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Fig. 6-20. Synchronized controlled (A) waveform, (B) frequency multiplication wave-
forms, (C) frequency divider waveforms.

tion into the negative-resistance region. Notice, however, that the magni-
tude of the sawtooth voltage is reduced by an amount equal to that of
the pulse. The dotted line represents the voltage waveform without
synchronization.

The synchronized oscillator can be used as a frequency multiplier.
Figure 6-20 (B) illustrates one application in which the input frequency
is approximately half that of the relaxation frequency. Any sub-multiple
of the normal rate will work. The chief disadvantage of this type of
operation is the lack of control over the frequency in the interval dur-
ing synchronizing pulses.

Figure 6-20 (C) illustrates the application of the synchronized re-
laxation oscillator as a frequency divider. In this example, the input
frequency is three times that of the relaxation rate. As long as the
synchronizing rate is an integral multiple of the basic frequency, the
oscillator remains under control. Theoretically, any division ratio is
possible, but in practical circuits the ratio is limited by the non-line-
arity of the sawtooth wave near the critical voltage E. Consistent opera-
tion for division ratios up to approximately 10 to 1 can be easily at-
tained. Ratios higher than these require critical design for reliable op-
eration.

Negative synchronizing pulses can be used to operate the base or
collector-controlled oscillator types. The many ramifications of the basic
relaxation oscillator are too numerous to cover, but the experimenter
may find many useful applications for this circuit. If, for example, time
constants are inserted in both the emitter and collector circuits, the re-
laxation oscillator can be synchronized by a pulse applied to either
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electrode. The circuit may also be biased in either the saturation or
cut-off region, so that it remains non-oscillatory until pushed into the
regenerative region by an external pulse. The last type falls under the
general category of trigger circuits.

Trigger Circuits

The transistor oscillators considered to this point have one feature
in common: the controlling electrode is biased in the negative resistance
region. These types, whether synchronized, sinusoidal, or non-sinusoidal,
come under the general classification of astable operated.

Triggered circuits, on the other hand, are biased in one of the
stable regions and are non-oscillatory until the trigger pulse is applied.
These types are classified as either monostable operated or bistable op-
erated oscillators.

Monostable Operation. The basic monostable circuit is illustrated
in Fig. 6-21 (A). The only difference between this circuit and the emit-
ter-controlled relaxation oscillator illustrated in Fig. 6-17 (A) is the
_elimination of the emitter resistor Rg. Since this action removes the d-c
emitter current bias (Ig = 0), the operating point shifts from the neg-
ative-resistance region (P,) to the point intersection of the voltage axes
at Iy = 0(P;). This change is illustrated in Fig. 6-21 (B). The circuit
is no longer capable of self-sustained oscillation since it is biased in the
stable cut-off region. Now, if a pulse of sufficient magnitude (at least
equal to Ip) is applied to the emitter, operation is forced into the re-
generative region. The current jumps to its value at point D, and the
negative charge on the emitter condenser starts to build up. When the
charging current is reduced to its value at point C, operation again en-
ters the regenerative region, and the current is quickly reduced to its
value at A. The charge on the condenser gradually leaks off through
the emitter base circuit (r, }-r, + Rp) until the stable operating point
P, is reached. The circuit is now ready for another trigger pulse.
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Fig. 6-21. (A) Basic monostable trigger circuit. (B) ldealized characteristic.
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Fig. 6-22. (A) Basic bistable trigger circuit. (B) Idealized charocteristics.

The emitter resistance is very high in the cut-off region due to the
reverse bias. As a result, the same constant Cg(r. 4 1, + Rg) is large
compared to that of the relaxation type illustrated in Fig. 6-17 (A).
This is the major factor limiting the repetition rate of the trigger pulse
if sensitive operation is required.

Bistable Operation. Figure 6-22 (A) illustrates the basic bistable
circuit. The fundamental requirement for this type of operation is that
the load line intersects the characteristic curve once in each of the three
operating regions. This automatically establishes three operation points:
one in the unstable negative-resistance region; one in the saturation re-
gion; and one in thé cut-off region. The last two points are stable, hence,
circuit operation is properly defined as bistable. The operation shown
in Figure (6-22(B) is as follows: When operation is at point P,, the
circuit is stable, since the current is low; this is referred to as the off-
state. If a positive pulse is now applied to the emitter, operation enters
the regenerative region at point A. The operation swings rapidly to
the saturation region where, at point P,, the circuit is again stabilized.
Since the current at this point has considerable magnitude, this is re-
ferred to as on-state. To move operation back into the off-state requires
a negative trigger pulse whose magnitude is at least equal to E;. This
pulse moves operation back into the unstable negative-resistance region
at point B, where it rapidly swings back to the stable off-state point P;.

