance, an inductance; and a circuit

with both resistance and inductance.

With electrostatic deflection a saw-toothed voltage wave is required.

This can be generated in a number of ways, a typical arrangement being

shown in Fig. 436a. Here V is a tube that is biased beyond cut-off

except during moments when a synchronizing pulse is acting on the grid.

The operation can be understood by starting at the moment just after a

mental Television System and the Kinescope, Proc. I.R.E., vol. 21, p. 1655, December,
1933; R. T. Orth, P. A. Richards, and L. B. Headrick, Development of Cathode-ray
Tubes for Oscillographic Purposes, Proc. I.R.E., vol. 23, p. 1308, November, 1935;

T. B.# Perkins and H. W. Kaufman, Luminescent Materials for Cathode-ray Tubes,

Proc. I.R.E., vol. 23, p. 1324, November, 1935.
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synchronizing pulse has caused the discharge of the condenser C. As
soon as the pulse is removed, the tube becomes non-conducting and the

condenser starts to charge through the series resistance R. If the circuit

proportions are such that the voltage across the condenser is always much
smaller than the supply voltage, the resulting condenser voltage will build

up linearly, giving a substantially straight-line saw tooth corresponding
'

to the portion ts in Fig. 433. This process continues until the next

synchronizing pulse arrives, when the tube momentarily passes, plate

current, discharging the condenser C rapidly and giving the return part tr

of the cycle in Fig. 433. After the passing of. the synchronizing pulse,

the tube again becomes non-conducting and the cycle is repeated. It will

be noted that the result is a saw-toothed wave having a frequency con-

trolled by the external synchronizing pulses, and that with proper circuit

design a substantially linear wave can be obtained during the scanning

portion of the cycle, with a quick return.

. The discharge tube in the saw-tooth generator of Fig. 436 can be either

a gaseous or vacuum tube when producing low frequencies. However, at

higher frequencies, such as used for line scanning, the time lag of gas

tubes normally introduces distortion, and a high-vacuum tube is

preferable.

When magnetic deflection is employed fqr scanning, it is necessary

to have a saw-toothed wave of current rather than a saw-toothed voltage

wave. This complicates matters as the deflecting coils have both induc-

tance and resistance, so that, when a saw-toothed voltage wave is applied,'

the resulting current is not of the desired wave shape. The simplest

manner of handling this situation is to work back from the coil inductance

and resistance to determine the wave form of voltage that must be applied

to produce the desired shape of current wave. If the coil were a pure

inductance, the required shape of the voltage wave would be a simple

pulse having a duration equal to the return time, as shown in the second,

line of Fig. 436c. On the other hand, if the coil were predominantly

resistive, the voltage wave would have the same shape as the current wave •

and so would be saw-toothed, as in the first line of Fig. 436c. In the actual

case, where both resistance and inductance are present, it is necessary to

• combine the wave shapes of .resistance and inductance in the proper

proportion, such as shown in the last line of Fig. 436c, in order to get a

saw-toothed wave of current. Such a voltage wave can be obtained by
rearranging the circuit of Fig. 436a as in Fig. 4366. The voltage across

the condenser C in this arrangement has the same shape as in Fig. 436a,

i.e., is a saw tooth suitable for overcoming the resistance drop of the

deflecting coil. The voltage, across r, however, is in the form of a pulse,

as shown in the second part of Fig. 436c, provided r <$C R. This is because,

when the condenser discharges, there is a sudden rush of current through
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r, while during the charging period the current through r is small and
substantially constant.

Synchronization and Synchronizing Pulses.—The preferred method of

synchronizing in a television system consists in generating pulses at the

transmitter which control the saw-toothed scanning waves used in the

pick-up device, and which at the same time are transmitted to the receiver

and there used to control the scanning of the reproducing equipment.
The required pulses can be generated in a number of ways. One method
is to employ a rotating disk provided with holes which allow a light to

shine intermittently upon a photoelectric cell. Another method consists

in using some form of multivibrator oscillator which is controlled by a

vacuum-tube oscillator, the pulses being generated across a small induc-

tance placed somewhere in the multivibrator circuit.

In any case, the end of each line is indicated by a short synchronizing

pulse, while the end of each frame is marked by a longer pulse. These

Synchronizing impulse to Synchronizing impulse to

stabilize the line frequency stabilize frcfme -frequency
Saw-tooth generator at saw-tooth generator at
receiver \ the receiver ^

Limiting level

Black—

%

Range ofpicture
signalcurrents ^ U ^ WIUjM i

White-*- -I
——-—- \Jf\^-\

U One frame :•—->!

One //he y

Fig. 437.—Typical television signal showing superimposed synchronizing pulses.

pulses occupy 5 to 15 per cent of the total time, and are separated at the

receiver by the difference in duration.

Exact synchronization between transmitter and receiver is obtained

by modulating the- pulses upon the transmitted carrier, or in the case of

wire transmission by transmitting them directly to the receiver along with

the signal. In order that the signal currents will not interfere with the

synchronizing action, the polarity of the transmitted synchronizing pulses

is made to correspond to the polarity of black, and the amplitude of the

pulse is made appreciably greater than the amplitude of the signal

current for a black portion of the image. In this way the synchronizing

pulses are always larger than the maximum possible signal current. In

order to prevent overloading of the transmitting equipment, it is common
practice to pass the-combined signal and synchronizing currents through a

limiting amplifier which limits the peak amplitude to perhaps 50 percent

more than black. The resulting waves as transmitted are shown in Fig.

437. The limiting action at the transmitter can be obtained in a variety

of ways, a typical arrangement being shown in Fig. 438, where an amplifier
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is so operated that the maximum desired amplitude just barely cirives the

grid to zero bias. Any additional amplitude cause's very little additional

output because the resulting grid current in flowing through the high

resistance in series with the grid prevents the grid voltage from rising

appreciably above zero.

By transmitting the synchronizing pulses with a polarity correspond-

ing to that of black in the reproduced picture, and at the same time by

making these pulses have a duration equal to or slightly greater than the

.time required for, the saw-tooth scanning wave to return from the end to

\resistance-

-wwwvw-
Wave withpeaks
to be limited

M&
Output with positive
peaks limited

—m
Fig. 438.-—Circuit for producing limiting action of television signal peaks.

the -beginning of its linear portion, the cathode-ray spot is blanked out

during the return period and no disturbance is produced in the picture.

At the receiver the synchronizing pulses are separated from the signal

currents by taking advantage of the difference in amplitude. This can be

conveniently done by biasing an amplifier tube sufficiently far beyond cut-

off so that only the synchronizing pulses have sufficient amplitude to cause

plate current to flow. The resulting pulses free of signal are then applied

to a network such as shown at Fig. 439, which separates the line and frame

pulses by utilizing their difference in duration and frequency.

Vertical

T deflection
4~~ oscillator

Combined
line and
frame pulses

P
Horizontal
deflection
oscillator

To

deflection
plates

Fig. 439.—Network for separating line and frame synchronizing pulses.

Frequency Band and Picture Detail.—The detail of a television picture

is determined by the number of scanning lines. ' This is obviously true for

gradations in the light intensity of the image in the vertical direction,

because any change taking place in a distance that is less than the width

of a line obviously cannot be reproduced. The situation with respect to

the horizontal direction is somewhat more complicated but comes to.

about the same result.

Studies show that it is necessary to have at least 180 lines to reproduce

a scene fairly satisfactorily, that 240 lines give a fair picture, and that 480
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lines are practically equivalent to a home movie. At the present time it is

considered that commercial television must have at least 240 lines, and
there is a tendency to standardize on 350 to 450 lines. 1 The effect of the

number of lines upon the detail is shown in Fig. 440.

The optimum viewing position for a television image is such that the

distance between the centers of adjacent lines subtends approximately
2' of arc. This insures that the lines will mc;rge together and give a

(«) 120 scanning lines

3P*

Fig. 440.—Typieal television images showing effect of the number of scanning tines.

uniform grainless picture. Closer viewing causes the line structure to
stand out, while viewing from a greater distance reduces the amount of

detail that can be perceived to less than that actually present in the pic-

ture. It is also desirable to make the viewing distance from four to

eight times the height of the picture. Hence, if the reproduced image is

12 in. high, the optimum viewing distance is about 6 ft. At this distance

1 William H. Wenstrom, Notes on Television Definition, Proc. I.R.E., vol. 21,

p. 1317, September, 1933; B. W. Engstrom, A Study of Television Image Charac-
teristics, Proc. I.R.E., vol. 21, p. 1631, December, 1933.
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it is necessary to have approximately 25 lines per inch i'or each line to

cover 2' of arc at the observer's eye, so that the picture should be at least

300 lines. Such a calculation is approximate, but gives an idea as to the

factors involved in the reproduction of television images. 1

The frequency band required to transmit a picture having appreciable

detail is very great. The worst case is where the image to be transmitted

is a checkerboard pattern- of alternate dark and light sections as shown in

Fig. 441a, with the side of each square equal to the width of the scanning

line. In scanning such a picture the output current of the pick-up device

will be alternately large and small, so that one cycle of output current

corresponds to traversing two squares of the pattern. If the number of

lines in the picture is a and the ratio of width to height is R ( = aspect

ratio), then the total number of squares is 0*22, so that for n pictures per

(a) Portion of original
checker board pattern

Typical aperture positions,
(b) Reproduced image showing

the consequences of aper-
ture distortion

Fig. 441.—Checkerboard image us scanned at the transmitter, and distorted image received

as a result of aperture distortion.

second the frequency band required would be a2nR/2 cycles. With

ordinary scenes it is found that this gives more detail in the direction of the

scanning lines than in the vertical direction. Experience shows the detail

is equal in the two directions when the frequency band is only about 70 per

cent of the full frequency band, so

Actual frequency band) = 035a*nR (252)
for aspect ratio of % j

The resulting frequency band required to transmit a television image

having good definition is considerable. Thus a 343-line picture, repeated

30 times per second and having an aspect ratio of %, requires a band at

least 1,640,000 cycles wide. If 10 per cent is allowed for the synchroniz-

ing pulses, the actual frequency band that must be provided is 1,830,000.

When this is modulated upon a carrier, the total width of the two side

bands is thus nearly 4,000,000 cycles.

1 Entrstrom, loc. cit.
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As a result of these side-band requirements it is apparent that televi-

sion pictures can be transmitted by wire only over special circuits. When
radio transmission is to be employed, it is necessary that the carrier

frequency be extremely high, such as 40 mc or more, so that the side-band
width will not be too high a percentage of the carrier frequency. Under
such conditions properly designed tuned circuits will handle the modulated
television signal satisfactorily without excessive side-band trimming.
The use of ultra-high frequencies for the transmission of television signals
also has the advantage that there is an enormous frequency band avail-
able, and that carrier frequencies can be duplicated at points about 200
miles apart without any interference trouble because of the limite \

range of propagation. •

.

Aperture Distortion.—The finite size of the aperture at the transmitter
introduces distortion by making it impossible to transmit details finer

than the area that the aperture represents. 1 This can be made clear by
considering what happens when a checkerboard area such as Fig. 441a is

scanned. As the aperture travels from left to right, it is seen that the
average light intensity of the area enclosed by the aperture varies
gradually instead of suddenly from light to dark, thus reproducing ' a
distorted pattern as shown at Fig. 4416. This effect is equivalent to

. discriminating against the higher frequency components in the output of
the signal.

This situation can be improved to some extent by the use of correcting
networks. In this way it is possible to double the rate at which the transi-
tion between dark and light takes place. ' Inasmuch as aperture distor-
tion takes place at both the transmitting and receiving points, it is hence
seen that, if correcting networks are employed at both transmitter and
receiver, the total amount of aperture distortion is approximately the
distortion introduced by a single uncorrected aperture.

Video-frequency Amplifier,—The signal currents obtained from the
pick-up tube of the television transmitter are commonly termed video-
frequency currents to distinguish them from audio- and radio-frequency
currents. Video-frequency amplifiers for increasing the output of a
pick-up tube to a level suitable for modulating a radio transmitter,
and for amplifying the rectified received signal up to an amplitude suit-

able for operating the cathode-ray tube, must handle a very wide fre-

quency range with negligible amplitude and phase distortion. The
response at low frequencies must extend well below the frequency cor-
responding to the number of pictures per second, while the highest fre-

quency is given by Eq. (252). Over this range the response* should
be substantially uniform and should be accompanied by negligible phase

1 In the case of the iconoscope, the size of the cathode-ray spot scanning the mosaic
plate is the effective size of the aperture.

*
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distortion. Phase distortion is particularly important because it is

equivalent to different velocities of transmission for different frequencies,

and so it obviously distorts the picture by causing certain parts of the

detail to arrive either too early or too late. This is in contrast with,

audio-frequency work, where because of the characteristics of the ear the

amount of phase distortion produced by ordinary amplifier circuits has

negligible effect.

The usual method of meeting the amplifier requirements is to use a

resistance-inductance coupling arrangement of the type discussed in

Sec. 46, with a low coupling resistance and the minimum possible shunt-

ing capacity. Such an amplifier when properly designed can be made to

give substantially uniform amplification with negligible phase distortion

up to frequencies that would correspond to the 70 per cent point if the

coupling inductance were omitted. The gain per stage is relatively low

because of the low coupling resistance that must be used, but is still

appreciable.

The amplification of the low frequencies introduces no special problems

since amplifiers can be readily built to amplify all frequencies above a

few cycles with negligible amplitude and phase distortion. In some

cases, however, low-frequency equalization is employed to prevent the

dropping off at low frequencies that would take place if the coupling

condenser were only moderately large.

Flicker, Power-line Ripple, and Interlaced Scanning:1—If the rate of

repetition of the television image is not sufficiently high, there- will be a

pronounced flicker even though the rate of repetition may be sufficient

to convey movement satisfactorily. Studies indicate that the lowest

repetition rate at which the flicker is not objectionable is approximately

48 times per second, which is considerably greater than the rate required

to convey motion. 2

In selecting the frame frequency it is also necessary to consider the

effect of stray power-line currents in the deflecting and anode circuits.

If the frame frequency is not an exact submultiple of the power frequency,

any stray current of power frequency in the deflecting, anode, or control

circuits will cause ripples of various sorts to travel across the field with

very annoying psychological effects. If the frame frequency, is a sub-

multiple of the power-line frequency, such as 15, 20, 30, or 60 for a

1 For more detailed information upon these subjects, see E. W. Engstrom, A Study

of Television Image Characteristics, Part II, Determination of Frame Frequency for

Television in Terms of Flicker Characteristics, Proc. I.R.E., vol. 23, p. 295, April,

1935; R. D. Kell, A. V. Bedford, and M. A. Trainer, Scanning Sequence and Repetition

Rate of Television Images, Proc. I.R.E., vol. 24, p. 559, April, 1936.

2 In motion-picture work where there are 24 frames per second, flicker is avoided

by cutting off the light momentarily during the middle period of each frame so that

the light flashes on the screen twice for each picture, or 48 times per second.
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60-cycle power system, these disturbances, while still present, are now
stationary and so are much less noticeable.

Since the usual power-line frequency is 60 cycles and since 60 has no

submultiple between.30 and 60, it is therefore necessary that the repetition

rate of the television picture be 60 times per second in order to avoid

excessive flicker and power-line ripple. This is a relatively high frame

frequency, at least three times that required to convey continuous

motion, and so is undesirable because of the excessively wide frequency

band that results. A fairly satisfactory solution for this situation is to

scan the image 60 times per second, but to scan only alternate lines during

one scanning period. Thus with a 2.40-line picture one would scan the

odd-numbered lines during the first ^o s6c -> and then scan the even-

numbered lines during the next }^o sec - As far as flicker is concerned the

result is equivalent to scanning at the rate of 60 times per second, while
' from the point of view of detail and frequency band required the result is

substantially equivalent to scanning a 240-line picture 30 times a second.

An arrangement of this sort is known as interlaced scanning and is becom-
ing recognized as the best compromise between low flicker and the narrow-

est possible frequency band. The only disadvantage is the relatively

complicated synchronizing system that is required to interlace the lines

accurately. 1

146. Typical Complete System of Television.—A television trans-

mitter consists of a pick-up tube (iconoscope or image dissector), a saw-

tooth wave generator with frequency controlled from a pulse generator, a

video-frequency amplifier, and an ultra-high-frequency radio transmitter

upon which the output of the video-frequency amplifier is modulated.

The amplifier circuits, both video and radio frequency, must be arranged

to transmit the wide frequency bands involved Without appreciable ampli-

tude or phase distortion. In many respects this layout is similar to that

of an ordinary broadcast transmitter, with the pick-up tube taking the

place of the microphone and the video-frequency amplifier corresponding

to the broadcast audio-frequency system. A block diagram of such a

transmitter is shown in Fig. 442a. 2

A typical television receiving system is shown in Fig. 442&. 3 Consider-

ing for the moment only the picture channel, this consists of a super-

heterodyne receiver with a high intermediate frequency (5 to 10 mc), with

1 For a description of suitable synchronizing systems, see Kell, Bedford, and
Trainer, loc. tit.

2 For more complete details of a complete television transmitter; see R. D. Kell,

A. V. Bedford, and M. A. Trainer, An Experimental Television System—the Trans-

mitter, Proc. I.R.E., vol. 22, p. 1246, November, 1934.
3 R. S. Holmes, W. L. Carlson, and W. A. Tolson, An Experimental Television

System—the Receivers, Proc. I.R.E., vol. 22, p. 1266. November, 1934.
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band-pass coupling circuits designed to give a flat response over the

necessary frequency range. The intermediate-frequency amplifier is

followed by the usual second detector, and the resulting video-frequency

(a) Block diagram of transmitter
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frequency
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Video
amplifier

Saw-tooth
Wave

generators
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Limfter
Video
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(b) Simplified circuit diagram of receiver
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Vertical
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Fig. 442.—Diagram of complete television system.

currents, together with the accompanying synchronizing pulses, are then

amplified by the video amplifier to a level suitable for controlling the

cathode-ray reproducing tube. Synchronizing pulses free of signal are

obtained by also applying the output of the second detector to an ampli-



750 RADIO ENGINEERING [Chap. XVII
i

fier biased so that only these pulses have enough amplitude to develop
output, The pulses corresponding to the line frequency are then
separated from the frame frequency as shown in Fig. 439 and used to

control the frequency of local saw-tooth generators which produce the

currents for deflecting the spot of the cathode-ray reproducing tube.