The value of Ry is selected to provide the three necessary operating
points. It is not critical and may vary considerably but, in general, it
should be fairly low. Notice that the potential of the emitter battery E,
fixes the location of P;, which in turn determines the required value
of the trigger pulse E,. A low battery voltage, then, causes sensitive op-
eration, since the triggering can be accomplished with a small pulse. A
large value of E, results in less sensitive but more reliable operation,
since the circuit is less likely to be triggered by noise or other unwanted
circuit disturbances. The final choice of both E, and Rg should be
based on the most sensitive combination providing reliability.



Chapter 7
TRANSISTOR HIGH FREQUENCY AND OTHER APPLICATIONS

The preceding chapters discussed the basic operation, circuitry,
applications and limitations of the transistor. This chapter contains im-
portant miscellaneous considerations, including transistor operation at
high frequencies, i-f and r-f amplifiers, limiters, mixers, handling tech-
niques, hybrid parameters, and printed circuits.

The Transistor at High Frequencies

Transit Time, Dispersion Effect. In the earlier chapters it was
noted that the low-frequency, small-signal parameters change as the op-
erating frequency is increased appreciably above the audio range. Figure
7-1 illustrates the low-frequency equivalent circuit of the transistor in-
cluding the collector junction capacitance C,. At higher frequencies this
equivalent circuit must be modified to include the effects of the current
carriers’ transit time on the transistor parameters. The transit time of
the carriers (holes or electrons) is one of the major factors limiting the
high frequency response of the transistor.

The movement of holes or electrons from the emitter through the
base layer to the collector requires a short but finite time. In the tran-
sistor, as noted earlier, the electron does not have a clear and unim-
peded path from emitter to collector. As a result, the transit time is
not the same for all electrons injected into the emitter at any one
instant. The effect of an identical transit time for all electrons would
be a simple delay in the output compared to the input signal. Because
the injected carriers do not all take the same path through the transistor
body, those produced by a finite signal pulse at the emitter do not all
arrive at the collector at the same time. The resulting difference is very
small and is of no consequence in the audio frequency range. At the
higher frequencies, however, this difference becomes a measurable part
of the operating cycle, and causes a smearing or partial cancellation be-
tween the carriers. Figure 7-2 illustrates the dispersion effect in a tran-
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Fig. 7-1. low-frequency equivalent circuit §
of the transistor (including collectar junc- Fig. 7-2. Transistor high-freq Y
“tion capacitance). dispersion effect.
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sistor at high frequencies. Notice that, in addition to the increased
period, the signal has also suffered a reduction in amplitude (the time
delay results in a phase shift) . The decrease in the output signal means

. . i N
a decrease in the current gain o« = —lc— . The degradation in frequency

response becomes steadily worse as the operating frequency is increased,
until eventually there is no relationship between the input and output
waveforms (and no gain).

Another factor that limits the high frequency response of the tran-
sistor is the capacitive reactance of the emitter input circuit, which
behaves as if r, is shunted by a capacitor. This reactive parameter is
reduced if the source impedance is made as low as possible. Since 1, is
also effectively in series with the source, a good high frequency tran-
sistor must have a low base resistance. If the source impedance and base
resistance are low, the upper frequency response limit is determined
primarily by the collector junction capacitance and the variation in
the current gain.

Alpha (a) Current Frequency. In view of these limitations, the
basic circuit illustrated in Fig. 7-1 is not a useful approximation of
transistor performance at high frequencies. To modify this circuit for
accurate representation of high frequency equivalence requires that all
of the internal parameters be specified in a complex form (magnitude
and phase angle) as functions of the frequency. In most cases, however,
it is sufficiently accurate to modify Fig. 7-1 to include only the varia-
tion of o with frequency, since few design problems justify the details
required for exact equivalence. The variation in current gain can be
satisfactorily approximated by the relationship:
a1

f2
! fe)

where o is the current gain of the operating frequency f; 4, is the low
frequency current gain; and f, is the frequency at which the current
gain is 0.707 of its low frequency value (3 db down).

a =
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As a numerical example of the above, compute the current gain
tor a junction transistor having a low frequency current gain of ¢; =
0.95, an o cut-off frequency of f. = 10 mc, and an operating frequency
of 7.5 mc. Then

«= %1 =._'9.5____2_= 0.76
—TTY -/
i 10

Including only the junction capacitance and variation in o in the
low frequency circuit makes all the computed values far from exact. In
addition to the capacitive reactance of the emitter, there is also con-
siderable variation with frequency in the collector resistance and col-
lector junction capacitance. The collector resistance r. decreases rapidly

for a ratio of —ff— greater than 0.15, falling to about 109, of its low
(]

f .
frequency value at <+ = 1, and then remains at that value. The col-
{+]
lector junction capacitance C, also decreases as the operating frequency
increases above an - greater than 0.15, but does not decrease as

rapidly as r.. In a typi:;al characteristic, C, drops to approximately 759,

of its low frequency value at -—ff— = 1 and to about 509, at = 10,
after which the curve levels out. Due to the coupling between the in-
T12l21

put and output circuits; 1; = ry; — , the input impedance

Tz + Ry
contains a reactive component beyond —i_he emitter shunt capacitance.
At the o cut-off frequency f, the reactive component is approximately
equal to the resistive input component. This causes the input imped-
ance to be inductive for the grounded base connection, and capacitive
for the grounded emitter connection (due to phase reversal).

High Frequency Equivalent Circuit. Because of these factors, rep-
resentation of the transistor high-frequency operation by any linear four-
terminal equivalent network is at best a rough approximation over any
substantial frequency range. This is especially true if the circuit is to be
reasonably representative of the physics of the transistor, and if the
number of circuit parameters are to be kept within reasonable limits.
One form of equivalent circuit, suggested by Dr. W. F. Chow of the
General Electric Company, has worked out well. This involves the in-
sertion of a low pass R-C filter network in the low frequency circuit,
derived for an equivalent current generator in the collector arm (ai,) .
The modified equivalent circuit illustrated in Fig. 7-3 takes into ac-
count the variations of r, and C, with frequency. This circuit provides
a fair representation of transistor performance through the range below
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the a cut-off frequency. If the operating frequency is greater than f,
the low pass filter must be replaced with an R-C transmission line.

Frequency Comparison of Point-Contact and Junction Transistors.
At this point, a brief explanation of why the point-contact transistor is
capable of a higher operating frequency than the junction type is in
order. The high frequency effects on the equivalent circuit parameters
are essentially the same for both types. Actually, the major difference
is in the mechanics of conduction.

Point-contact transit time is determined primarily by the field

3
set up by the collector current. In equation form, T =ﬁs—— where

Buple
cm/sec
Volts/cm
p is the germanium resistivity in ohm-cm, and 1 is the collector current
cm/sec
~oltsjem
p = 12 ohm-cm, and I, =8 ma, for which T = 1,570 ppusecs. Ignoring
all other factors, this limits the upper frequency response of the point-

contact transistor to about 600 megacycles.
In the junction transistor, movement of the current carriers is
primarily by diffusion, and is not appreciably affected by the electrode

S is the point spacing in centimeters, n is the hole mobility in

in amperes. Typical transistive values are S = .003cm, . = 100

2
potential fields. In equation form T = —“1;—, where T is the diffusion

time through the base layer, W is thickness of the base layer in centi-
meters, and D is the diffusion constant in cm?/sec. Typical values for
a P-N-P transistor are W = 2x10—23 ¢cm and D = 33 cm?/sec (for an
N-P-N type, D is about 69 cm?/sec), for which T = 0.121 psecs. Ignor-
ing all factors but the diffusion time, the upper frequency for this typi-
cal P-N-P type is approximately 8 mc, and for the N-P-N type about
16 mc.

High Frequency Circuits :

I-F Amplifiers. In general, the upper frequency limit of the junc-
tion transistor is considerably lower than the limits of the point-contact
type. On the other hand, the junction type has a lower noise factor, and
better stability in some applications. These factors frequently make it
advantageous to use the junction transistor in some high frequency
applications even if an additional stage or two may be required.

Figure 7-4 illustrates one stable form of i-f amplifier stage using
a WE 1752 N-P-N transistor. The operating frequency is 455 kc, and
the gain is 18 db.