The sound accompaniment for a television picture is most conveniently

transmitted by modulating an auxiliary carrier frequency that is just

outside, the side-band range of the television signals. In the receiver, the

antenna circuits and the local oscillator can then be common to both
sound and picture channels, but the sound channel has a separate first

detector and intermediate-frequency amplifier,, as shown in Fig. 4426.

The intermediate-frequency amplifier for the sound channel should have a
relatively narrow response band centered about a frequency differing

from the mid-frequency of the picture channel by the difference between
sound and picture carriers. The local oscillator then automatically

produces the correct beat frequency for the picture channel when the

adjustment is such as to bring in the sound channel, and, since the sound
channel has a relatively sharp response, it serves as an accurate tuning
indicator.

Problems

1. In the Farnsworth image dissector explain the effect upon the reproduced
picture of improper strength of the axial magnetic focusing field.

2. In the electron multiplier of Fig. 434, explain why the multiplying action is

obtained only for certain oscillator frequencies, which dependUpon the multiplier
' dimensions and the potential of the output electrode.

' • 3. Discuss the effect of leakage between adjacent globules in the mosaic plate

of the iconoscope.

4. If the storage process of the iconoscope were 100 per cent efficient, derive a
formula giving the improvement in sensitivity over the output obtained by a simple
aperture (as the image dissector without electron multiplication).

5. Explain why an ordinary sine wave could not be used for scanning instead of

the saw-tooth waves always employed.

6. In the reproduction of television pictures with a cathode-ray tube what would
be the effect of using a fluorescent screen material that had : (a) a very long persistence,

and (b) a very short persistence?
,

7. In the saw-tooth-wave generator of Fig. 436a it is necessary that the adjust-

ments be such that the maximum voltage built up across C be limited to a small frac-

tion of the supply voltage Eb- Explain what would happen if this were not the case.

8. Explain why it is not permissible to send the synchronizing pulses with a
polarity corresponding to white.

9. Calculate the frequency band required to transmit pictures having 120, 240,
and 480 lines, with a frame frequency of 30 and an aspect ratio of %, when the video
current is modulated upon a radio-frequency carrier.

10. Sketch the shape of the output wave of the pick-up tube when one line of the

pattern of Fig. 441a is scanned for (a) no aperture distortion, (6) aperture distortion.
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11. Design an amplifier to produce a voltage gain of 1000 and capable of handling
the output of a scanning tube for a 343-line picture having a frame frequency of 30.

12. When portraying very rapid, motion, an interlaced scanning system introduces
a peculiar kind of distortion not present with a simple scanning system. Describe the
effect.

'

13. Discuss the number and nature of the controls that are required in a television
receiver.



CHAPTER XVIII

SOUND AND SOUND EQUIPMENT

X47. Characteristics of Audible Sounds.—Sound is a mechanical

vibration lying within the frequency range to which the ear responds, and

it is characterized by pitch, loudness, and phase. The pitch represents

the frequency and is expressed in cycles per second. 1 The loudness

depends upon the amplitude of the wave and is measured either in terms

of the pressure in bars (dynes per square centimeter) that is produced by
the sound waves, or as the ratio of energy contained in the actual sound to

the energy contained in the weakest audible wave of the same frequency.

Sound travels in air at a velocity of approximately 1130 ft. per second.

Most actual sounds are complex waves containing several components

having frequencies that are in harmonic relation to each other. The
fundamental frequency corresponding to these harmonics (or overtones)

is called the pitch of the complex sound, while the presence of the har-

monics determines what is commonly termed the quality of the sound.

Changing the relative amplitudes of the different components without

changing their frequencies hence merely changes the quality without

affecting the pitch.

Speech. 2—-The sounds encountered in speech lie in the frequency range

100 to 10,000 cycles. The pitch of speech is determined by the funda-

mental frequency of the vocal cords, and is about 125 cycles for a normal

male voice and about twice as high for a normal female voice. The pitch

varies somewhat during speech and tends to rise as the voice intensity is

increased. This latter fact makes it possible to estimate the original level

of speech independently of the loudness of the sound reaching an observer.

The various speech sounds differ in the way in which the energy is

distributed with respect to frequency, in the manner of production, and

in the way the sounds are begun and ended. Thus the vowels are rela-

tively powerful sustained sounds produced by using the lungs as bellows

and setting the resulting air stream in vibration by means of the vocal

cords. The sound so produced is rich in harmonics. The various vowel

1 This is only approximately the case since recent studies indicate that the pitch of

a sound, as judged by the ear, depends to some extent upon the intensity and the

overtones present. See Harvey Fletcher, Loudness, Pitch, and Timbre of Musical

Tones and Their Relation to the Intensity, the Frequency, and the Overtone Struc-

ture, Jour. Acous. Soc. Amer., October, 1934.

' 2 For a more detailed discussion of the nature of speech sounds, the reader should

consult Harvey Fletcher, "Speech and Hearing," D. Van Nostrand Company, Inc.
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sounds are produced by positioning the lips, tongue, etc., so that the
throat, mouth, and nasal cavities reinforce harmonics lying within certain

frequency ranges as a result of resonance, while tending to suppress other
harmonics. Other sounds, such as w, y, and h represent particular ways
of beginning the vowel sound, while still others such as ch, sh, and / do
not involve the vocal cords.

The power of average conversational speech varies widely with differ-

ent persons, but under typical conditions for American speech averages
approximately 10 /xw. If the silent intervals during conversation are

excluded, the average is increased to approximately 15 jj.w. This repre-

sents an extremely small amount of energy, as is apparent when it is

realized that the total average power that would be produced by all

inhabitants of the earth talking simultaneously is less than the power

100 1,000 1QD00
Frequency jh Cycles perSecond

Fig. 443.—Distribution of average and peak speech energy over the frequency spectrum.
When the speech is divided into time intervals of J^-sec. duration, the peak intensity in
90 per cent of these intervals does not exceed the value given by, the curve marked "90
per cent." •

radiated from a large broadcasting station. When one shouts as loudly

as possible, the average speech power rises to about one hundred times

the normal average, while in speaking with as weak a voice as possible

without whispering the average power is reduced to approximately one-

hundredth. The peak power of the loudest sound encountered in

conversation is in the order of 5000 nw, while the power of a faint whisper

is in the order of 0.01 juw. This represents an intensity range of 500,000
to 1. The pure vowels and the diphthongs are the most powerful

sounds, while the th, as in thin, is the weakest.

The distribution of speech power over the audible frequency range
is approximately as shown in Fig. 443. In the case of male voices the

most powerful sounds are more or less evenly distributed throughout the

frequency range 500 to 1500 cycles, while the average power is greatest

at approximately 500 cycles. The higher frequency peaks, while about
as intense as the lower frequency peaks, are less numerous. This is

apparent from the 90 per cent curve of Fig. 443, which indicates that,

when the speech is divided into intervals of }4 sec, the peak intensity
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in 90 per cent of the intervals is less than the value given by the curve.

In the case of women's voices the higher fundamental pitch tends to

shift the energy distribution toward higher frequencies.

A general picture of the frequencies and intensities involved in the

different speech sounds as used in normal conversation is shown in Fig.

444. Sounds that have several important frequency ranges appear

more than once in the diagram. Powerful sounds are at the top of the

figure, weak sounds at the bottom, while positions to the right or left

represent important high- or low-frequency components, respectively.

Music.—The frequency range of musical sounds is much greater than

with speech. Thus, the bass tuba, bass viol, piano, organ, and drums

have fundamental frequencies of the order of 60 cycles or less, while many

musical instruments can produce notes that have harmonics extending

up to 15,000 cycles. Musical sounds

are often accompanied by a noise

caused by key clicks, hissing of air,

etc. This noise represents energy

more or less uniformly distributed

over a range of frequencies at the

high-frequency end of the audible

spectrum. The results of an exten-

sive investigation of the audible fre-

quency range of musical sounds

produced by typical instruments are

shown in Fig. 445. l These were
Fig. 444.—Chart showing intensities .,. ,„ ,.. . , v, • ^ • i

and region of most important frequency obtained from listening tests in which
components of fundamental speech sounds, ^he frequencies at one end of the spec-
ifier Fletcher.) When a sound has ^

• . . ..

several principal components the intensity trum were progressively cut Out Until

and frequency of each are indicated. trained observers were able to detect a

difference from the original sound. The results therefore represent

the useful frequency range but do not necessarily mean that there is

absolutely no energy outside the ranges indicated.

The power involved in musical sounds is often very large and in the

case of large orchestras may reach peak values approaching 100 watts.

The peak power depends, of course, upon the number and character

of the instruments involved and upon the nature of the musical composi-

tion being rendered. Typical values of peak sound power obtained

from musical instruments when played loudly are given in Table XV. 2

10

a.10'

E

ElO*

l4t
thfthin)

100 *200 400 800 t,600 3/200 6,400

Freciuency

1 See W. B. Snow, Audible Frequency Ranges of Music, Speech, and Noise,

Bell System Tech. Jour., vol. 10, p. 616, October, 1931.

2 See L. J. Sivian, H. K. Dunn, and S. D. White, Absolute Amplitudes and Spectra

of Certain Musical Instruments and Orchestras, Jour. Acous. Soc. Amer., vol. 2.

p. 330, January, 1931.
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The instruments producing the largest power are the bass drums, which
generate peaks reaching 25 watts (approximately 3,000 times the peak
power of the average voice), the pipe organ, the snare drum, the cymbals,
and the trombone.

The way in which the sound power produced by-musical instruments
is distributed over the frequency spectrum depends upon the instrument
involved and upon the fundamental frequency being played. Most,
although not all, musical instruments are so constructed as to produce
more sound power on the lower notes {i.e., those below 500 to 1000 cycles)

Actuat/ tone range
Accompanying noise range

• Cutoff frequency of filfer
cfefectab/e in 80.% offesfs

Tympani 1

T

1111 11 1

14" Cymbals
~~L~

Cello
1

1

Bass Saxophone "

' ""

jU~"
'

'

Soprano saxophone
Oboe —

'

K.mit

Male speech—
Female speech

Hanoi clapping
Key jingling

:

.

|

40 100 500 1,000 5,000 10,000 20,000

Frequency in Cycles per Second

Fig. 445.—Frequency range of representative musical instruments as determined by-
listening tests (as given by W. B. Snow).

than on the higher frequencies, as is evident in Table XV. This table
also gives the percentage of time intervals of }i~sec. duration in which
the peak power is at least one-fourth of the maximum power observed,
and it is apparent that different instruments vary greatly in this respect.

The range of sound power encountered in the rendition of musical pieces
depends upon the selection involved and upon the number of instru-

ments participating. In the case of a symphony orchestra the sound
power during the loudest passages may reach peaks that are 10,000,000
times as great as the sound power during the softest passages.

Noi&e.-—Noise represents sounds in which the energy is more or less

uniformly distributed over a considerable frequency range without a
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definite pitch being present. In a crude way noise can be considered

as consisting of a mixture of sound of all frequencies. Noises differ

in the way in which their energy is distributed with frequency, as is

apparent from Fig. 446. Many noises, such as the jingling of keys,

to -

Whistle-highpitchy

\
Typewrite ~m >ii '\

\

td&TN
'Street-

/c

this)

tvpi
Je]

fch
/

noise

*

SO 100 500 1JD00
Frequency

5,000 10.000

Fig. 446.—;Energy distribution of typical noises expressed in terms of the deafening

(or masking) effect. ' The distinguishing feature of noises is the more or less continuous

energy distribution over a wide frequency range.

clapping of hands, and footsteps, contain important components having

frequencies above 8500 to 10,000 cycles and do not sound natural when
these are suppressed (see Fig. 445).

Table XV

Instrument

Peak
power,

watts

Percentage of J^-sec.

'intervals in which

power is at least

one-fourth of peak

Band containing

maximum peaks,

C.P.S.

36- by 15-in. bass drum

15-iri. cymbals

24.6

11.9

9.5

0.288

0.053

S
0.084

( 0.021

0.267

(13.4

/66.5

6
' 2M
7M

25

6

V2 }

io S

16

9

1

250 to 500

250 to 500

8,000 to 11,300

Bass saxophone 250 to 500

French, horn 250 to • 500

Piccolo 2,000 to 2,800

Piano 250 to 500

75-piece orchestra
250 to 500

8,000 to oo

148. Characteristics of the Human Ear. 1—The properties of the ear

are of fundamental importance in sound work since it is through the

medium of the ear that sound waves are observed. The. frequeBey and

1 Much of the material in this section is summarized from Fletcher, loc. cit.

For further information also see Sec. 9 of "Electrical Engineers Handbook

—

Communication," John Wiley & Sons, New York.
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amplitude ranges over which a normal ear. receives auditory sensations

are illustrated in Fig. 447. Frequencies below about 20 cycles are per-

ceived by feeling rather than hearing, while frequencies above about

20,000 cycles are not heard by most ears. The limit marked "Threshold

of feeling". in Fig. 447 represents the point at which the sound intensity

becomes great enough to produce a sensation of pain, while the limit

marked "Threshold of audibility" represents the minimum sound

audible to the normal ear. It is apparent that the sensitivity of the

ear depends upon the frequency and

is maximum in the range 1000 to

3000 cycles.

The smallest variation in sound

amplitude that the ear is able to

perceive is roughly a constant per-

centage of the original intensity,

which is equivalent to stating that

the loudness of a sound as measured

by the ear is proportional to the

logarithm of the sound intensity.

The minimum percentage of change

in sound energy that is detectable is in the order of 25 per cent (1 db)

in the middle range of frequencies at moderate intensities, and becomes

less when the intensity is low or when the frequency is high or low.

The wide range of intensities to which the ear responds and the fact

that the sensitivity of the ear varies logarithmically make it convenient to

use a logarithmic scale for measuring sound intensities. The unit

commonly employed for this purpose is the decibel (abbreviated db),

which is described in Sec. 54, and is ten times the common logarithm of a

power ratio. •'. •

The minimum perceptible change in frequency varies with pitch,

but over. the frequency range 500 to 8000 cycles is very close to 0.03

per cent, with larger values for very low frequencies and for low sound

levels.

The ear has a non-linear response to sound waves of large amplitude.

The result is that with powerful sound waves the ear produces harmonics,

as well as sum and difference tones, which are not present in the original

sound and yet which are actually present in the hearing organs and are

perceived by the brain. Such frequencies produced in the ear are called

subjective tones and explain a number of sound phenomena. Thus the

pitch of a sound is not changed by removing the fundamental frequency

since the harmonics combine in the ear to produce a difference frequency

that recreates the fundamental component in the form of a subjective

tone. This non-linear character of the ear also makes many radio receiv-
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ers and loud-speakers at least passably acceptable by regenerating in the

form of subjective tones the low frequencies that the equipment itself

fails to reproduce.

Another important consequence of the non-linear character of the

ear is the phenomenon known as masking, which appears as a deafening

to high-frequency sounds caused by the presence of a lower pitched

sound. Masking arises from the fact that, when the ear produces har-

monics of the low frequencies, these harmonics interfere with the per-

ception of the higher pitched sounds, which are then said to be masked.
Masking is particularly important in noisy locations, since it is equivalent

to a deafening. It is the reason that it is necessary to raise the voice

when carrying on a conversation in a noisy location.
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Fig. 448.—Contours giving intensity required for equal loudness as a function of fre-
quency for. pure tones. The numbers on the contours give the strength of an equally
loud 1000-cycle tone in decibels above the minimum audible lOOO-cyde tone.

Loudness. 1—The magnitude of the auditory sensation produced by a
sound is termed its loudness. Experiment shows that the relative loud-

ness of different frequencies depends upon the absolute as well as upon
the relative intensity. This is shown by Fig. 448, which presents

experimental curves giving intensity level of the sound required for

equal loudness as a function of frequency for the case of pure tones.

It is seen from these curves that, when the intensity level is lowered, as,

for example, when a radio is played softly, the lower frequencies tend to

disappear. Thus, if 100- and lOOO-cycle tones both have intensities

corresponding to the 70-db contour in Fig. 448, reducing the intensity

1 For further information see Fletcher and Munson, Loudness, Its Definition,

Measurement, and Calculation, Jour. Acous. Soc. Amer., p. 82, October, 1933.
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of both by 40 db will reduce the loudness of the 1000-cycle tone to the
30-db contour, while the 100-cycle tone will be just at the limit of audi-
bility and so will have disappeared.

149. Elements of Acoustics. 1—The sound reaching an observer
will generally differ from the sound as generated because of reflections

from near-by objects. Consider, for example, the Typicoipanswhichw*

situation illustrated in Fig. 449, which shows only
,

yy^y^r^'^06^
' a few of the paths by which sound produced in a
room may travel from source to observer. The
direct route involving no reflections is the most
important individual path, but, unless the observer

is very close to the source, or unless the walls are FlG 449_Dia ram
lined with sound-absorbing material, large amounts illustrating a few of the

of sound energy will reach the observer by way of
ma

*f
rofes which sound

! i
. .

produced in a room may
the longer indirect paths involving reflections from travel, in reaching a

the bounding surfaces.
' listener.

The principal effects that these reflections have on the sound as
observed are as follows :

1. The average intensity of the observed sound is raised because sound originally-

sent out in other directions is reflected back to the observer.

2. The relative amplitudes of the different frequency components of the sound
may be altered as a result of selective absorption of the reflecting surfaces, which
usually tend to reflect low frequencies more efficiently than high frequencies.

3. The relative amplitudes of the different frequency components of the sound will

always be altered as a result of interference effects resulting from the fact that the
phase with which the energy traveling along the different possible paths combines
depends upon the position of the observer and upon the frequency.

4. The observed sound persists for some time after the original sound has ceased
as a result of the greater time it takes the sound traveling along the indirect routes
to reach the observer. This effect is known as reverberation.

The magnitudes of the first three of these effects depend primarily
upon that fraction of the total energy reaching the observing point which
has traveled an indirect path, and this in turn is determined by the
relative lengths of the direct and the indirect paths and the fraction

of the sound-wave energy that is absorbed upon reflection. When
the direct path is short, or when the bounding surfaces are of such a
character as to absorb a large fraction of the energy of sound waves
striking them, most of the energy reaching the observer travels along
the direct path, and interference, selective absorption, etc., are not
important.

1 For further information, on the subject of acoustics, the reader should consult
Sec. 9 "Electrical Engineers Handbook—Communication," John Wiley & Sons,
New York.



760 RADIO ENGINEERING [Chap. XVIII

When the observer is at a reasonable distance from the sound source,

interference effects will produce considerable quality distortion. The
extent of the quality distortion that can be expected is indicated in Fig.

450, which shows sound powers actually observed by a microphone in a

small-sized classroom. 1 It will be noted that the relative sound intensity

varies widely with frequency and microphone position. The result is

that the actual sounds observed depend to a large extent upon the posi-

tion of the observer.

Reverberation.—Reverberation in a room depends upon . the ratio

of the enclosed volume to the area of the bounding surfaces, and upon the

average coefficient of sound absorption of the walls. It is measured in

terms of the time- after the sound source has been silenced that it takes

a sound uniformly distributed throughout the room and having 1,000,000

times the minimum audible energy to die down to inaudibility. This

reverberation time depends upon the volume of the space involved,

(w) Microphone «+ Fixeol Location (b)Microphone Location Varied- Frmwncy Fixed

?I00

600 700 800 900 ,...

Frecn»e»icy in Cycles Per Second Distance of Microphone From Side Wall In Ferf

Fig. 450.-—Variations in observed sound power. that result from changes in position

and changes in frequency because of interference effects between standing wave trains

existing in small classroom.

the area of sound-absorbing surface present (including walls, furniture,

people, etc.), and the average coefficient of sound absorption of the

surfaces. The reverberation time is commonly of the order of several

seconds
,
in large theaters and auditoriums where the sound travels

long distances between reflections. In living rooms of ordinary homes the

fact that the sound waves have opportunity to travel only a. short dis-

tance between reflections results in rapid absorption and hence a very

short reverberation time.

It might be thought that the smaller the reverberation time the

better, but this is not necessarily true because the ear normally expects

a certain amount of reverberation and because reverberation enhances

certain musical and oratorical effects. Thus with music the presence of

reverberation helps the different players in an orchestra to play together

properly and increases the effectiveness of passages intended to convey

1 The writer is indebted to P. G. Caldwell, formerly graduate student in electrical

engineering at Stanford University, for these curves.
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the impression of power. Similarly in speech the presence of reverbera-

tion increases the average intensity of. the sound above the level that

would be present outdoors or in a room with perfectly absorbing walls,

and thereby makes it possible for a speaker's voice to reach a larger

number of people.

The optimum reverberation time for a broadcast studio varies with

different conditions, but is always less than for the corresponding theater

or auditorium. This is because the ultimate listener receives reverbera-

tion* from both the broadcast studio and the room in which the sound is

reproduced.

Experience indicates that the optimum reverberation time for broad-

cast work is about two-thirds of that considered best for ordinary speech

or music rooms. This result can be most satisfactorily achieved either

by using a directional microphone so placed as to discriminate against

sound reflected from room boundaries in favor of sound coming directly

from the source, or by using a relatively long narrow studio having high

absorption at one end (where the microphone is located) and low absorp-

tion at the other (where the sound is produced). These expedients

reduce the amount of reverberation picked up by the microphone, while

allowing the performers to work in the presence of normal reverberation.

The reverberation time can be controlled by the use of sound absorb-

ants, and studios, auditoriums, etc., must be acoustically treated so that

the optimum reverberation time is obtained. This is done by use of

acoustic tiles and plasters on walls and ceiling to provide a certain mini-

mum of absorption, and by adding rugs, drapes, etc., when circumstances

call for still less reverberation.

150. Effects of Distortion in the Reproduction of Sound.—In designing

a system for the electrical reproduction of sound it is necessary to con-

sider the various ways in which the original sound may be distorted, and

the consequences of this distortion. The most important single factor

involved is the frequency range of the electrical system. The frequency

band required for substantially perfect reproduction varies with the

nature of the sound involved, as is apparent from Fig. 445, but is about

100 to 10,000 cycles for speech and 60 to 15,000 cycles for music. Experi-

ence indicates, however, that a frequency range of 80 to 8000 cycles is

adequate to give excellent reproduction of all sounds except certain types

of noises. The usual broadcast program has a frequency range of the

order of 100 to 5000 cycles, and understandable although not natural

speech can be transmitted with a much narrower range of frequencies,

as illustrated by the telephone, which has a.frequency range of 250 to

3000 cycles.

Experimental investigations of the effect of amplitude distortion,

such as introduced by an overloaded amplifier, indicate that, when the
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full frequency range is reproduced, distortions of 3 to 5 per cent are

detectable, and that 10 per cent is very noticeable. 1 Odd harmonics are

more troublesome than even harmonics, and the amount of distortion

permissible becomes less as a wider frequency range is reproduced.

The intensity level at which the sound is reproduced is also of con-

siderable importance. If the reproduced sound is at lower intensity

than the original, the low frequencies appear to be weaker than they

should, as explained in connection with Fig. 448, while the tendency of

the high frequencies to be masked by the lower frequencies is reduced.

Both of these effects work in the same direction, and combine to make it

necessary to vary the frequency response with volume level if high-

quality reproduction is to be obtained. The "tone-compensated"

volume control used in many radio receivers is for the purpose of provid-

ing this type of correction.

The acoustics of the space where the microphone is located and of

the room containing the loud-speaker affect the fidelity of the reproduced

sound as explained above. In this connection it is to -be. noted that a

person listening to the original sound is able, as a result of having two

ears, to discriminate against noise and reverberation arriving from

directions other than along the direct path, whereas the microphone

cannot. The result is that studio reverberation and noise picked up by
the microphone and reproduced by a loud-speaker do not sound the same
as normal reverberation and noise. Ordinary reproducing systems also

fail to give space relationships, since all. the reproduced sound comes

to the observer from the same direction,, irrespective of the location of

the original sound source with respect to the microphone. 2 -

The extremely wide range of intensities encountered in ordinary

sound makes it necessary in electrical, reproducing systems to reduce

the intensity of the very loudest passages to prevent overloading ampli-

fiers, etc., and to increase the intensity of the weaker passages to prevent

their being lost in the background noise. This introduces a form of

distortion to which the musically inclined tend to be particularly sensitive,

but which can be readily remedied by means of automatic volume expan-

sion, as described in Sec. 48.

The exact phase relations between the various components of a

complex sound are unimportant unless the phase shift is great enough to

produce an appreciable time-delay distortion, such as 0.01 sec. Varia-

1 See Frank Massa, Permissible Amplitude Distortion of Speech in an Audio

Reproducing System, Proc. I.R.E., vol. 21, p. 682, May, 1933.

The percentages given are" the percentages of harmonics that result with a sine

wave having an amplitude equal to the peak amplitude of the complex audio wave.
2 The illusion of space can be obtained by the use of two or three separate channels.

See a series of six papers on Auditory Perspective, Electrical Eng., January, 1934.
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tion in the phase (such as + 180°) of various components with respect

to each other is not even detectable by the ear. 1

In view of all these ways in which the original sound may be distorted,

it might be thought rather remarkable for the reproduced sound to be

acceptable. Actually, however, the ear is not a particularly critical

device, and is reasonably content with rather imperfect results. This

is in part due to the fact that the ear has been trained since infancy to

accept many forms of distortion; for example, the distortion discussed in

connection with Fig. 450 is accepted as perfectly natural.

Articulation.—The extent to which a transmission system is capable of

reproducing the original speech meaning is measured in terms of the artic-

ulation. 2 Articulation is ordinarily based upon the accuracy with which

the fundamental voice sounds are perceived, and can be tested using ran-

dom combinations of Vowel and consonant sounds in vowel-consonant,

consonant-vowel, and consonant-vowel-

consonant combinations. An articula-

tion of 90 per cent on such a test would
mean that 90 per -cent of the individual

voice sounds were correctly received.

The results of a typical articulation

test are shown in Fig. 451. It will be

noted from this figure that, while most of

the energy of speech is in the lower -fre-

quency range, the higher frequencies are

essential to satisfactory articulation.

Thus, when all frequencies above 1550

cycles are suppressed, the articulation is
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reduced to 65 per cent although less than tion for voice sounds as one end of the
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frea-uency spectrum is cut out, to-

i^ per cent oi tne sound energy is enmi- gether ^n the fraction of the

nated, while Suppressing all frequencies original' sound power remaining after

below 1550 Cycles gives an articulation
Restriction of the frequency band.

of 65 per cent even though only about 12 per cent of the original sound
energy remains. In this connection it must be kept in mind that

naturalness and articulation are not synonymous. Thus Fig. 451 shows

that the articulation is not appreciably reduced by .suppressing all

ifequencies below 500 cycles, although doing so destroys the naturalness

of the voice. In general, satisfactory naturalness requires the pres-

ervation of a much greater frequency range than is needed from the

standpoint of mere articulation.

1 See Balth. van der Pol, A New Transformation in Alternating-current Theory
with an Application to the Theory of Audition, Proc. I.R.E., vol. 18, p. 221, February,

1930.
2 See Fletcher, loc. cit., for more detailed information on articulation and articula-

tion testing.
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Baffle -> /Flexible mounting

To D.C vo/tage
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151. Dynamic Loud-speakers Employing Paper Cones.—Nearly all

loud-speakers employed in radio receivers are of the "dynamic" type

illustrated in Fig. 452. This consists of a paper cone to the apex of

which is fastened a coil (commonly called the -voice coil) located in a

strong magnetic field and carrying the audio-frequency currents to be

transformed into sound waves. In

such an arrangement the action of the

magnetic field on the coil current pro-

duces a mechanical force that vibrates

the paper cone and causes the radiation

of sound waves. The cone is supported

in some manner around its outer edge,

while the coil" is held in position and

supported by means of a flexible spider.

The entire coil and cone assembly is

therefore free to move as a unit, and
under ordinary conditions is propor-

tioned in such a manner as to have a

resonant frequency at the lower end of

the frequency range to be reproduced.

The cone must be mounted in a baffle

as shown in Fig. 452, or in a box, in

order to prevent the radiation from

the front and back sides from cancel-

ing at low frequencies.

The characteristics of a typical

high-grade dynamic speaker are shown
in Fig. 453. The frequency range

is adequate for ordinary broadcast

receivers, and the response is. suffici-

ently uniform over this frequency

range to sound entirely satisfactory upon listening tests.

Analysis of Dynamic Speaker Action. 1—The force that is exerted upon
the voice coil as a result of the action of the magnetic field upon the voice-

coil currents acts against a mechanical impedance consisting of a mass,

a compliance, and a resistance. The mass consists of the effective mas*
that the coil and cone assembly offers to the frequency involved plus the

fluid mass caused by the air in contact with the cone. The equivalent

compliance is determined primarily by the spider supporting the voice

1 For further information see H. Olson and F. Massa, "Applied Acoustics," P.

Blakiston's Son & Company, Philadelphia; Frank Massa, Loud Speaker Design,

Electronics, vol. 9, p. 20, February, 1936; J. D. Seabert, Electrodynamic Speaker

Design Considerations, Proc. I.R.E., vol. 22, p. 738, June, 1934.

Output from radio
set orpower
amplifier

/Equivalent
/ compliance
*

•̂ ^Frictional
;. andeddy

St current
loss

Voice coil '
. } \ .

'

inductance Equivalent Equivalent
mass of radiation
•vibrating resistance
system

Fig. 452.—Cross section of typical
dynamic type of loud-speaker, to-

gether with equivalent electrical cir-

cuit of electromechanical system.
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coil, but is also influenced by closed air spaces, etc. The effective resist-

ance to motion includes eddy-current losses/sound energy that is radiated,

etc. The velocity of the resulting voice-coil vibration is proportional

to the force divided by the mechanical impedance, while the amount of

sound energy radiated is proportional to the square of the velocity times

the radiation component of the resistance.

The voice coil in vibrating, cuts across the direct-current magnetic

field of the loud-speaker and so has a back voltage induced in it. This

causes a voltage drop that is-equivalent to adding an impedance to the

voice-coil circuit, and, since this additional . impedance is caused by

vibration, it is termed motional impedance. The real and reactive

energies represented by the voice-coil current flowing through the voice-
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Fig. 453. ;—Response curve of typical cone dynamic speaker.

coil motional impedance are the real and reactive energies, respectively,

which' the electrical circuits deliver to the vibrating system in order to

sustain the vibrations.

The quantitative relations existing in the electromechanical system

represented by the dynamic loud-speaker can be summarized by the

following equations. The force that the magnetic flux of the field circuit

exerts on the voice coil is

1n
Response on axts^

i

-V, >\

s
\ J /-

A
t

.
v\

/ Response 30deg.
oft axis v.^/

1 V y
s

1

Baffle approximately
4-ft. square

s

\
w* I*'*

Force in dynes = EH
10

(253)

The effective impedance against which this force is exerted is

Impedance of cone and voice coil in) — z = R -\- i(mm —
J (254)

mechanical ohms or dyne sec/cm / \ a>CJ

The velocity with which the voice coil moves is equal to the force divided

by the impedance, or
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Velocity in cm per sec. = M = . A
force in dynes

| u (255)impedance in mechamcal ohms v J

The amplitude of the vibration is

Amplitude of vibrations in cm = velocity in cm per sec
(256)

The energy radiated per square centimeter of cone surface is

Radiated energy in watts per sq'cm = n
2Ra X 10~ 7 ' (257)

The motional impedance is the counter e.mi . Ec induced in the voice coil

divided by the voice-coil current causing the vibration, or

Motional impedance) _ „ _^± B 2
l
2

Zm = T =
~Z~ x 10_9 (258)in ohms )

™ i Z

The notation in these equations not given in connection with the
equations is

B '=* air-gap flux density in gausses

I = length of wire in the voice coilin centimeters

* = voice-coil current in amperes
R = total resistance of cone in mechanical ohms (dyne seconds per

centimeter) including radiation loss, eddy-current loss, fric-

tional loss resulting from the bending of the cone material, etc.

Ra = radiation -resistance per square centimeter of cone area
m = effective mass in grams which vibrating system offers driving

force, including coil mass, effective cone mass, and effective

mass of air load

C = compliance of vibrating system in centimeters per dyne
co = 2ir times frequency.

"

A study of Eqs. (253) to (258) shows that, as far as the electrical circuits

are concerned, the mechanically vibrating system is equivalent to a tuned
secondary. This leads to the equivalent electrical circuit for the dynamic
loud-speaker shown in Fig. 452, in which the mechanical force acting
on the voice coil is represented by the voltage induced in the secondary,
while the motional impedance is the coupled impedance. It will be noted
that the mechanical impedance of the secondary is of the same form as
that of a tuned circuit, and that the velocity of vibration is equivalent
to the current in the

1

telfcctrical analogue. The energy dissipated in the
secondary resistance of the equivalent electrical circuit hence represents
the energy required to maintain the cone vibrations, and the fraction
of this energy dissipated in the portion of the secondary impedance
corresponding to radiation resistance represents the amount of energy
actually converted into sound power.
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At low frequencies (commonly up to 500 to 1000 cycles) the paper

cone acts approximately as a piston diaphragm having a diameter equal

to the diameter of the cone. 1 Under these conditions the presence of

the air in contact with the vibrating diaphragm produces a mechanical

radiation resistance Ra per unit area which varies with frequency as shown

in Fig. 454. For frequencies low enough so that the diameter of the

cone is appreciably less than a half wave length it is seen that the radia-

tion resistance is indirectly proportional to the square of the frequency,

so the total sound power will be independent of frequency if the velocity

is inversely proportional to frequency. This result can be readily

realized by making the resonant frequency of the cone and coil assembly
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less than the lowest frequency to be reproduced, since then the principal

impedance to motion in Eq. (254) is supplied by the inertia of the coil

mass and is proportional to frequency.

At the resonant frequency of the coil and cone combination, the

impedance to motion becomes very small, so that there is a tendency

for the velocity of vibration and hence the radiated power to be large.