Due to the natural regenerative feedback path through the collector
junction capacitance and the base resistance, and the close coupling
between the input and output circuits, the circuit, when connected in
tandem, is likely to oscillate unless the stage is carefully tuned. The
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Fig. 7-5. Transistor i-f coupling networks.

alignment procedure is easiest if the last stage is tuned first. For an in-
put resistance R, = 500 ohms, the output resistance r, averages 12,500
ohms, and C, is about 15 guf. »

The cascading of transistor i-f is more complicated than that of
vacuum tubes. The main contributing factors are the effect of the out-
put load on the input impedance, and the effect of the generator im-
pedance on the output impedance. These factors show up largely in
the design of interstage coupling networks.

I-F Coupling Circuits. For interstage coupling, an i-f transistor
amplifier may use a series resonant circuit such as that illustrated in
Fig. 7-5(A). The main requirement for this type of coupling is that
the short-circuit current gain is greater than unity. Thus, the series con-
nection in the case of the junction type may only be used in the
grounded emitter connection.

Parallel-tuned resonant-coupling circuits are applicable in i-f strips,
particularly when junction transistors are used. If point-contact tran-
sistors are used, special care is required to avoid oscillation due to the
inherent instability of these types when short circuited. Several types of
parallel-tuned coupling circuits may be employed. Figure 7-5 (B) illus-
trates one such possible circuit with the input of the coupled stage direct-
ly connected into the resonant circuit of the first stage. This direct coupl-
ing can also be used if the inductor and capacitor are interchanged.
Figure 7-5 (C) illustrates another coupling arrangement with the input
of the second stage connected to the junction of the two capacitors in
the resonant output tank of the first stage. In this case, the capacitors
can be used for matching the impedances between the stages. This
coupling arrangement can be made inductive by reversing the reactive
elements and connecting the input of the second stage into the tank
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inductance. This arrangement requires that a capacitor be inserted in
the input lead of the second stage. This capacitor blocks the d-c bias
and also helps to ayoid the excessive loading of the tank due to the
input circuit of the segond stage. An alternate method is to couple the
second stage to the tank inductively. If the inductive coupling is also
tuned in the second stage, the circuit becomes the double-tuned coupl-
ing network illustrated in Fig. 7-5(D). The center tap in the induct-
ance of the secondary circuit provides for the proper impedance match
between the stages.

Neutralization. The close coupling between the input and the out-
put circuits of the trapsistor causes the resonant frequency of the coupl-
ing circuit to be particularly sensitive to variations in the input and
output impedances. In general, the load impedance has a greater effect
on the input impedanee than the generator impedance has on the out-
put impedance. For this reason, the best procedure to follow in align-
ing an if strip is to start with the last stage and work toward the first.

To avoid the critical tuning problem, the stage may be neutralized.
This allows each reggnant coupling circuit to be independently ad-
justed without introdycing any detuning on or by the remaining stages.
One form of neutraljzation is illustrated in Fig. 7-6 (A) . For reasons of
clarity, only the a-¢ circuit is shown. Neutralization is accomplished by
balancing the registor Ry and the equivalent impedance Z, of Ry and C
against the transistor base resistor 1, and the equivalent impedance of
the collectar arm z, composed of r, and C,. The balancing conditions
are more clearly illustrated in the equivalent circuit of the neutralized
circuit, as shown in Fig. 7-6 (B). The circuit is drawn in the form of a

D = X Un

conventional bridge. The bridge is balanced when —>—
der this condition there is no interaction between the input and output

RB - Zc

AL
7
o
&
[~

Fig. 7-6. (A) Neutralized if amplifier. (B) Equivalent circuit of neutralized i-f
amplifier.
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Fig. 7-7. Typical transistor r-f amplifier. Fig. 7-8. Junction transistor mixer circvit.

circuits. Then, when the stage is neutralized, the output impedance is
' independent of R, and the input impedance is independent of Ry.

In practical circuits the neutralization network design can be sim-
plified by omitting the capacitor C if a point-contact transistor is used,
or by eliminating R, if a junction transistor is used. This changes the

Iy Ie

Ry Re

%’; = Ci for the junction types. These simplifications are pos-

sible at the intermediate frequencies because feedback is governed pri-

marily by r. in the point-contact transistor, and by C, in the junction

transistor. The network components are not very critical. Values within
a 59, tolerance range are generally satisfactory.

Notice that the lower output terminal is connected to ground
through Rg. This makes it important for the value of Ry to be small
in order to avoid introducing too much noise through Ry into the
output circuit. For satisfactory operation, the value of Rp should not
be larger than the base resistance. This fixes the value of C in the range
of C,, and R, in the range of r.. The loss in gain due to the neutralizing
network will be less than 109 of the total gain in a properly designed
circuit.