However, under these conditions the motional impedance is also large,

and examination of the equivalent electrical circuit of Fig. 452 shows that

this exerts a counteracting tendency by reducing the current through

iThe assumption of piston action is actually only a rough approximation, since

studies show that the actual cone motion is of a very complex character even at very

low frequencies. The observed behavior is reasonably consistent with piston action

at low frequencies, but it is probable that departure^ from true piston action begin to

be appreciable at a few hundred cycles and become progressively more pronounced

as the frequency is increased, until at about 1000 cycles the vibrations are in the form

of waves radiating out from the apex of the cone.
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the voice coil. By proper design, particularly by use of a magnetic
field of appropriate strength, it is possible to make the response at the
resonant frequency substantially the same as at higher frequencies, or to
have either a peak or a dropping off. 1 A strong resonant peak is some-
times deliberately introduced to increase the sound power radiated at

very low frequencies and thus to give the appearance of a strong bass.

This practice is not very desirable, however, since pronounced transient
oscillations at the resonant frequency will then take place upon shock
excitation. Below resonance the response drops off rapidly as a result

of the rapid rise in elastic impedance offered to the driving force.

At frequencies so high that the diameter of the cone exceeds a half

wave length the radiation resistance becomes substantially independent
of frequency. With piston action and a velocity inversely proportional
to frequency, the radiated power is then inversely proportional to the
square of the frequency. This tendency for the. response to fall off at
high frequencies can be counteracted by so designing the paper cone that
it ceases to operate as a piston at these higher frequencies. The cone
vibrations are then in the form of waves traveling outward from the
apex, with the result that the center part of the cone vibrates much more
intensely than the outer edges. As the frequency is increased, the action
is therefore very much as though the size of the cone were progressively
decreased. This reduces the effective mass, increasing the velocity
above what it would be with piston action and increasing . the total

radiated sound energy. The power still tends to drop somewhat at the
higher frequencies, but, since there is a tendency for the radiated energy
to be concentrated more nearly along the axis of the cone the higher the
frequency, it is found that the response directly in front of. the cone can
be made substantially constant up to rather high frequencies, although
there is a falling off of the higher frequencies to the side (see Fig. 453).

1 This assumes that the internal impedance of the power source indicated in Fig.
452 is equal to or less than the equivalent load impedance offered by the voice coil,

as is the case when a triode power tube is used to drive the speaker. With pentode
tubes, where the plate resistance is much higher than the load impedance, the high
back voltage at resonance merely increases the voltage drop across the speaker input
without changing the current. The result is then an accentuation of the resonance*
effect since this increase in power input comes when there is already a tendency for the
output to be excessive. This fact that the pentode does not help damp out speaker
resonance as does a triode tube has until recently been considered a major defect of the
pentode power tube. The development of the feed-back amplifier has altered the
situation, however, since feedback circuits such as that of Fig. 143c which act to
stabilize the output voltage operate to damp out resonances just as though the tube
had a low plate resistance. It is to be noted, however, that other feedback circuits
such as Fig. 143a which act to stabilize the output current have just the opposite effect,

tending to give the effect of an excessively high plate resistance even when the tube
itself has a low plate resistance.

/
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The ultimate limit to the high-frequency response is set by the mass

of the voice coil.

Miscellaneous Considerations.—A study of the factors involved in the

behavior of a cone speaker shows that, a large cone and a proportionately

large voice coil are best for the radiation of low frequencies, but that a

small cone and correspondingly light voice coil are favored for the repro-

duction of the higher frequencies. As a result, a very wide frequency

range is best reproduced by a pair of loud-speakers, one with a large cone

for the lower frequencies and the other with a small cone and light voice

coil for the higher frequencies, with accompanying '

Cone ___ ^
electrical networks for separating the high- and
, .. , i * • • Compliance C.
low-frequency audio currents. 1 An ingenious

combination of a low-frequency speaker and a

high-frequency speaker in one unit is provided

by the articulated voice-coil arrangement of Fig.
La hecm *i

455. 2 Here the speaker is provided with two voice coil
y

voice coils, one heavy and one light, which are Small light-weight'

connected together by an elastic link as shown. vo/c
^

co//

. , , ., , i . Fig- 455.—Articulated
At low frequencies both coils carry current ana act voice coil arrangement for

together as a unit, but at high frequencies the extending high-frequency

, »ii • -i -j. j. response.
large mass of the heavy voice coil causes it to

remain substantially motionless while the light voice coil continues to

function as a result of the elastic compliance CMl provided between the

coils. The low-frequency coil is also shunted by a condenser in order to

by-pass the impedance of the large coil to high frequencies.

The efficiency of a loud-speaker in transforming electrical energy into

acoustical radiation is relatively low except at the resonant frequency

because the coupling between the air and the vibrating cone is so poor that

very little of the driving force is actually used in doing work against the

air. Under practical conditions the average efficiency of a cone speaker

is less than 5 per cent.

The paper cone must be mounted in some form of baffle as shown in

Fig. 452 in order that the waves radiated from the two sides of the cone,

which are produced with a phase difference of 180°, will not cancel each

other. The baffle diameter should be of the order of*a half wave length

at the lowest frequency for which little or no loss in the sound output is

desired, and for best results should have an irregular outline in order to-

eliminate the possibility of destructive interference between front and

1 The design" of such networks is described by John K. Hilliard and Harry R.

Kimball, Dividing Networks for Loud' Speaker Systems, Technical Bulletin, Academy

of Motion Picture Arts and Sciences, Mar. 3, 1936.

* See Harry F. Olson, A NeW Cone Loud Speaker for High Fidelity Sound Repro-

duction, Proc. I.R.E., vol. 22, p. 33, January, 1934,
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back side radiation at certain critical frequencies. In the usual radio

receiver the cabinet supplies the baffle, and where good response down
to low frequencies is desired the cabinet must be of ample size, or must
be provided with some form of acoustic labyrinth or resonator as described
in Sec. 153.

152. Horns. 1—The horn is essentially an acoustic coupling device

which transforms acoustic energy at a high pressure and low velocity to

energy at a low pressure and high velocity. A horn can therefore be
used to increase the load that the air produces upon the driving mecha-
nism of a loud-speaker, and thereby makes it possible to obtain a better

match between a relatively heavy driving mechanism and the fluid air.

A typical horn speaker, is illustrated schematically in Fig. 456, while
the details of a representative moving-coil driving arrangement are

, .Coupling
\, air chamber

\-Horn

Annular
plug

Diaphragm

Fig. 456.—Diaphragm,
throat, and coupling air

chamber of horn-type loud-
speaker.

'-Field magnet

Fig. 457.—Moving-coil type of

driving unit used in a commercial
horn-type loud-speaker.

shown in Fig. 457. Sound waves_ produced at the throat by the dia-

phragm vibrations travel along the horn, expanding in an orderly manner
until large enough to transfer their energy to space without undue
disturbance.

Design ef Horns.—The factors involved in the design of a horn are

the taper, the mouth area, and the throat area. For proper operation
the taper should be such that the cross-sectional area is proportional to

an exponent of the distance along the horn. That is

Area at distance x from throat = A e
Bx

(259)

where A is the throat area and B is a constant that determines the rate

1 For. more detailed information on horns and horn-type loud-speakers, see C. R.
Hanna and J. Slepian, The Function and Design of Horns for Loud-speakers, Trans.
A.I.E.E., vol. 43, p. 393, 1924; C. R. Hanna, Loud-speakers of High Efficiency and
Load Capacity, Trans. A.I.E.E., vol. 47, p. 607, April, 1928; E. C. Wente and A. L.

Thuras, A High-efficiency Receiver for a Horn-type Loud-speaker of Large Power
Capacity, Belt System Tech. Jour., vol. 7, p. 140, January, 1928; Olson and Massa,.

loc. cit.; Massa, loc. tit.
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at which the horn opens out. x An infinite horn when tapered in this way-

transmits freely all frequencies appreciably above a certain critical "cut-

off" frequency, and nothing below. This transmission characteristic

depends upon the ratio 2rf/B as shown in Fig. 458. Cut-off occurs

when / = 27305, and the transmission falls off rapidly for frequencies

less than 4000B, where B is evaluated from Eq. (259) when dimensions

are in centimeters. The proper taper. for an exponential horn is there-

fore determined by the lowest frequency sound that is to be radiated.

The mouth area of a horn determines the lowest frequency sound

wave that can be transferred from the horn to free space without setting

up resonances in the air column. When the mouth diameter is 2X/3,

such resonances are negligible, and do not become excessive until the

diameter is less than X/4, where X is the wave length of the sound. The

mouth of a horn is hence determined by the lowest frequency that is to be

handled.

The throat area of the horn determines the loading that the horn

places upon the diaphragm of the driving mechanism. When the dia-

phragm has the same area as the throat, the

acoustic resistance that is offered to the

vibrations of the diaphragm is 41.5 mechani-

cal ohms per square centimeter, while, if the

throat represents a constriction, "the acoustic

resistance offered to the diaphragm is

41.5GSd//So)
2 mechanical ohm's per square

cm. of throat, where S'd is the diaphragm area, & 0.3

and So is the area of the throat. A small <tt

throat therefore increases the acoustic loading

on tke diaphragm, and sd raises the efficiency

with which the electrical energy is transformed

into sound energy. However, a small throat

to

0.9

08

i 0.6

Q-

o as

% 04

5 10 15 20 25 30 35X104

Fig. 458.—Relative power

halv^riouslisTdvantages, such as requiring tZ^ft^Z^^o}
a longer horn, increasing the frictional losses, taper (all lengths measured in

distortion due to excessive throat pressures,
centimeters),

etc., so that in actual practice the throat size is chosen as a compromise

between various factors.

It is to be noted that the length of a horn is determined by the

mouth, the throat, and the taper.

Performance of Horn Speakers.—The low-frequency limit of a horn

speaker is set by the taper and mouth of the horn, as has been explained.

The ultimate high-frequency limit is set by the mass of the moving coil

' 1 Other forms of taper, such as conical, are occasionally employed in horns but

have the disadvantage of much less uniform transmission with variation of frequency

than the exponential horn.
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and diaphragm. In order to realize this possible high-frequency limit,

it is, however, necessary that the distance from the throat to various
parts of the diaphragm vary by less than a half wave length, since other-

wise the sound waves produced by various parts of the diaphragm will

not add up in phase at the throat and there will be a falling off in response
at the higher frequencies. In order to minimize difficulties of this sort,

it is common practice to employ an annular plug between diaphragm and
throat to equalize the distance to the throat from various parts of the

diaphragm as shown in Fig. 457.

The sound power generated by the diaphragm of a horn speaker is

proportional to the square of the diaphragm velocity. In order to

obtain a frequency response that is substantially independent of fre-

quency, it is accordingly necessary that the impedance,which the vibrat-

ing system offers to its driving force be substantially resistive. This
condition is realized by making the acoustic loading on the diaphragm
high and by designing the vibrating system to have the lowest possible

mass together with a resonant frequency in the middle of the response
range. Under these conditions the impedance that the diaphragm offers

to its driving force is predominantly resistive, and the velocity is rela-

tively independent of frequency.

The efficiency with which the electrical energy supplied to the voice

coil is converted into acoustic energy depends upon the ratio of copper to

radiation resistance, and becomes higher -the greater the diaphragm

*^
'

loading. This indicates the desirability of a
W\^^^ small throat; but at the same time the throat

VjK ' " -

—

must not be so small that an appreciable part

»i'\l||||IBs[
!

lflli 'lllfi
!

I III
°^ ^e acoustic energy is lost in friction, or

II xf
J

^l||
Ss
^lp-^lJl| that the sound-wave pressure in the throat is

!r Villi '^n* J

/
/Tflf ^^<!T/ / ///flL_ / / / / /////

sufficient *° cause excessive distortion.

f M ^fl ^|l_3I Unqler practical conditions efficiencies of the

L___jL—-*

—

order of 25 to 50 per cent are commonly
Fig. 459.—Horn with de- obtained.,

fleeting vanes to distribute A hom tends to concentrate the SOUndnign-frequenqy energy evenly. ... oyju.i±vx

along its axis, with, this tendency becom-
ing more pronounced the higher the frequency. The result is that,

when the total sound power generated is independent of frequency,
the high frequencies are too strong along the axis and too weak to the
side. This effect can be taken care of when necessary by providing
the horn with deflecting vanes, as shown in Fig. 459, for the Durpose of

spreading the energy equally for all frequencies.

Directional Baffles.—In public-address and theater'work it is common
practice to employ ordinary cone speakers which are provided with a

short horn, or directional baffle, as shown in Fig. 460. The distinguishing
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Directional
baffle •

feature of such an arrangement is a short .horn, made possible by the

use of a throat area equal to or only moderately less than the size of

the paper cone, and the enclosed box for the purpose of preventing

radiation from the back of the cone.

At frequencies low enough so that

the box dimensions are appreciably

less than a quarter of awave length,

the presence of the box is equivalent

to adding stiffness to the vibrating

system. Resonances at higher fre-

quencies are avoided by packing

the box with felt or other acoustic

absorbent and by taking advantage

of the fact that the absorption coef-

ficient increases with frequency.
' A directional baffle concentrates the sound and also increases the

efficiency of radiation, particularly in the frequency range in which the

cone functions as a piston. This is because with a throat of the same

size or smaller than the cone the acoustic impedance will be at least

(a) Bipolar type (b) Balanced armature type

Sound absorbant

Fig. 460.—Cone speaker provided with
directional baffle.

Armaturê Y^Cone

v /
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iY i

JL J Fl L
~~\ •B I
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-Polarizing Pole *' Polarizing
magnet- pieces magnet

Fig. 461.—Typical magnetic-speaker driving systems.

41.5 mechanical ohms per square centimeter at low frequencies, whereas

it is seen from Fig. 454 that the acoustic resistance is much less for the

same cone operated in a plane baffle at a low frequency. In this way

the acoustic loading can be increased to the point where it tends to

control the impedance of the vibrating system at low and medium

frequencies, with the result that efficiencies of the order of 25 per cent are

typical.
,

153. Loud-speakers. Miscellaneous Considerations. Magnetic

Speakers.—While most speakers employ a moving-coil driving mecha-

nism, some of the very cheap loud-speakers employ driving systems

such as illustrated in Fig. 461. These are termed magnetic speakers,

and make use of what is essentially a large telephone-receiver type of
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driving mechanism such as .discussed in Sec. 154. The chief disadvan-
tage of the magnetic speaker is that the force-displacement character-
istic of the driving mechanism of magnetic speakers becomes non-linear
when the amplitude is at all appreciable, so that the output obtainable
without distortion is very low, particularly on the lower frequencies.

Distortion.—If driven too hard all loud-speakers overload and
generate spurious frequencies. One form of distortion is caused by a
non-uniform distribution of flux in the air gap in which the voice coil

,

operates. Such distortion is most pronounced when the amplitude of

vibration is large, and so is found at low frequencies, particularly the
resonant frequency of the vibrating system. In improperly designed
speakers in which excessive resonance is allowed in order to boost the low
notes, it is not uncommon for the harmonics to reach 50 per cent to 100
per cent or even more of the fundamental. 1 Another important source
of harmonics is a non-linear force-displacement characteristic of the
moving system arising as the result of non-linear action in the paper
cone, supporting spider, etc. Under certain conditions non-linear dis-

tortion in the cone also produces relatively strong sub-harmonics, i.e.,

frequencies that are one-half, one-third, etc., of the driving frequency.
In horns, high air pressures produced in the throat cause distortion

because the adiabatic compression of air is non-linear with respect to
pressure. This effect tends to be most pronounced at the higher fre-

quencies and sets- a limit to the lowest permissible throat area in horns
intended to handle high sound powers. 2

Acoustic Labyrinths, Resonators, Etc.—The practical impossibility
of obtaining sufficient baffle action from a receiver cabinet to reproduce
the very low frequencies has led to the development of various expedients
for meeting this problem. One such arrangement involves connecting
the back of the loud-speaker to open space through a tortuous passage or
labyrinth. This gives the effect of a large baffle at the very low audio
frequencies while tending to absorb the higher frequencies. Such an
acoustic labyrinth is shown in the large compartment below the receiver
chassis in Fig. 320.

1 Thus see Hugh S. Knowles, Loud Speaker Cost versus Quality, Electronics, vol. 6,

p. 240, September, 1933.
2 The resulting distortion can be approximated by the equation

Percentage of second harmonic = -^r~ (Q) X 100 (260)
ol \fc/

where W is the acoustic watts per square centimeter of throat area and (fi/f ) is the
ratio of driving frequency to horn cut-off frequency. See A. L. Thuras, R. T. Jenkins,
and H. T. O'Neil,. Extraneous Frequencies Generated in Air Carrying Intense Sound
Waves, Bell System Tech. Jour., vol. 14, p. 159, January, 1935.
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Another arrangement coming into use consists in inclosing the back

of the cone by a box that is provided with a port that opens in the same

direction as the front of the speaker. By proper proportions of the

inclosed space, port size, and port position, it is possible' so to shift the

phase of the radiation from the' back of the cone that the sound issuing

from the port will be in phase with the radiation from the front of the

cone at the lower frequencies. At higher frequencies this is not neces-

sarily so, but by the proper use of absorbing material in the inclosed space,

the high frequencies can be sufficiently damped to prevent excessive

resonance.

Very low frequencies can also be reproduced by inclosing the back

side of the cone speaker with a box which is normally lined with sound-

absorbing material. This prevents radiation from the back of the cone,

and so avoids the cancellation of the low frequencies when there is not

• sufficient baffle area. The effect of the enclosed space is to add stiffness

to the equivalent vibrating system of the cone at low frequencies, while

the higher frequencies are absorbed.

A still different method of attacking the problem of low-frequency

reproduction consists in coupling the equivalent of a folded horn to the

back side of a small cone by means of an* air chamber of such size that

at' low frequencies the horn functions in a normal manner, while in the

" mid- and high-frequency range the horn ceases to function and the front

side of the cone is depended upon for reproduction. 1

High-frequency Speakers.—The efficiency, acoustic output, uniformity

of response, etc., can all be improved by limiting the frequency range.

This has led to the use of dual-speaker systems where high quality, or

high power, or both, are important. The low-frequency unit of such an

arrangement commonly consists of a horn speaker, or cone with direc-

tional baffle. The high-frequency unit always employs a horn, but the

method of driving varies. The most widely used drives are a small

paper cone with light voice coil, and a metal diaphragm and moving-coil

arrangement similar to Fig. 457. Other arrangements that have been

suggested include a piezo-electric driving arrangement. 2

154. The Telephone Receiver.—The term telephone receiver is used

here to denote those devices which convert electrical energy into sound

waves and which are held against the ear when used. This is in con-

trast with loud-speakers, which are arranged to produce sound waves

that spread over a large volume.

1 See H. F. Olson and E. A. Hackley, Combination Horn and Direct Radiator Loud

Speaker, Proc. I.R.E., vol. 24, p. 1557, December, 1936.

2 See Stuart Ballantine, A Piezoelectric Speaker for the Higher Audio Frequencies,

Proc. I.R.E., vol. 21, p. 1399, October, 1933.



776 RADIO ENGINEERING [Chap. XVIII

All types of telephone receivers make use of a diaphragm that is

effectively sealed to the ear by means of a vented cap, so that, as the
diaphragm vibrates, the pressure of the small quantity of air trapped
between the diaphragm and the ear drum varies in accordance with the
displacement of the diaphragm. Investigations have shown that; in

order to obtain distortionless reproduction, the amplitude of the dia-

phragm vibrations should be proportional to the current supplied to the
telephone receiver and independent of the frequency of this current.

Magnetic-diaphragm Telephone Receiver. 1—The type of telephone
receiver most widely employed makes use of a permanent magnet, upon
the pole tips of which are coils that carry the voice currents. The mag-
netic circuit is closed by means of a magnetic diaphragm, which is set in

vibration by the audio-frequency currents passed through the receiver

windings. The cross section of a typical telephone receiver of the type
worn with a head band is shown in Fig. 462. The receivers used in the

telephone system are similar except for the

fact that the permanent magnet is located

inside the hand piece.

The permanent magnet increases the sensi-

tivity and prevents distortion. This results

Permanentmagnet
hoVCl the faCt that the Pul1 °n each Unit area

fig. 462.-Cro« section of
of the diaphragm is proportional to the square •

typical watch-case type of of the flux density in the air gap. Thus, if
telephone receiver. ^ ig the flux dengity produced by the perma_

nent magnet and Bs sin wt is the flux density produced by the current in

the receiver windings, then

Opening in cap

Coils—. \ Diaphragm

Pull on diaphragm « (B + Bs sin wt) 2 =
B,B 2 + 2B BS sin ut + ^(1 - cos 2o>t) (261)

The first term on the right-hand side of Eq. (261) represents the constant
pull produced by the permanent magnet. The second term is a force
that varies in accordance with the current passing through the receiver
winding and is proportional to the s.trength of the permanent magnet.
This is the force that produces the desired diaphragm vibrations. The
final term consists of a constant pull and a double-frequency distor-

tion alternating-current force, both of which are relatively small if the
flux from the permanent magnet is large, but which in the absence of a
permanent magnet represent the only forces exerted on the diaphragm.

1 An exhaustive treatment of the magnetic-diaphragm telephone receiver is given
by A. E. Kehnelly, "Electrical Vibration Instruments," The Macmillan Company,
New York.
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Coil carrying
audio fiequenq
currents -**.-

Permanent
magnetic .

• flux
,

The diaphragm of a telephone receiver has mass, elasticity; and

friction, and so behaves under the influence of an applied force according

to exactly the same laws as the moving'system of a dynamic speaker [see

Eqs. (253) to (256)^. Since the response is proportional to the amplitude

of vibration, reference to Eqs. (255) and (256) shows that for a constant

coil current the response is independent of frequency up to the region,

of diaphragm resonance, where the response depends upon the damping.

At higher frequencies the response falls off .rapidly. For very high

quality reproduction it is hence necessary to use a light diaphragrn

stretched until the resonant frequency is at the upper limit of the response'

range desired, and then to provide

just enough damping for the reso-

nant response to be the same as the

response at lower frequencies.

Balanced-armature Receivers.

The possibilities of the magnetic-

diaphragm type of receiver that has

just been described are limited by

the fact that the diaphragm must be

of magnetic material and must with-

stand the strong steady pull of the

permanent magnet. These disad- ^ 463_Schematic diagram illugtra_

. vantages are overcome m the Bald- tjng the operation of a balanced-armature

win Or balanced-armature receiver, receiver The forces exerted on the arma-
"

. i-i ture are balanced unless the coil is carrying

illustrated in Fig. 463, which em- current, in which case the flux produced by

dIovs a pivoted armature arranged the coil unbalances the flux distribution in

, • ,1 -n j. x- J the air gaps.

as shown in the illustration and

connected to a mica diaphragm by means of a link. The pulls exerted

on the magnetic armature are balanced until current is passed through

the winding, when the additional flux produced by the winding causes an

Diaphragm unbalance that deflects the armature.

Moving-coil Telephone Receivers*—In the

rvpj moving-coil type of telephone receiver, the force

•Permanent magnet

"totf/y driving the diaphragm is obtained by the action

Permanentmagnef •

f a magnetic field on a coil carrying the audio-

ti nIrdet
4
^o7

C
a comme

C

r:
frequency currents exactly as in the dynamic

cial form of moving-coil loud-speaker. The construction of a receiver oi

telephone receiver. '

thig type ig s]lown m Yig. 464. The required

damping at resonance is provided by means of a slit which connects the

inclosed space back of the diaphragm to outer space, while the inclosed

air space behind the diaphragm and the slit provide a coupled system hav-

1 See E. C. Wente and A. L. Thuras, Moving-coil Telephone Receivers and Micro-

phones, Bell System Tech. Jour., vol. 10, p. 565, October, 1931.
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ing mass and stiffness which is utilized to make the response relatively

uniform up to frequencies about one and one-half times the resonant
frequency of the diaphragm.

15.5. Microphones.—Any device that converts sound energy into

electrical energy is termed a microphone. While many types of micro-
phones have been devised, the only ones that are now used to an appre-
ciable extent are the carbon, condenser/ribbon, crystal, and moving-coil
types.

t
Carbon Microphone. 1—The carbon microphone makes use of the

fact that the resistance which a mass of carbon granules offers to an
electrical current depends upon the pressure applied to the carbon.
In the carbon microphone a direct current is passed through the granules,

which are made from selected and treated anthracite coal and mounted
against a diaphragm to form. a "button." Sound waves striking the
diaphragm vary the pressure exerted on the granules. This produces
corresponding changes in resistance of the button and hence causes the

current to vary more or less in accordance with the sound pressure

exerted against the diaphragm. ,

The force acting on the diaphragm is proportional to the air pressure

of the sound waves, while the pressure upon the granules depends upon
the resulting amplitude of diaphragm vibration. As discussed in con-

nection with the magnetic-diaphragm telephone receiver, and shown by
Eq. (256), the amplitude of vibration will be substantially independent
of frequency below the resonant frequency of the diaphragm, will fall off

rapidly above resonance, and at resonance will depend upon the damping.
High quality therefore requires a high resonant frequency with suitable

damping.

The great advantage of the carbon microphone is that it is an ampli-

fier, since the amount of electrical output that the diaphragm motion
controls is greater than the sound power required to operate the dia-

phragm. At t/he same time the carbon microphone has a number of

disadvantages, the most important of which are the steady background
hiss, resulting from random changes in the resistance which the carbon

granules offer to the direct current passing through them, 2 and the insta-

bility of the carbon "button." As a result the carbon"microphone is used
in the telephone system where the high sensitivity is a great asset, and

1 For a more detailed discussion of the carbon microphone, see W. C. Jones, Con-
denser and . Carbon Microphones—Their Construction and Use, Bell System Tech.

Jour., vol. 10, p. 46, January, 1931; F. S. Goucher, The Carbon Microphone: An
Account of Some Researches Bearing on Its Action, Bell System Tech. Jour., vol. 13,

p. 163, April, 1934.
2 See C. J. Christensen and G. L. Pearson, Spontaneous Resistance Fluctuations

in Carboh Microphones and Other Granular Resistances, Bell System Tech. Jour.,

vol. 15, p. 197, April, 1936.
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also in amateur, police, and other radio work where the transmission of

information rather than entertainment is the primary object, but is

seldom used in public-address or high-quality radio-telephone work.

The construction of a typical high-grade carbon microphone is

shown in Fig. 465. The diaphragm is thin duralumin stretched to a

resonant frequency of 5700 cycles and associated with a grooved plate

which provides the required damping at the resonant frequency and which

is provided with two buttons. Carbon microphones used in the telephone

system, and also less expensive models, have a single button and obtain

increased sensitivity at the expense of uniformity of response by making
the diaphragm resonant in the middle of the voice range.

Fig. 4Gf>.—Constructional features of high-grade double-button carbon microphone.

Condenser Microphone. 1—The condenser microphone is a condenser

in which one plate is fixed while the other is a diaphragm against which

the sound waves act. A direct-current potential of several hundred volts

is applied between the plates of the condenser, and, as the capacity is

varied by the vibrations that the sound waves produce in the flexible

plate, a corresponding voltage drop is produced in the high resistance

that is placed between the direct-current voltage and the microphone,

as shown in Fig. 467.

The most important constructional details of a typical condenser

microphone are shown in Fig. 466. The diaphragm is of aluminum

alloy 0.0011 in. in thickness and stretched until its resonant frequency is

of the order of 5000 cycles. Acoustic damping is provided by the back

plate and is controlled by a series of grooves which intersect each other

at right angles, with holes drilled through the back plate at the inter-

sections. The spacing between the diaphragm and back plate must be as

1 For additional information on condenser microphones see Jones, loc. tit.
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small as possible in order that movements of the diaphragm will change
the capacity appreciably. In the microphone shown the spacing is

0.001 in., and since there is a high direct-current potential difference

between the plates it is necessary to keep out all dust and dirt. This is

done by sealing the microphone from the outside air.

The condenser microphone is used in the circuit shown in Fig. 467,
which should be so proportioned that the capacity shunted across the
microphone by the leads and amplifier tube is small in comparison with

COMPENSATING
DIAPHRAGM

Fig. 400.—Construct ypical condenser microphone.

the microphone capacity, while the equivalent resistance formed by R
and E„i in parallel is at least as great as the reactance which the capacity
formed by the microphone, its leads, and the amplifier tube has at the
lowest frequency to be reproduced. A low shunting capacity increases the
sensitivity, since, as the diaphragm vibrates and changes the capacity of
the microphone, the resulting potential variations are proportional to the
change in capacity divided by the total capacity provided the resistances
R and R,,i are large enough to prevent appreciable change in the charge on
the microphone plates, If these resistances are not large enough, there
will be enough charge flowing in and out of the condenser at low fre-

quencies to reduce the potential variations appreciably.
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Concfenser^L.
microphone

The amplifier tube into which the microphone output feeds should be

placed as close as possible to the microphone in order to reduce the capac-

ity of the leads and also to reduce the stray pick-up. This latter point is

particularly important because the condenser microphone has a relatively

small output and is a high-impedance device. The usual practice is to

place the first amplifier tube in the microphone stand. This tube

should also be non-microphonic in order to avoid the introduction of

extraneous noise through electrode vibration.

The condenser microphone, like the carbon microphone, is a pressure-

actuated device in which the output is proportional to the displacement

of the* diaphragm. The response of a condenser microphone hence is

substantially constant at frequencies below diaphragm resonance, falls

off rapidly at high frequencies, and has a characteristic at resonance that

depends upon the amount of damping present.

A condenser microphone has relatively stable characteristics and
can be designed to have substantially constant response over a wide

frequency range.- Its disadvantages

are a relatively low sensitivity and
the need of an amplifier close to the

microphone. The principal use of the

condenser microphone is in making
sound measurements.. At one time

the c'ondenser microphone was widely

used in broadcast and public-address

work, but it has since been displaced

to a considerable extent by the moving-coil, velocity, and crystal

microphones.

Moving-coil Microphone^—The moving-coil microphone is similar in

construction to the moving-coil type of telephone receiver discussed in

Sec. 154. The dynamic characteristics of the two instruments differ,

however, because in the microphone the voltage induced in the moving
coil is proportional to the velocity of the coil, which must therefore be
proportional to the sound pressure, while in the telephone receiver the

best performance is obtained when the amplitude of vibration varies

directly as the pressure of the sound being reproduced. The require-

ments of the moving-coil microphone can be met by modifying the

moving-coil receiver in several respects, and particularly by making the

resonant frequency of the diaphragm moderately low, such as 600 cycles,

and using resonant air chambers to increase the amplitude at lower

frequencies and higher frequencies-. When this is properly done, the

result is a very excellent microphone having a response practically flat

1 See E. C. Wente and A. L. Thuras, Moving-coil Telephone Receivers and Micro-
phones, Bell System Tech. Jour., vol. 10, p. .565, October, 1931.

Fig. 467.—Circuit of condenser
microphone.
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from 40 to 10,000 cycles. In addition to its very satisfactory frequency

response the moving-coil microphone has somewhat greater sensitivity

than a condenser microphone of the same frequency range and has a low

impedance output. This latter feature makes it possible to employ a

long twisted-pair, cable between microphone and first amplifier without

adversely affecting the frequency response and without giving trouble

from stray pick-up.

The Ribbon or Velocity Microphone. 1—The ribbon microphone is a

special form of moving-coil microphone in which the moving coil consists

of a flat piece of aluminum-alloy foil which is acted upon directly by the

sound waves .and which has a resonant frequency below the audible

range. The construction of such a microphone is shown in Fig. 468.

Ribbon support

Ribbon

-rPdssaqes to re-

duce distance
from front to

back ofribbon

Directional
characteristic

Permanent
magnet

Plane of
ribbon

Fig. 468.—Sketch showing constructional details of velocity microphone, together with

directional characteristic.

When a plane wave passes by a ribbon microphone, the resulting force

acting on the ribbon is proportional to the difference in sound pressure

on the front and back of the ribbon. When the frequency is low enough

so that the difference in distance to the two sides is appreciably less than

a quarter of a wave length, the resulting force exerted against the ribbon

is proportional to the frequency and to the pressure gradient, or particle

velocity, of the sound wave. As a result, this type of microphone, is

commonly called a velocity microphone. By making the resonant fre-

quency of the ribbon lower than the lowest frequency to be reproduced,

the ribbon offers an inertia reactance that is very nearly proportional to

frequency. The velocity of vibration and hence the resulting voltage

induced in the ribbon are then substantially independent of frequency

until the frequency is so great that the difference in distance to the front

and to the back of the ribbon approaches a quarter of a wave length, when

1 See Harry F. Olson, On the Collection of Sound in Reverberant Rooms with

Special Reference to the Application of the Ribbon Microphone, Proc. I.R.E., vol. 21,

p. 655, May, 1933.
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the response tends to fall off. By cutting away the pole pieces as is done
in Fig. 468 this difference in distance can be made small enough to give a

substantially uniform response to above 10,000 cycles.

When a velocity microphone is placed very close to the sound source,

the low frequencies are overemphasized. This comes about because the

pressure gradient in a spherical wave is greater in proportion to pressure

than the pressure gradient of a plane wave by the factor \/\ + (c/cor) 2
,

where r is the distance to the source, c is the velocity of sound, and co is

2ir times frequency.

The velocity microphone also has a pronounced directional charac-

teristic as shown in Fig. 468. This is because sound waves arriving from
the side strike both the front and back of the ribbon at the same instant

and so produce no resultant force. This directivity can often be taken
advantage of to minimize undesired reverberation and noises, and also

makes the velocity microphone particularly suitable for use as a lapel

microphone, since by properly utilizing the directional characteristic it is

possible to arrange matters so that the output of a microphone located

upon the coat lapel is substantially independent of the direction in which
the speaker's head is turned. 1

The velocity microphone has the advantage of simplicity, an ex-

tremely good frequency response, and a low output impedance. Its

principal disadvantage is that it cannot be used close to the source of

sound.

Crystal Microphone. 2—Crystal microphones make use of the piezo-

electric effect of Rochelle salt crystals to transform mechanical stress

produced by sound waves into electrical output. The most successful

arrangement of this type consists of two crystal slabs mounted as shown
in Fig. 469. The bending of these slabs resulting from the pressure

of the sound wave produces a voltage across the crystal face, that is then

utilized to operate an amplifier. By making the assembly small so that

the resonant frequency is above the audible range, the device becomes
pressure operated, and with simple equalizing circuits gives a substan-

tially uniform response up to 15,000 cycles. The small size of the crystal

assembly also makes this type of microphone practically non-directional.

The electrical output of a single unit such as illustrated in Fig. 469 is

small, but can be readily increased by connecting a number of these in

series.