R-F Amplifiers. Transistor r-f amplifier circuits, like their counter-
part vacuum-tube circuit types, are most often used for improving the
gain, over-all signal-to-noise ratio, or selectivity characteristic of a multi-
stage circuit. Figure 7-7 illustrates a typical transistor r-f amplifier cir-
cuit. The design is basically the same as that of an i-f amplifier. The
chief problem is the selection of a transistor having a sufficiently high
a cutoff. The power gain of a rf amplifier is inversely proportional to
the frequency. In a typical case a transistor having a maximum gain
of 40 db at 10 mc will have a maximum gain of 20 db at 40 mc. There
are two critical parameters, the emitter bias and the base resistance.
The base resistance is determined by the physical construction of the
transistor and, therefore, low base-resistance transistors, designed specif-

balance equations to for the point-contact types, and
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ically for high frequency applications, should be used. The importance
of emitter bias was considered in the analysis of oscillator circuits. The
bias should be selected to be far enough away from the unstable region
of the characteristics to avoid oscillation, and yet not so far away that
the gain is very low. Special care must be taken to avoid introducing
stray capacitance into the emitter input circuit. These reactances tend
to lower the input emitter impedance, and thereby decrease circuit
stability.

Limiters. Limiter circuits can be designed using transistors and
germanium diodes. These circuits operate much like vacuum-tube limit-
ers. In the grounded base connection, the input circuit acts like a diode
when the emitter electrode is biased slightly in the forward direction.
When the value of the input signal exceeds that of the emitter bias, the
signal is rectified by the diode action of the input circuit. The resulting
self-bias tends to keep the maximum emitter current constant. Since
the collector current is proportional to the emitter current, the output
signal is maintained at a constant level over a large range of input
signal values. The input rectification action is considerably improved
when the circuit is shunted by a junction diode. The diode performs
two important jobs. It clips large positive input pulses, and prevents
the coupling capacitor from charging on extraneous noise pulses. For
optimum operation, the output resistance is matched to the load, and
the generator impedance is kept as low as possible.

Mixers

The operation of the transistor in mixer circuits depends upon
the rectification and non-linearity of the emitter circuit when it is
biased slightly in the forward direction. Figure 7-8 illustrates one basic
arrangement of a transistor mixer circuit employing a junction transis-
tor. This circuit takes advantage of the relatively high gain of the
grounded emitter connection by injecting the BFO signal into the
common emitter lead. The junction transistor works well in mixer stages
despite its relatively low o cutoff. This is possible because only the i-f
frequency must lie within the useful frequency range of the transistor.
The point-contact type also works satisfactorily in transistor mixer cir-
cuit. Its utility is limited to some degree by its relatively high noise
figure and low gain.

n IN92 15000
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Fig. 7-9. Transistor power supply.
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Power Supplies. As the number of applications for transistors in-
crease, many new power supply systems will be required to fit in effi-
ciently with the particular design. The power requirements of an in-
dividual circuit is very small, so small in fact, that quite often the life
expectancy of the bias battery is the same as its normal shelf life. Never-
theless, in some applications it may be desirable to derive the power
supply from an existing a-c source. Figure 7-9 illustrates an experimental
power supply, fabricated for a particular application, where a bias of
30 volts and a drain of 10 ma were required. The circuit is a basic full-
wave rectifier terminated in an R-C filter. With the values shown, the
ripple is less than one percent.

Miscellaneous Transistor Characteristics and Handling Techniques

Transistor Life Expectancy. One of the outstanding features of the
transistor is its practically indefinite life expectancy. Long life was ori-
ginally predicted on the basis of the transistor construction and its con-
duction mechanics, which indicate there is nothing to wear out. Al-
though the transistor is still very young, enough experimental data is
now available to back the initial long life predictions.

The usual transistor failure occurs gradually over a long period
of time and after thousands of hours of operation. The performance
degradation generally shows up as an increasing saturation current.
(The effect of increasing saturation current was covered in the tran-
sistor amplifier chapter.) While the various self and fixed biasing meth-
ods may be used to minimize the effects of increasing I, the system’s
efficiency and gain suffer. In an amplifier circuit, this factor decreases
the available volume. Gradually, as the limit of the automatic biasing
arrangement is reached, there is also a noticeable increase in the dis-
tortion content.

Another variation in the transistor performance characteristics is
a gradually decreasing output resistance. In systems designed for an
image impedance match (R, = r, and Ry, = r,), this change introduces
a mismatch loss. In the usual amplifier design, however, the output re-
sistance is in the order of 20 to 50 times the load resistance. The de-
crease in r,, therefore, is less serious than the increase in 1,. The best
single maintenance check is a measurement of the current gain.

Sudden failures of transistors are not common in normal opera-
tion, although open emitter and collector junctions were not too rare
in the early transistors. These defects were attributed to faulty assembly
during manufacture. Present manufacturing and quality control tech-
niques have practically eliminated open junction defects. Transistor
shorts are more common since they are usually caused by overloading.
When the transistor power rating is exceeded, the junction temperature
rises quickly. The increased heating effect encourages diffusion of col-
lector region impurities into the base layer, which, in time, will destroy
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the junction. In brief then, open circuited transistors generally result
from poor production; short-circuited junctions generally mean im-
proper circuit design.

Transistor Ruggedness. Insofar as ruggedness is concerned, the
superiority of the junction transistor compared to the point-contact type
can be anticipated from a comparison of the basic construction details
(Chapter 2). The emitter and collector electrodes of the point-contact
type depend on a force contact with the germanium surface. These cat-
whiskers, it will be remembered, are fastened to the main electrode con-
ductors which are embedded in, and held by, the plastic stem. It is pos-
sible, then, to vary the contact pressure of the catwhiskers by a twisting
force applied to the plastic stem. This distortion can be introduced by
direct mechanical force, humidity or temperature variations.

Most of the present transistors are hermetically sealed. Sealing is
important because of the ease with which an unprotected junction sur-
face may be contaminated by water vapor. The contaminating effects
are particularly noticeable so far as the value of the saturation current
in an unsealed unit is concerned. In a typical case, the saturation cur-
rent of a junction transistor will increase one hundred times its dry air
value when the relative humidity is increased by 50%,. -

The transistor can withstand shock, vibration, and drop tests far
beyond those of the vacuum tube. However, it is a good plan to treat
the transistor with reasonable care to avoid unnecessary damage. The ef-
fect of distortion of the stem on electrode contact pressure was noted
in earlier paragraphs. Any damage to the hermetic seal is, of course,
serious. Transistor electrode leads are generally as flexible as those of
regular carbon resistors. These leads should not be subjected to con-
tinual bending or flexing, or to pulls greater than a half-pound.

Soldering Techniques. Generally, junction transistors (Raytheon
types 720, 721, 722, Germanium Products Corporation types 2517, 2520,
2525, Western Electric 1752, etc.) have long pigtail leads. These types
can be soldered directly into a circuit. However, due to the temperature
sensitivity of the transistor, solder connections must be made quickly.
It is always a good idea to heat sink all solder connections by clamping
the lead with a pair of long nose pliers connected between the soldered
point and the transistor housing. This provides a shunt path for a large
part of the heat introduced at the solder joint. If it is at all possible,
transistors with short leads should not be soldered directly into the
circuit. Several types of sockets will accommodate these short lead types.
For example, the Cinch type 8749, type 8672, and regular 5-pin sub-
minature tube sockets will handle point-contact transistors similar to
the Western Electric 1698, the General Electric G11A, etc.

Temperature Effects. The physical location of the transistor is not
critical with respect to its mounting position, and since the heat gen-



TRANSISTOR HIGH FREQUENCY 129

erated by an individual transistor is small, many may be packed to-
gether. However, since the transistor is sensitive to the ambient tempera-
ture, hot spot locations near tubes and power resistors should be avoided.
In this regard, a word of precaution on collector dissipation ratings is
in order. The maximum collector dissipation is specified at some defi-
nite temperature (usually 25°C). This value must be derated if the
ambient temperature is greater than the specified rating temperature.
Usually this amounts to a 109, decrease in power dissipation for each
5°C increase in ambient temperature. As a numerical example, assume
that the maximum allowable collector dissipation for a transistor rated
at 250 mw at 25°C is required when the ambient temperature is 40°C.
The operating temperature represents an increase of 40° — 25° = 15°C
The power handling capacity should be derated 109, for each 5°C in-
crease or 15/5x (10) = 809,. 309, of 250 mw is 75 mw. Thus the maxi-
mum collector dissipation at 40°C is 250 — 75 = 175 mw.

Whenever a transistor is operated near its maximum rating, it is
always good insurance to tie it to a metal panel or chassis. This connec-
tion provides a large radiating surface which permits the collector dissi-
pation to be maintained at higher levels. In typical cases, this procedure
increases the transistor power dissipation rating from 20 to 509%,.