1 Harry F. Olson and Richard W. Carlisle, A Lapel Microphone of the Velocity

Type, Proc. I.R.E., vol. 22, p. 1354, December, 1934.
2 See Stuart Ballantine, High Quality Radio Broadcast Transmission and Recep-

tion, Proc. I.R.E., vol. 22, p. 564, May, 1934; C. B. Sawyer, The Use of Rochelle Salt

Crystals for Electrical Reproducers and Microphones, Proc. I.R.E., vol. 19, p.
5
2020,

November, 1931.
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The crystal microphone is simple and has a good frequency response.

Its chief disadvantages are the relatively low sensitivity, the fact that

the sensitivity tends to fall off at temperatures exceeding 90°F., and high

output impedance.

Some use has been made of crystal microphones in which sound waves
act upon a diaphragm that is mechanically coupled in such a way as to

produce a stress in the crystal. Such microphones have relatively high

sensitivity and are inexpensive, but do not generally have a very uniform
frequency response.

Pressure- and Field-response Characteristics.—Condenser, moving-coil,

and similar microphones give responses that depend upon the pressure

against the diaphragm, and are normally designed so that over the essen-

tial frequency range the output is proportional to, pressure and independ-

ent of frequency. The calibration curve of such a microphone depends,

however, upon the way in which the calibration is made because the pres-

Composite piezo p Damping and
p/are -. i separating slabs,

JX. I ^1_
Mount

Composite piezo plate *
\ Sealing membrane
P

Fig. 469.—Construction of "sound-cell" of crystal microphone.

sure of a sound wave traveling in free space is not necessarily the pressure

that this same wave produces acting against the diaphragm of a micro-

phone. At low frequencies, where the microphone dimensions are small

compared with a wave length, the sound wave diffracts around the micro-

phone with negligible reflection and produces a pressure against the

diaphragm which is a true measure of the pressure of the wave. At higher

frequencies, however, reflections occur at the microphone and may cause

the pressure exerted on the diaphragm to reach twice the pressure of the

wave. In addition, the. front of the microphone forms a shallow air

pocket which introduces a resonance that- will still further increase the

pressure against the diaphragm at high frequencies.

The relation between the output voltage of a condenser microphone,

and the pressure exerted against the diaphragm is called the pressure

calibration, while the relation between the pressure of a free sound wave
and the output voltage which this wave develops when striking the

microphone is called the field calibration. The two are the same at low
frequencies, while at high frequencies the field calibration depends upon
the angle of incidence with which the wave strikes the microphone, as well
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as upon the frequency. Typical pressure- and field-calibration curves of

a condenser microphone .are shown in Fig. 470. 1

166. Measurement of Microphone and Loud-speaker Characteristics.

Sound measurements are ordinarily made with the aid of a calibrated

microphone, most commonly a condenser microphone. In making

measurements, the difference between the field and pressure calibrations

is a source of difficulty if accurate results are required. This trouble

can be eliminated, however, by placing the condenser microphone in a

spherical housing and employing a construction that eliminates the

cavity. 2 The relationship between field and pressure calibrations

1.000

Frequency in Cycles per Second
lOjOOO

Fig. 470.—Typical pressure and field calibrations of a condenser microphone.

can then be calculated because of the simple geometrical shape. Another

expedient sometimes employed consists in using a miniature condenser

microphone so small that the field and pressure calibrations do not differ

until above the useful range of frequencies. 8 Such miniature micro-

phones are also often used in exploring sound fields in horns, etc.

Microphone Calibration. 4—The field calibration of a microphone can

be most conveniently obtained by using a Rayleigh disk to measure the

* For a more detailed discussion of field and pressure calibrations, see L. J. Sivian,

Absolute Calibration of Condenser Transmitters, Bell System Tech. Jour., vol. 10,

p. 96, January, 1931.
2 See Stuart Ballantine, Note on the Effect of Reflection by the Microphone in

Sound Measurements, Proc. I.R.E., vol. .16, p. 1639, December, 1928.

3 H. C. Harrison and P. B. Flanders, An Efficient Miniature Condenser Micro-

phone System, Bell System Tech. Jour., vol. 11, p. 451, July, 1932.

4 Also see The Calibration of Microphones, Elec. Eng., vol. 55, p. 241, March,

1936.
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intensity of the free wave. 1 The Rayleigh disk consists of a very light

silvered disk hung vertically on a fine suspension and arranged with an

optical system so that small rotations can be accurately measured by
means of an optical lever. Sound waves in striking the disk tend to

turn it perpendicular to the direction of travel of the wave by an amount
proportional to the pressure gradient (or particle velocity) of the sound

wave.

Absolute pressure calibrations can be made by means of the thermo-

phone, the Rayleigh disk, or an actuator. 2 The thermophone method
produces calculable sound pressures in a small inclosed space in the

front of the microphone by passing an alternating current superimposed

upon a direct current through a strip of gold or platinum foil so thin that

the temperature varies at the frequency of the alternating current.

In the Rayleigh-disk method the microphone is placed at the closed end

of a resonance tube, and the Rayleigh disk is used to measure the velocity

at a pressure H9de.

In the actuator method a calculable force is applied to the diaphragm

by electrostatic means. Such methods are primarily applicable to the

condenser microphone, and can be carried out in a number of ways. A
typical arrangement consists in subjecting the microphone to sound

waves and then preventing the diaphragm from vibrating by means of

an equal and opposite force. This balancing force can be obtained by
applying between the diaphragm and back plate a voltage of the same
frequency as the sound and of adjustable magnitude and phase. The
magnitude of the resulting electrostatic attraction at balance can be

calculated from the dimensions involved, and equals the pressure of the

sound wave upon the diaphragm. The condition of balance can be

detected by making the capacity between diaphragm and back plate a

part of an oscillating circuit and by adjusting the balancing force until

there is no frequency modulation. .

Loud-speaker Characteristics. 3—The frequency-response characteristic

of a loud-speaker is normally obtained by exciting the speaker under

1 An excellent description of the details involved in such a calibration is given by
Harry F. Olsen and Stanford Goldman, The Calibration of Microphones, Electronics,

vol. 3, p. 106, September, 1931.
2 For a more detailed' discussion of pressure calibrations, see L. .J. Sivian, Absolute

Calibration of Condenser Transmitters, Bell System Tech. Jour., vol. 10, p. 96, Jan-

uary, 1931. •

3 A summary of factors involved in loud-speaker measurements is given by Frank

Massa, Loud Speaker Measurements, Electronics, vol. 9, p. 18, July, 1936. Also see

L. G. Bostwick, Acoustic Considerations Involved in Steady State Loud-speaker

Measurements, Bell System Tech. Jour., vol. 8, p. 135, January, 1929; I. Wolff and

A. Ringel, Loud-speaker Testing Methods, Proc. I.R.E., vol. 15, p. 363, May, 1927;

I. Wolff, Sound Measurements and Loud-speaker Characteristics, Proc. I.R.E., vol.
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normal conditions and observing the sound with the aid of a calibrated

microphone. In carrying out such measurements it is desirable that as

much as possible of the sound reaching the microphone come directly,

from the speaker instead of indirectly as a result of a reflection. Other-

wise interference effects will modify the pressure produced at the micro-

phone in a relatively complicated manner. Loud-speaker characteristics

are accordingly obtained most satisfactorily from outdoor measurements
where the speaker can be mounted on a high stand or hung from ropes

in such a manner as to be remote from reflecting surfaces. Where
characteristics must be taken indoors, as is necessary in routine testing,

this is best done in a room lined with sufficient sound-absorbing material

to minimize the reflected waves. Even then, the reflections at low

frequencies, where the sound-absorbing material is least effective, will

be sufficient to produce pronounced standing wave patterns that will be

very critical with respect to frequency. The resulting irregularities

iii the response curve can be ironed out by rotating the microphone to

get an indication proportional to the average sound pressure over a

considerable area, although the presence of reflections still increases the

apparent response observed. This effect is most pronounced at low

frequencies, where sound absorbents are least effective, and results in

indoor measurements always indicating a greater low-frequency output

than actually exists.

In the measurement of loud-speaker characteristics the effect of

reflections can be minimized by placing the microphone as close as

possible to the loud-speaker in order to increase the ratio of direct to

indirect sound intensities. There is a limit to the extent that one can

go in this direction, however, since with the microphone very close to a

loud-speaker the low frequencies register stronger than they really are.

In testing the over-all characteristics of radio receivers it is necessary

to take into account the acoustics of the space (commonly the home living

room) in which the receiver reproduces its sound. Considerable attention

has been given to this problem in connection with the development of

high-fidelity receivers, and the factors that must be considered are

dicussed at length in the literature; 1

The efficiency of a loud-speaker Gan be determined by measuring the

electrical input to the voice coil and observing the total sound power

16, p. 1729, December, 1928; Benjamin Olney, Notes on Loud-speaker Response
Measurements and Some Typical Response Curves, Proc. I.R.E., vol. 19, p. 1113,

July, 1931.
1 Harold A. Wheeler and Vernon E. Whitman, Acoustic Testing of High Fidelity

Receivers, Proc. I.R.E., vol. 23, p. 610, June, 1935; Stuart Ballantine, High Quality

Radio' Broadcast Transmission and Reception, Proc. I.R.E., vcfl. 23, p. 618, June,

1935.
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produced. The total power can be determined by measuring the sound

intensity in different directions and then integrating the resulting energy

over a spherical surface. This, however, requires an enormous amount of

labor if an accurate evaluation of efficiency is to be obtained over the

entire frequency range An alternative procedure for measuring total

sound output consists in operating the loud-speaker in a room having a

high reverberation time. In such a room the sound pressure at every

point tends to be the same and has a value determined by sound power,

reverberation time, and the room volume. If precautions are taken to

;*ause a uniform distribution by warbling the frequency of the exciting

power or by using a large rotating paddle to reduce standing waves, rather

accurate results can be obtained quite easily.

A knowledge of the motional impedance of a loud-speaker makes it

possible to estimate the sound output at least approximately, as well as to

obtain other useful information concerning the details of speaker oper-

•471.—Loud-speaker oh&raoteristaa aa recorded on an oscillograph film.

ation. The motional impedance can be obtained by taking the difference

between the impedance of the voice coil under normal operating conditions

and the impedance when the voice coil is prevented from vibrating. The
resistance component of the resulting motional impedance accounts for

the radiation resistance, eddy-current loss, and various forms of frictional

loss in cone and spider. The latter losses can be separately evaluated

by measuring the motional impedance of the same speaker when mounted
in a bell jar from which the air has been exhausted. The difference

between the motional resistance in a vacuum and under normal operation

is largely accounted for by the radiation resistance. Upon this assump-

tion the fraction of the input electrical energy that is dissipated in the

radiation-resistance part of the motional resistance can be readily

calculated. This method, while relatively simple, is not highly accurate

with paper cones unless the resistance component of the motional imped-

ance is reasonably large, because the diaphragm loading is not the same in

a vacuum as in air, and the cone losses will accordingly be different.

The response -of most loud-speakers contains so many irregularities

that a point-by-point calibration taken at regular frequency intervals
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is extremely tedious. A more satisfactory method of testing a loud-

speaker is to drive it with a beat-frequency oscillatqr, hunt for the peaks

and valleys in the characteristic, and make observations at these points

irrespective of the exact frequency intervals that result. Even with

such a procedure the time required to obtain a complete calibration

is very great. When a large number of characteristics are to be obtained,

a more satisfactory test procedure is to employ a photographic or curve-

tracing system of recording. A typical example consists of a two-element

oscillograph arranged so that one element records the output level of the

microphone amplifier. The other is associated with the dial of the

beat-frequency oscillator in such a way as to give indications at certain

known frequencies by interconnecting the beat-frequency oscillator and

oscillograph drum mechanically. It is possible in this way to take a

' complete calibration in a fraction of a minute. An example of such a

calibration is shown in Fig. 471. 1

Problems.

1. Explain how it is that men and women are able to produce the same vowel

sounds in spite of the differences in pitch of male and female voices.

2. Explain why it is found that musical instruments producing low notes must

develop much more power to be effective than when pitches of the order of 600 to

1000 cycles are involved.

3. Explain why subjective tones are much more pronounced when dealing with

loud sounds than with weak sounds.

4. Explain why high-pitched sounds mask low frequencies only slightly if at all.

5. A particular piece of music when listened to in a theater is assumed to have a

loudness level of 80 db according to Fig. 448. If reproduced with a loudness level of

50 db in the home by a radio, calculate and plot with the aid of Fig. 448 the relative

response as a function of frequency which the compensated tone control must provide

to make up for the difference in reproduction level.

6. Explain why the optimum reverberation time for an auditorium is different

when a speaker is addressing a large audience with and without the help of a public-

address system.

7. In view of the situation illustrated in Fig. 448, explain why the reverberation

time should be different for different frequencies.

8. Explain why sounds such as s, /, ch, v, and sh are reproduced very poorly, if at

all, by the ordinary telephone, while the vowel sounds are always understandable.

9. In. the transatlantic telephone it is found desirable deliberately to introduce

frequency distortion by increasing the relative intensity of the voice frequencies

above 1000 cycles before transmission, and then after reception to restore the original

proportions. What advantages can be expected from such an arrangement?

10. Why is it' that articulation tests. are never used in. testing broadcast stations,

hut are employed extensively in connection with radio extensions of the telephone

system?

11. Demonstrate with the aid of Eqs. (253) to (258) that at frequencies high

enough for the radiation resistance to be independent of frequency the total sound

1 This particular technique for the rapid recording of loud-speaker characteristics

was developed in 1930 by C. R. Skinner, graduate student at Stanford University.
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power radiated for a given voice-coil current is greater the smaller the effective area
of the diaphragm if it is assumed that the effective mass is proportional to the effective

area.

12. Calculate the required size of baffle as a function of the lowest frequency to be
reproduced" over the range 50 to 250 cycles, and from the results discuss: (a) the
necessity of inclosing the back side of the loud-speaker or of using some form of acous-
tic labyrinth or network if frequencies below 125 cycles are to be satisfactorily

reproduced by a loud-speaker mounted in an ordinary radio-receiver cabinet, (6) the
low-frequency response that can be expected of midget radio receivers.

13. Demonstrate with the aid of Eqs. (253) to (258) and Fig. 454 that, at low
frequencies where the cone diameter is appreciably less than a half wave length and
piston action can be expected, the efficiency increases as the cone diameter is increased.

Assume that the mass of the moving system and the length of the voice-coil wire
(and hence the voice-coil resistance) are proportional to the area of the cone, and be
sure to take into account the change in input power with change in voice-coil

resistance.

14. Derive Eq. (258).
''

15. In an 8-in. cone speaker the coil and cone mass is 14 grams, the compliance
of the suspension 5 X 10~ 7 Cm per dyne, the length of wire -in voice coil 1200 cm, and
the air-gap flux density 8000 gausses. Assuming piston action, and assuming a yoice
coil current of one ampere, calculate and plot (a) force on voice coil, (6) total radiation
resistance for both sides of cone, (c) mechanical impedance of vibrating system, (d)

velocity of vibration system, (e) total sound power radiated, and (J) motional imped-
ance, as a function of frequency over the range 80 to 1000 cycles. Neglect the mass
effect of the fluid air, and also all losses in the vibrating system except radiation

resistance.

16. Determine the rate of taper, the mouth area, throat area, and length of a
horn which will reproduce frequencies down to 100 cycles and which will load a
diaphragm having an effective area of 100 sq cm with an acoustic load of 300 mechani-
cal ohms per square centimeter.

17. Explain why the mass of diaphragm and coil in a horn speaker causes the

response to fall off at very high frequencies but does not have much effect at low and
moderately low frequencies.

18. What would be the effect upon the sound output of the horn in Fig. 460 if the

sound-absorbing material were omitted from the box inclosing the) back side of the

cone?
' ''.'•

19. When a loud-speaker system employing horns is called upon to develop a very
large power output, explain why a dual speaker system (separate high- and low-

frequency units) will eliminate substantially all trouble from non-linear action of the
air in the throat of the horn,

20. Explain why the quality of sound output developed by a telephone receiver

will change when the receiver is removed from the ear.

21. In pressure-operated microphones such as the carbon and condenser types, the
output voltage for a given sound pressure decreases as the resonant frequency to

which the diaphragm is stretched is increased. Explain. *

22. In the velocity microphone; increasing the distance from front to back of the

ribbon increases the sensitivity in direct proportion to the reduction in high-frequency

limit. Explain the reason for this.

23. Calculate a*id plot as a function of frequency the relative response of a velocity

microphone when the distance from the microphone to sound source is 1, 2, and 5 ft.

Cover the frequency range 50 to 500 cycles.



APPENDIX A

FORMULAS FOR CALCULATING INDUCTANCE, MUTUAL
INDUCTANCE, AND CAPACITY

157. Formulas for Calculating Inductance, Mutual Inductance, and
Capacity. 1—This section gives formulas for calculating inductance, mutual
inductance, and capacities for the cases commonly encountered in radio
work. Most of these formulas involve small approximations but will

give results sufficiently accurate for all ordinary requirements.

Inductance of Single-layer Solenoid.—The equation applying, in this

case has already been discussed in Sec. 6 and is

Inductance in microhenries = n2dF (262)

where n is the number of turns, d is the diameter of the coil measured to

the center of the wire, and F is a constant determined by the ratio of

length to .diameter, and given in Fig. 7. This formula can aiso be used to
obtain the inductance of multilayer coils provided that the radial depth of

the winding is small compared with the radius and length of the coil. In
such cases the equivalent diameter is taken as the diameter measured to

the center of the winding. Equation (262) can also be used to calculate

the inductance of polygonal coils, when the number of the sides of the
polygon is fairly large, by assuming that the coil is equivalent to a helix

whose mean radius is the mean of the radii of the circumscribed and
inscribed circles of the polygon.

Inductance of Single-layer Rectangular Coil.

Inductance in microhenries = an2[G + H] (263)

where

a = length of long side in inches

n — number of turns

G = factor determined by a\/a and b/a and given in Fig. 472

H = factor determined by number of turns and
diame^r of wire ^
length of coil

' given in Fig. 472.
'

ax = length of short .side in inches

b — axial length of coil in inches

1 Most of the formulas given here are taken from Bur. Standards Circ. 74, Radio
Instruments and Measurements. This book is the standard authority on the subject
and contains formulas for making calculations- of any desired accuracy for almost
every case that can be encountered in practice.

*

. . 791
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This formula finds its chief application in calculating the inductance
of loop antennas.

Inductance of Multilayer Coils with Winding Having a Rectangular
Cross Section.

or

H
I

Inductance in microhenries = —^1

Inductance in microhenries = an2J

(264)

(265)
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Fig. 472.—Factors for use in Eqs. (263) and (266).

where I is the length of wire in inches, D the distance between centers
of adjacent wires, a the mean coil radius in inches, n the number of turns,

and i" and J factors given by Fig. 473. It will be observed that the
maximum inductance is obtained from a given, length of wire when the
cross section of the winding is square and the side of the cross section is

0.662 times the mean coil radius.
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Inductance of a F,lat Spiral.—A flat spiral is a special case of a multi-

layer coil having a winding of rectangular cross section, and so can be

handled by Eq. (265). With a fixed width of coil, the maximum induc-

tance with a given length of wire is obtained when the radial depth of the

coil is three-fourths of the mean radius.

12 13 M 15
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Fig. 473.—Factors for use in Eqs. (264) and (265). t

Inductance of Multilayer Rectangular Coils Having Windings of Rectan-

gular Cross Section.

\c =
Z

y«\ b.
r

'
2^ £*"""

Inductance in microhenries = an2G

.

(266)

where a is the length in inches of the longer side of the rectangle measured

between centers of the rectangular winding fcross section, n is the number

of turns, and G is given by Fig. 472, where a/a x is taken as the ratio

of short side to long side of the rectangle and b/a is considered to be

circumference of winding cross section

2a

Inductance of Toroidal Coils with Single-layer Windings.—When
the toroid is a circular ring of circular cross section (doughnut shape)
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Inductance in microhenries = 0.0319n2# 1 - i \ _ (±\ (267)

where R is the distance in inches from the axis to center of cross section

of winding, a is the radius of the turns of the winding, and n is the number
of turns.
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Fig. 474.—Factor for use in Eq. (271). Fig. 475.—Possible arrangements of

coaxial solenoids.

When the toroid is a ring of rectangular cross section

Inductance in njicrohenries = 0.0li7n2h logio — (268)

where n is the number of turns, h the axial length of the ring in inches,

and r\ and r2 the inner and outer radii of the ring.

Inductance of Parallel-wire Transmission Line.

Inductance in microhenries per foot = 0,281 log 10 - + 0.030 (269)

where b is the spacing between centers and a the radius of the wire.
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Inductance of Cable with Sheath Serving as Return Conductor.

Inductance in microhenries per foot = 0.140 logio—h 0.015 (270)

where b is the radius of the inner side of the sheath and a is the radius of

the ce*ntral conductor. This formula neglects the small contribution

to the inductance made -by the flux within the sheath metal.

Mutual Inductance between Two Parallel Coaxial Circles.—Using the

notation shown in Fig. 474, with the dimensions in inches

Mutual inductance in microhenries = N-y/Aa (271)

where N depends upon r2/-ri and is given by Fig. 474.

Mutual Inductance between Two Coaxial Circular Coils of Rectangular

Cross Section.—If the windings are of square or approximately square

cross section, then

Mutual inductance in microhenries = nin2Mo (272)

where m and n2 are the number of turns in the two coils, and M is the

mutual inductance as calculated by Eq. (271) for two coaxial circles which

are located at the centers of the cross sections of the two coils. Equation

(272) will hold with good accuracy even when the cross section departs

widely from a square provided the coils are not close together.

Mutual Inductance between Coaxial Solenoids.—There are three cases

to distinguish, as illustrated in Fig. 475.

Coaxial solenoids not concentric

M = 0.02505^^[i£ 1 /b 1 + K'jci + Khk h\ (273)

where
a =. the smaller radius, measured from the axis of the coil to

the center of the wire, in inches

A = the larger radius, measured in the same way, in inches

21 = length of the coil of smaller radius = number of turns

times the pitch of winding, in inches

2x = length of the coil of larger radius, measured in the same
way, in inches

n\ and n 2 = total number of turns on the two coils

A\r2 ri/

xi = D - x n = Vxi2 + A 2

X2 = D + x r2 = Vx2* + A 2

D = axial distance .between centers of the coils in inches.
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Concentric Solenoids (Figs. 475& and 475c).—The formulas for these
two cases are the same provided g is denned for each- case as shown in the
figure, and the dimensions are in inches.

Mutual inductance in microhenries = 0.0501^^ 1 + -^^(3 - 4—

)

9 L 8gr4 V a2
/

(274)

Capacity of Parallel-plate Condenser.

Capacity in micromicrofarads = 0.2244iC- (275)

where

K = * dielectric constant

S = area of dielectric in square inches

t = thickness of dielectric in inches.

Capacity of Two-wire Transmission Line.

3 680
Capacity in micromicrofarads per foot = . ' , , . (276')

log10 (b/a)
v '

where b is the spacing between wire centers and a is the radius of the
wire.

Capacity of Bound Wire in a Concentric Sheath.

Capacity in micromicrofarads per foot = ,

—

'-—r^-r-r (2771
logio (b/a) K J

where K is the dielectric constant of the insulation (K = 1 for air), b

is the radius of the inner side of the sheath, and a is the radius of the
central conductor.
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A. F. C., 559

A. V. C., 224, 557 .

Absorption, acoustic, 761

Acorn tubes, 151

Acoustic feedback in radio receivers, 577

Acoustics, elements of, 759-761

Adcock antenna, 728

Admittance, input (see Amplifiers, input

admittance of)

Aerial (see Antenna)

Aircraft, anode power for radio in, 502

antennas for, 713

radio beacons for, 730-732

Alignment in broadcast receivers, 561-

565

Alloys, magnetic, 21

Amplification, expressed in decibels^ 259-

261 •

Amplification factor, of pentodes, screen-'

' grid, and beam tubes, 140

of triodes, 122J23
Amplifiers, 167-345

amplitude. distortion in, 264—273

band-pass, 216-219

buffer, 506

Class A, 276-309

Class A power, using pentode and beam
tubes, 302-305

classification of, 169

cross-modulation in, 264-273 .

decibels gain in, 259-261

. delay time in, 261

direct-current, 263

distortion in, types of , 170-172

dynamic characteristic of, 276, 283-

287, 302

equalization of, 259

.equivalent circuits of, 172-174

taking into account higher order

effects, 268-273

feedback, 248-256

hum in, 226

Amplifiers, impedance-coupled, 207

input admittance of, 185, 231-238

linear, 342-345

with dynamic shift, 537

with high efficiency, 539-543

load lines for, 286, 304

microphonic noises in, 228

modulated, van der Bijl, 409

grid, Class C, 404-407

high-efficiency grid and suppressor-

grid, 543

plate, Class C, 397-104

suppressor-grid, 407

"motorboating" in, 245

neutralized, 235-238

noises in, 228-231

phase distortion in, 261

power, 276-345

Class A, when grid is driven positive,

287-292

when grid is not driven positive,

277-287

Class AB, 306

Class B, 309-314

Class C, 314-331

.adjustment of, §29-331

calculation of performance of, 323-

329

design and operation of, 317-323

tubes suitable for, 331-337

voltage and current relations in,

314-317

tubes for, 292-296

push-pull, 305-309

radio-frequency, .210-221

with reactive load, 286

reflex, 264

regeneration in, 238-248

resistance-coupled, 174-188

with grid choke, 204

universal amplification curve of,

179-181

resistance-inductance-coupled, 202

shot effect in, 228
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Amplifiers, thermal agitation in, 229
transformer-coupled, 188-202

universal amplification curve of, 193
transit time in,. 256-258
tuned, 210-221

voltage surges in, 262
volume control in, 223
volume expansion and contraction in,

225

Amplitude distortion in amplifiers, 171,

264-273
*

Anode current (see Current, plate)

Anode power, from dynamotor, 500
sources of, 471
from vibrator system, 500

Antenna arrays, 663-679 .

arrays of, 668-671

broadside, 664-665
colinear or stacked, 665
diamond (or rhombic) 671-675
end-fire, 665-667

fishbone, 667
gain of, 662

harmonic-wire, 676
phasing systems for, 704
polyphase, 677
rhombic (or diamond) 671-675
V, 375-376

Antennas, 648-719

Adcock, 727

all-wave, types of, for receiving, 715-
717

Beverage, 678
current distribution in, 649-650 •

directional, for receiving, 717
directional characteristics of, desired at

broadcast frequencies, 619
at high frequencies, 627

directional characteristics of grounded
vertical, 658

of isolated wire, 657, 661

of non-resonant wire, 661

of simple, 656-663

of spaced, 660-662

effective height of, 652

energy abstracted by, 9, 654
energy radiated from, 651

energy relations in, 651, 654, 689-694
formulas for, 685-689

gain of directional, 662

goniometer arrangement with, 728

Antennas, ground, effect of, on direc-

tional characteristics of, 680-685

ground system for, 710, 713
image, 650

impedanee matching of, to transmis-

sion line, 701-704

induction fields about, 652
loop, 722-727

direction finding with, 723-725

errors in bearings of, 725-727

"multiple tuned," 713

parasitic, 694

power relations in, 689-694.

from radiated field, 689-691

from self and mutual impedances,

.691-694.

radiation from, laws of , 648-649

radiation resistance of, 652

receiving, 653-656, 713-719

reciprocal relations in, 655
reflectors for,- 695

resistance of, 651

tower, 708-712

transmitting, 706-713

wave, 678

wavelength of, natural, 707

Zeppelin, 707

. Aperture distortion, 746
Arc, Poulsen, 7

Articulation, 763

Atmospherics (see Static)

Austin-Cohen formula, 613

Autodyne (see Detectors, oscillating)

Automatic-frequency control, 559

Automatic-volume control, 224, 557

B

Baffles, 769

directional, 772

Baldwin telephone receiver, 777

Band-pass amplifiers, 216-219

Band-pass filters, 88-92

Band-switching arrangements, 568

Barkhausen oscillators, 385-391

Bass compensation, ;559

Beacons, radio, 722-732

Beam tube, 143

Bias, grid, 468-471

Blind-landing systems, 732

Blocking of oscillators, 355
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Broadcast antennas for transmitting,

708-712

Broadcast coverage, 615-623

calculation of, 621-623 •

effect of directivity and other factors

on, 617- 621

various service areas in, 616

Broadside antenna arrays, 664r665

C

C battery (see Bias, grid)

Capacitance (see Capacity)

Capacity, calculation of, 24, 796

of coils, 33-34

definition of, 24

input, of tubes, 185, 231-238

properties of, 24

See also, Condensers; Dielectrics

Carbon microphone, 778

Carrier, controlled, transmitters, 536

Carrier wave, 11-12, 394

suppression of, 415-417

Cathode-ray tubes, for modulation tests,

402

for television, 739

Cathodes, heater, 107

hum with, 465

heating power for, 107

operating temperature and life of, 109-

111

oxide-coated, 106

thoriated-tungsten, 105

tungsten, 105

virtual, in pentode tubes, 128

in space-charge-grid tubes, 148

See also Filament

Characteristic impedance of transmission

lines, 71

Choke coils, for niters, 499

for radio-frequencies, 43

Class A, AB, B, and .C amplifiers (see

Amplifiers)

Class B tubes, 147

Code receivers (see Receivers, radio-

telegraph)

transmitters, 506-518

Coefficient of coupling, 22-23

Coil antenna (see Antenna, loop)

Coil switching arrangements, 568

Coils, bank wound, 34

choke, filter, .499

Coils, choke, radio-frequency, 43

dielectric losses of, 34

distributed capacity of, 33-34, 67
effect of shield or metal mass on, 77

inductance of, 791-795

with magnetic cores, 47-49

multilayer, 34

Q of, 37-41

for receivers, 41

shielding of, 4<t-47

for transmitters, 42

of variable inductance, 44

Colpitts oscillator, 349

Condenser micrbphone, 779

"Condensers, air dielectric, 29

electrolytic, 31

inductance of, 33

losses of, 25-28

phase angle of, 26

power factor of, 25

resistance of, equivalent series and
shunt, 26

straight-line capacity, frequency, and
wave-length types, 30

types of, used in radio work, 28-32

voltage rating of, 32-33

Contact potential, 114, 118, 129, 136

effect of on amplifiers, 183

Co-planar-grid tubes, 150

Conversion transconductance, 451 .

Converters, pentagrid, 452

for superheterodyne receivers, 449, 453

Coupled circuits, , coupled impedance

with, 73

"critical" coupling in, 79, 82 •

methods of coupling in, 85-87

with primary and secondary circuits

tuned to same frequency, 78-84

tuned'to different frequencies, 84-85

theory of, 72-76

with tuned secondary and untuned

primary, 77-78

with two or more mutual inductances,

94

with untuned secondary, 76

Coupled impedance, 73

Coupling, coefficient of, 22-23

complex, tuned amplifiers with, 214-

216

types of, 23

Critical frequency of ionosphere, 636

Cross modulation in amplifiers, 264-273
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Cross-talk in receivers, 573

Crystal microphone, 783

Crystals, quartz, 374-385

cuts for, 379-383

equivalent electrical circuit of, 376

modes of vibration of, 379-382

mounting for, 384

Current, plate, of diodes, 113

expressions for, 153-157

of pentodes, 130

of screen-grid tubes, 136

of triodes, 119

space, expressions for, 153-157

Cutoff, definition of, 121, 129

tubes having remote, 144

D

Decibels, 259-261

Delay time, 261

A-Y transformation, 86

Detectors, 424-461

comparison of types of, 445

converters for heterodyne, 449-453

diode, 425-434

electron-oscillator, 444

filters for, 429

for frequency-modulated waves, 444

function of, 10

grid-leak power, 438

grid-leak weak signal, 442

heterodyne, 446-449

linear, 424

apparent selectivity obtained with,

460

oscillating, 453-456

threshhold howl in, 456

pentagrid, 452

plate, 434-438, 450

regenerative, 453-456

with signal of two modulated waves,

459-461

square-law, 440-442

superregenerative, 456

types of, 424

types of distortion in, 424

Wunderlich, 439

Diamond antennas, 671-675

Dielectrics, dielectric constant of com-
mon, 25

effect of frequency and temperature on,

26

Dielectrics, power factor of common, 25
used in radio condensers, 28-32

See also Condensers; Capacity

Diode detectors (see Detectors, diode)

Diodes, anode current of, 112-115

definition of, 112

hot-cathode gas, 158

Direction finding, 722-732

Directivity steering, 591

Distortion, in power amplifiers, calcula-

tion of, 284-285, 289

quality, in radio signals, 617, 628
in sound reproduction, effect of, 761-

763

Distributed capacity, circuits with (see

Transmission lines)
.

Distribution systems, for radio fre-

quencies, 705

Diversity, types of, 588
Diversity systems, 587-591

Dual-grid tubes, 147

Duplex-tubes, 147

Dynamic characteristic of amplifiers, 276,

283-287, 302

Dynamic 'loud-speakers (see Loud-
speakers)

Dynamic mircophone, 781

Dynamotor, 501 ...

Dynatron, 137

Dynatron oscillators, 369

E

E layer, 600

Ear, characteristics of, 756-759

Echo signals, 629

Eclipse, solar, effects of, on radio waves,

640

Electron oscillators, 385-391

Electron-coupled oscillators, 360

Electrons, 99-103

emission velocity of, 111

motion of, in electrostatic and magnetic

fields, 100-103

production of free, 100

properties of, 99

radiation of energy by moving, 102

secondary emission of, 100

thermionic emission of, 100, 103-104

Emission ^thermionic, 100, 103-104

Emitters, electron (see Cathode, Fila-

ment) . •
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End-fire antenna arrays, 665-667

Equalization of amplifier gain, 259
'
' Extraordinary " ray, 603

F

F, Fi and F 2 layers, 600

Fading, receiving systems for minimizing,

587

selective, 617, 628
.