Transient Protection. In addition to its power handling limitations,
the transistor is susceptible to damage by excessive values of current
and voltage. It is particularly important to protect the transistor from
those transient surges which may be caused by switching or sudden
signal shifts. Transient effects are particularly predominant in oscilla-
tor, i-f, and high frequency amplifiers due to the storage capacity of
the reactive components. Limiting devices are usually incorporated into
the circuit. The series resistors in the emitter and collector arms of the
base-controlled negative-resistance oscillator are typical examples. In
more complicated circuits, transient limiting elements are usually selec-
ted on the basis of tests made on experimental breadboard models. If
a scarce or expensive transistor is involved, the equivalent passive “T",
made up of standard carbon resistors, can be substituted for this meas-
urement. When connecting a transistor into a live circuit, the base lead
must always be connected first. In disconnecting the transistor from a
live circuit, the base lead must be removed last.

It is an easy matter to mistakenly reverse the polarities of bias sup-
plies, particularly in complementary-symmetrical circuits. Reverse polar-
ities will not impair the transistor as long as the maximum ratings are
not exceeded. It is always a good plan to check for proper capacitor
polarity, since almost all of the circuits require polarized types.

Hybrid Parameters

Significance and Derivation. The open-circuit parameters, ry;, Iy,

Ty, and 1y, are used exclusively throughout this book primarily because



130 FUNDAMENTALS OF TRANSISTORS

they are the most familiar four-pole equivalents. Some engineers prefer
the short-circuit conductance parameters gy, g1, 821, and gy,. The con-
ductance parameters serve well for the junction transistor, but do not
work out too well for the point-contact type, which inherently exhibit
short circuit instability.

The disadvantages in both the r and g forms suggest a combination
or hybrid type of representation which will be applicable to all tran-
sistor types without requiring elaborate measuring techniques. The so-
called ‘k’ or hybrid parameters are becoming more and more popular.
Since many of the manufacturer rating sheets now specify the k para-
meters, it is important to be able to convert the hybrid values into the
more familiar r form for use in the design and performance equations.
On a four-terminal basis, the hybrid parameters are equated as:

e; = hyi; +hyee Eq. (7-1)
i = hgyi; + hgooe, Eq. (7-2)

The basic circuits for measuring the % parameters are illustrated
in Fig. 7-10, which define the values of the parameters in terms of the
input and output currents and voltages as follows:

e -
hy, = .Tl—- when e, = 0 (output short-circuited)
1
e . . —
hy, = —e;— when i, = 0 (input open-circuited)
i -
hy = TZ— when e, =0 (output short-circuited)
1
i . . -
hy, = e—2 when i; = 0 (input open-circuited)
2
i
—
TEST TEST
SIGNAL e'1 "T T'z SIGNAL
—eed
hy -.;l_ WHEN €30 h|z ':—lz WHEN l,'O
L {A) (B)
—_— -
—
12 TEST
S;rGENs.ArL @ @ SIGNAL
[ ia .
hgy e : WHEN €20 hzz'.— WHEN i *0
| 2

(C) (D)

Fig. 7-10. Basic circuits for measuring four-terminal h parameters.
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Notice that two of the measurements are made with the output short-
circuited, and the remaining two are made with the input open-cir-
cuited. Furthermore, none of the parameters are exact equivalents, since
I1; is a resistance (ohms), hy, is a conductance (mhos), h;, is a numeric
(voltage ratio), and h,, is also a numeric (current ratio).

Resistance Parameters in Terms of Hybrid Parameters. The rela-
tionship between the r and % values can be determined by straightfor-
ward substitution and the simultaneous solution of equations 7-1 and
7-2, as follows:

A 1, = -‘;—1- when i, = 0. Under this condition
1
61 = hllil + h12e2 Eq. (7'1A)
0 = h21i1 + hzzez Eq. (7'2A)

If these are solved simultaneously,

iy = e.hyy
hyshgy — hyshy,

— h11h22_ h12h21

, and therefore

I B Eq. (793)
B. 1y = ?—2 when i, = 0. Under this condition equation 7-24 still
1
applies and is solved
62 = h21 il’ and Iy = h21 Eq. (7'4)
hgo hos
C 1= —?—- when i; = 0. Under this condition
2
€ = h1262 Eq. (7'1B)
iz = h22€2 Eq. (7‘2.8)
If these are solved simultaneously
€ h12 h12
—— = and 1, = 2% Eq. (75
Iz hyy 2 hg, g- (73)
D. 1y = _ei_2 when i; = 0. For this relationship equation 7-2B still
2
applies and is solved
€, = and 1y = ! Eq. (7-6)
22 h22
h21 )
E. The current gain ¢ = Ter = hae = ~hy
Too 1
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As a numerical example of these conversions, the manufacturer's
rating sheet for the G.E. type 2N45 specifies the following typical values
for the hybrid parameters:
hy; = 40 ohms, hy;, =25x10-%, hy, = —.92, hy; = 1.0 x 10—¢ mbhos.