Feedback, acoustic, 577

from common plate ..impedance, 240-

245

in radio-telephone transmitters, 529

See also Regeneration

•Feedback amplifiers, 248-256

Feeder (see Transmission lines)

Fidelity, of broadcast receivers, 548

Field of radio wave, induction, 652

radiated, 648

Field calibration of microphones, 784

Field strength of radio waves (see Radio

waves)

Filament, effect of voltage drop in, 115,

120

See also Cathode •

Filters, band-pass, 88-92 .

for detectors, 429

for power rectifiers, 482-498

for preventing regeneration, 243, 247

series-inductance input, 482-491

shunt-condenser input, 491-498

. with tapped chokes, 499

Flicker in television, 747

Frequency control, automatic, in broad-

cast receivers, 559

Frequency distortion in amplifiers, 170

Frequency modulation, 417-422

transmitters using, 533

Frequency multipliers, 338-341

Frequency stability, of crystal oscillators,

385

of oscillators, 356-364

Frequency-modulated signals, reception

of, 586

G

Gain, of amplifier in decibels, 259

of antenna array, 662

Gas, effectj of, on tube characteristics,

157-160

Gas diodes, 158

Gas triodes, 159

"Getter," 163

Goniometer arrangements, 728

Grid, action of, in triode, 115-119

effect of positive, 145-147

Grid current, 145-147

Grid input admittance, 231-238, 256-258'

Grid modulation, 404-407

Grid-bias voltage, by bias resistors, 468

regeneration with, 469

methods of obtaining; 468-471

Grid-leak detectors, 438, 442
' Ground, effect of, on antennas, 650, 680-

685, 694

reflection coefficients of, 610

Ground systems for tower antennas, 710

Gound wave, Sommerfeld analysis of,

593-599

H

Harmonic (see Distortion) '

Harmonic generators, 338-341

Hartley oscillator, 349

Hazeltine neutralizing circuit, 236 •

Height, effective, of antennas, 652

Heterodyne detectors, 446-449

converters for, 449-453

Hexode mixer tubes, 451

High-fidelity broadcast receivers, 578

Homing devices, 728-730

Horns, 770-773

Hum, in amplifiers, 226

with filament cathodes, 466

with heater cathodes, 465

in receivers, 574

Iconoscope, 738

Ignition noise, 575

Image dissector, Farnsworth, 735

Image response in superheterodyne re-

ceiver, 570

suppression of, 572-573

Impedance, motional, 766, 788

Impedance-coupled amplifiers, 207

Impedance-matching systems, 701-704

Inductance, to alternating current super-

imposed on a direct current, 18-20

definition of, 14
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Inductance, formulas for, 15, 17, 791-

795

incremental, 18-20

mutual, definition of, <21

formulas for, 795

measurement of, 22

properties of, 14 '

' Inductance coils (see Coils)

Induction fields, 652

.

Input admittance of amplifiers, 231-238

at ultra-high frequencies, 256-258

Interlaced scanning, 747

Intermediate frequency, 551

Intermittent oscillations, 354
*

Interrupted continuous waves, trans-

mitters using, 534

Inverted tube, 149

Ionization by collision, 100

Ionosphere, characteristics of, 599-602

critical frequency of, 636

effect of, on polarjzation, 603

on radio wave, 602-605

effect of earth's magnetic field on, 602-

604

investigations of, 635-637

losses in, 604, 611

refraction of wave by, 605-610

sky-wave path in, 605-610 '.

virtual height of, 636
Ions, motion of, in electrostatic and

magnetic fields, 100-103

production of free, 100-103

properties of, 100

K

Kennelly-Heaviside layer (see Iono-

sphere)

Keying of radiotelegraph transmitters,

516-518

Layers in ionosphere, 600

Linear amplifiers, 342-345

Linear detector, 424, 460

Lines, resonant, for oscillators, 361

transmission (see Transmission lines)

Loop antennas, 722-727

direction finding with, 723-725

Loudness, 758

Loud-speakers, amplitude distortion in,

774

baffles for, 769/ 772

dynamic, 764-770

analysis of, 764-769

with, articulated voice coil, 769
horns for, 770-773

magnetic, 773

measurements on, 786-789

motional impedance of, 766, 788

M

Magnetic alloys, 21

Magnetic- storms, effect of, on radio

waves, 638

Magnetron oscillators, 374

of electron type, 389-391

Magnetron tubes, 151-152

Masking, 758
Master-oscillator power-amplifier arrange-

ments, 360

Mercury-arc rectifiers, 478

Mercury-vapor rectifiers, hot cathode,

474, 478

Metal tubes, 161

Microphones,. 778-785

calibration of, 785

carbon, 778

condenser, 773

crystal, 783

moving coil, 781

pressure and field response of, 784

ribbon or velocity, 782

Microphonic noise, in radio receivers, 577

in tubes, 228

Mixer tubes, 449-453

Modulated amplifiers . (see Amplifiers,

modulated)

Modulated oscillators, 411

Modulated wave, analysis of, 11-13, 394-

396
Modulation, 393-422

amplitude, 393-396

comparison of methods of, 414

degree of, 12, 393-394

with dynamic shift, 537

frequency and phase, 417-422

reception of, 586

function of, 8

grid, 404-407

high efficiency system of, 543-545
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Modulation, by non-linear impedance,

412

outphasing, 544

plate, 397-404

single side-band system of, 415-417

. suppressor-grid, 407-409

transmitters using phase or frequency,

533 -
•

'

van der Bijl, 409

by variable impedance, 413

Modulators, balanced, 415

Motional impedance, 766, 788

"Motorboating," 245

Moving-coil microphone, 781

Multiple signals, 629

Multiplier, electron, 737

Multivibrator oscillator, 372-374

Music, characteristics of, 754

Mutual conductance, of screen-grid and

pentode tubes, 142

of triodes,- 125-126

Mutual impedances in antennas, 691-694

Mutual inductance, definition of, 21

formulas for, 795

measurement of, 22

N

Oscillators, crystal, frequency., stability

of, 385

design and adjustment of, 350-354

dynatron, 369

electron, 385-391

employing magnetron tubes, 389-

• 391 .

electron-coupled, 360

frequency and frequency stability of,

356-364

frequency-modulated, 418

intermittent operation of, 354

magnetron, 374

master, 360

modulated, 411-412

with more than one 'tube, 369

multivibrator, 372-374

negative resistance', 369

parasitic, 364-368

relaxation, 372-374

resistance-stabilized, 371

with several resonant frequencies, 363

synchronization of, 368

tubes for, 356

using resonant lines, 361

Output transformers, 296-301 t

Oxide-coated emitters, 106

Navigation, radio aids to, 722-732

Negative resistance by means of tubes,

152
.

Neutrodyne, 236

Noise, in amplifiers, 226-231

characteristics of, 755

ignition, 575

interchannel, suppression of, 560

microphonic, 228

in receivers, 575

shot effect, 230

suppression of, by limiting, 576

thermal agitation, 228-231

O

"Ordinary" ray, 603

Oscillating, detectors, 454-456

Oscillators, 349-391

with amplitude control, 370

Barkhausen, 385-389

blocking of, 355

circuits for, 349-350

crystal, 374-385

Parallel resonance, 59-67

Parallel-resonance effects in inductance

coils, 67'

Parasitic antennas, 694

Parasitic oscillations, 364-368

Pentagrid converter, 452

Pentode tubes, 126-133

coefficients of, 140-143

Permeability, incremental, 18-20

Phase angle of condensers, 26

Phase distortion, 261

in amplifiers, 171

Phase modulation, 417-422

transmitters using, 533

Phase-reversing tube, 309

Phasing systems for antennas, 704

Photoelectric effect, 100

Piezo-electric (see Crystals, quartz)

Plate current, of diode, 112-115

expressions for, 114, 118, 129, 153vl57

of pentode and beam tubes, 126-133,

143
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Plate current, of screen-grid tubes, 133-
140

of triodes, 115-121

Plate detectors, 434-438, 450
Plate resistance, dynamic, 124-125

of pentode and screen-grid tubes, 141
Polarization, effect of ionosphere on, 603

elliptical, 604
of radio wave, definition of, 3

Polyphase rectifier circuits, 480
Poulsen arc, 7

Power, anode, 417
for tubes, 465-502

Power amplifiers, 276-345
See also Amplifiers

Power factor of condensers, 25
Power series, use of, in amplifier analysis,

268-273

Power-emission chart, 108-109
Power-law method of expressing tube

characteristics, 153-155
Power-series method of expressing tube

characteristics, 155-157
Pressure calibration of microphones, 784
Propagation of radio waves (see Radio

wayes, propagation of)

Pulse experiments, 635-637
Push-pull amplifiers, 305-309

Q

Q, of circuit, 51

of coils, 37-41 '

definition of, 37
of tuned amplifier, 212

Quality distortion, of received signals,

617, 628

Quartz crystals (see Crystals, quartz)

Quieting systems in broadcast receivers,

560.

R

Radiation, conditions necessary for, 5-6
laws of, 648-649

from transmission lines, 700
Radiation resistance of acoustic radia-

tors, 767

of antennas, 652, 691-694

Radio compass, 722-730

Radio range, 730-732

Radio receivers, 548-591
acoustic feedback in, 577
antennas for, 713-719

automobile, noise in, 576
band switching in, 568
broadcast, 548-580

a-c hum in, 574
alignment* or tracking of, 561-565
automatic frequency control in, 559
bass-compensation in, 559
characteristics of, 548-550
construction and design considera-

tions of, 565-568, 579
cross-talk in, 573
high fidelity, 578
quieting systems in, 560
tone control in, 559
tuning indicators in, 559
typical, 551-557 >

volume control in, 557-559
for frequency-modulated signals, 586
microphonic action in, 577
noise level in, 575-577
for single-side band reception, 585
stage gains in, 580
superheterodyne, in age suppression in,

572

spurious reponses in, 570-573
superregenerative, 586
telegraph, 580-584

single-signal, 582
telephone, miscellaneous types, 584

Radio waves, classification of, 3-4
description of, 1

fading of, 617, 628
for ionospheric investigation, 635-637
polarization of (see Polarization)

propagation of, 593-645
of broadcast frequency, 615-623

See also Broadcast coverage
differences in east-west and north-

south, 626
of high-frequency range, 623-630
of low frequency, 612-615
magnetic storms as influence on, 638
reciprocal relations in, 644
solar activity as factor on, 637-640
of ultra-high frequencies, 630-635

See also Ground wave; Ionosphere
strength of, 2

required for reception, 2
wave front of, 2
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Radio-frequency amplifiers (see Ampli-

fiers)

Range, radio, 730-732

Rayleigh disk, 786

Receivers, radio (see Radio receivers)

telephone, (see Telephone receivers)

Receiving systems, diversity, 587-591

for minimizing fading, 587-591

Reciprocal relations in antennas, 655

Reciprocity theorems, 644

Rectifiers, circuits for, 479-482

copper-oxide, 479

high-vacuum, 472-474

hot-cathode mercury-vapor, 474-478

mercury-arc, 478

tubes for, 474, 478

See also Detectors

Reflection of radio waves by earth, 610

by ionosphere, 610

Reflection coefficients of earth, 610

Reflectors for antennas, 695

Refraction of radio wave, by earth's

atmosphere, 633

by lower atmosphere of earth, 605-610

Regeneration, from bias resistor, 469-471

•filters for reducing, 243, 247

in multistage audio- and radio-fre-

quency amplifiers, 238-248 •

Regenerative detectors, 453

Regenerative receivers, 581

Relaxation oscillator, 372-374

Remote-cutoff tubes, 144

Resistance, antenna, 651

definition of alternating-current, 35

negative, in screen-grid tube, 137

radiation, 652, 691-694

See also Skin effect; Plate resistance

•Resistance-coupled amplifiers (see Ampli-

fiers, resistance-coupled)

Resonance (see Parallel resonance; Series

resonance)

Resonant lines, 71

oscillators using, 361

Reverberation, 760

Ribbon microphone, 782

Rice neutralization, 236

Ripple in television, 747

S

Saturation, voltage, 112

Saw-toothed waves, 740-742

Scanning, 734-739

interlaced, 747

saw-tooth waves for, 740-742

Screen grid, in pentodes and screen-grid

tubes, 126-140

Screen-grid tubes, 133-140

coefficients of, 140-143

Secondary electron emission, 100

in screen-grid tubes, 134-140

Selective fading, 617, 628

Selectivity of broadcast receiver, 548

of linear detectors, 460

of tuned amplifiers, 220

Self-bias, 468

Self-rectifying circuits, 500-7501

Sensitivity of broadcast receiver, 548

Series resonance, 51-59

Service area of broadcast station, 617-623

Shielding, effect of, on coil properties, 46

electrostatic and magnetic, 44-47

Shot effect, 230

Shunt feed of output transformer, 300

Side bands, nature of, 12-13

required for different types of com-

'

munication, 395-396

single, 415-417

production of, 531

reception of, 585

Signal generator, 550

Single-signal telegraph receivers, 582

Single-wire feeder, 701

Skin effect, 35-37

Skip distance, 624

Sky wave, 599

attenuation of, 611

path followed by, 605-610

. reflection of, by earth, 610

Sommerfeld analysis of ground wave

propagation, 593-599

Sound and sound equipment, 752-789

Sounds, characteristics of audible, 752-

• 756

effect of distortion in reproduction of,

761-763

Space charge, 112

Space current, expressions for, 153-157

of diode, 114 •

of pentode, 129, 145

of screen-grid tubes, 136, 145

of triode, 118, 145

Space-charge-grid tubes, 148

Spark generator of damped oscillations, 7
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Speech, articulation of, 763

characteristics of, 752-754

Square-law detectors, 440-442

Static, 640-644

minimization of, 643

Stub lines, 703 •

Subjective tones, 757

Sun-spot cycle, relation of, to radio wave
propagation, 637-640

Superheterodyne, 447

converters for, 449-453

spurious responses in, 570-573

Superregenerative detectors, 456-459

Suppressed carrier, 415

Suppressor grid, in pentodes, 126-133

Suppressor-grid modulation, 407

Synchronism of oscillators, automatic,

368

Synchronization in television, 742

Synchronous operation of radiotelephone

transmitters, 531

Telegraph receivers (see Receivers, radio,

telegraph)

Telegraph transmitters, 506-518

Telephone receiver, 775-778 .

balanced-armature type, 777

moving coil, 777

Telephone transmitters, 518-528

Television, 734-750

aperture distortion in, 746

flicker and ripple in, 747

interlaced scanning in, 747

relation of frequency band and picture

detail in, 743-746

saw-tooth waves for, 740-742

scanning in, 734-739

synchronization in, 742

typical system of, 748

Television receiver, 739

Thermal agitation, 228-231

Thermionic emission, 100, 103-104

Thevenin's theorem, 95

Thoriated-turigsten emitters, 105

Thyratrons, 159

Tone control in broadcast receivers, 559
Tower antennas for broadcast trans-

mitters, 708-712

Tracking in broadcast receivers, 561-565

Transconductance, conversion, 451

See also Mutual conductance

Transformer-coupled amplifiers (see

Amplifiers, transformer-coupled)

Transformer-utilization factor, 490
Transformers, audio-frequency, 188-202

input, 209

interstage, 188-202

output, 296-301

with shunt feed, 300

universal-amplification curve of, 297

power, utilization factor of, 490
push-pull, 201

Transit time, effect of, 256-258

Transmission lines, current distribution

in
;
67-72

for distributing radio frequency, 705

matching of, to antenna, 701-704

radio frequency, 696-706

attenuation of, 699

characteristic impedance of, 698

current distribution of, experimental

. determination of, 705

oscillators using, 361

radiation from, 700

resistance of, 699

resonant and non-resonant, 697

types of , 696

wavelength of, 68

Transmitters, 505-545

antennas for, 706^-713

feedback in, 529

keying of, 516-518

monitoring of, 528

with phase or frequency modulation,

533

suppression of harmonics in, 530

telegraph, 506-518

using interrupted continuous waves,

534

telephone (including broadcast), 518-

528

adjacent channel interference in, 532

controlled-carrier, 536

with dynamic shift, 537

high efficiency, 535-545

hum in, 529

production of single side-band signals

in, 531

providing simultaneous . two-waj'

conversation, 530

secrecy systems in, 534
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Transmitters, telephone, synchronous

operation of, 531

for ultra-high frequencies, 535

Triodes, characteristic curves of, 119-121

constants of, 121

definition of, 115

gas, 159

Tube' characteristics, effect of. gas on,

157-160

power-law method of expressing, 153-

155
' power-series method of expressing,

155-157

tabids of, 163

Tubes, beam, 143

behavior of, at ultra-high frequencies,

256-258

characteristics of, 163, 290-291, 294-

295, 474, 478 '

characteristic curves of diode, 113

of pentode, 130-132

of screen-grid, 136-138, 146

of triode, 119-121, 146

. construction of, 16Q-164

converter, 449-453

diode, 112-115

dual grid (Class B), 147

evacuation of, 162

inverted, 149

metal, 161

"mixer," 449-453

pentagrid converter, 452

pentode, 126-133

for power amplifiers, 331-337

rectifier, 474, 478

screen-grid, 133-140

space-charge grid, 148

special connections for, 149

triode, 115-126 .

for ultra-high frequencies, 150

variable-mu, 144

water-cooled, 333

Wunderlich (co-planar grid), 150

Tuned amplifiers (see Amplifiers, tuned)

Tuned-grid tuned-plate oscillator, 349

Tungsten emitters, 105

Tuning indicator in broadcast receivers,

559

"Turnover" in vacuum-tube voltmeters,

444

' U

Universal amplification curve, of output

transformers, 297 •

of resistance-coupled amplifiers, 179-

181

of transformer-coupled amplifiers, 194

Universal resonance curve, 54-57

Utilization factor of power transformer,

490

V antennas, 675-676

Vacuum tubes (see Tubes)

Variable-mu tubes, 144

•Variometers, 44

Velocity microphone, 782

Vibrator power-supply systems, 500

Video-frequency, 169; 746

Virtual cathode (see Cathode)

Virtual height, determinations of iono-

sphere, 636

Voltage, anode, 471

Voltage saturation in diodes, 113

Voltmeters, vacuum-tube, 443 .

"turnover" in, 444

Volume control, 223-225

automatic, 224, 557

manual, 558

Volume expansion and contraction, 225,

561

W
Water-cooled tubes, 333

Wave antenna, 678

Wave front, of radio wave, 2, 649

Wavelength of antenna, definition of, 1

of transmission line, 68

Wunderlich tubes, 150

as detectors, 439