__hyhyy—hpohy, 40 (10X 10—8) — 2.5 x 10—4(—.92) 970 ohms

Then ry; = Tigs 1.0x 109
— h21 —_ "'("*92) —
o = — o =5 Toow = 920000 ohms
_hy _ 25x10-4 _
T =g, T Tox10-F 20 ohms
1 1 = 1 megohm

T2 = T 10x10-°
a = —hy = —(—.92) = 0.92

Printed Circuit Techniques

One of the most promising features of the transistor is its ability
to fit into the new prefabricated wiring techniques, by which the maze
of hand-soldered wires normally associated with electronic equipment
has been eliminated. Basically, a printed circuit starts with a metal foil
bonded to one or both sides of an insulating plastic material. The metal
foil may be copper (most popular) aluminum, silver, or brass. Most
types of laminated plastics are suitable as the base insulator. The circuit
is drawn on the foil clad laminate with an acid resistant ink. The com-
plete assembly is then dipped into an etching solution which removes
the metal not protected by ink. Holes are then drilled or punched into
the assembly at appropriate points, and into these holes the various
circuit components are inserted and soldered to the metal foil. If the
circuit is at all complex, hand soldering is extremely tedious and diffi-
cult, and the dip soldering technique is used. In this method, compo-
nents with preformed leads are inserted into the holes, either manually
or by an automatic process. After fluxing, all the connections between
the component leads and the circuit pattern are accomplished by a
“one-shot” dip in a molten solder bath. Those portions of the circuit
which must be left free of the solder are coated with a protective lacquer
or masked before the solder bath. Dip soldering assures very reliable
solder joints in one simple operation, and also permits a greater reduc-
tion in size by means of stacking techniques, which were previously lim-
ited by the space requirements for hand soldering operations.

Complex circuits are normally laid out on both sides of the lami-
nated base. Connections crossovers may be made by several methods.
The most common is by means of a tined eyelet. This is of particular
importance in those cases where connection is made to a component
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Fig. 7-11. Experimental transistor i-f amplifier.

which may be soldered and unsoldered several times during the life of
the equipment. Repeated soldering at the foil will eventually cause
it to lift from the plastic base.

In spite of the small cross-sectional area of the foil conductors, the
current carrying capacity of the printed circuit is good, due to the rela-
tively large surface area and the heat conduction by the base material.
A 1/32-inch copper foil conductor, for example, can safely handle about
five amperes. Increased temperatures caused by current overloads causes
the metallic conductor to buckle and separate from the base.

One of the major advantages of the printed circuit is its uniformity
from unit to unit. For example, the distributed capacitance between
foil conductors is in the same order of magnitude as that of a carefully
hand wired assembly. In the prefabricated type, however, the value re-
mains constant from unit to unit because they are all produced from
the same master design.

Figure 7-11 illustrates the front and back of an experimental
printed circuit type of transistor i-f amplifier. The component arrange-
ment can be seen at the left of the illustration and the printed wiring
can be seen at the right. Miniature components for use with transistors
are shown in Fig. 7-12. The top row of the figure shows a miniaturized
transformer and three resistors. The bottom row illustrates an inductor,
a capacitor, two junction transistor sockets, and two point-contact tran-
sistor sockets.

The marriage of standard and miniaturized components with the
basic printed circuit is, in essence, the “autosembly” technique devised
by the Signal Corps Engineering Laboratories. This method is best
suited to present production facilities, since it utilized components with
proven reliability. However, the recent progress in the development of
printed components indicates that most of the applications of prefabri-
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Fig. 7-12. Miniature iransistor comp ts .

cated circuits are still to come. Printed resistors having values of 10
ohms to 10 megs and which are sprayed onto an area of 1/16 of a
square inch have been used successfully. Small inductance coils, having
values up to 20 ph, can be etched into the printed circuit, and capacitors
ranging from 10 yuf to .001 uf can be incorporated in the printed circuit
by etching opposite sides of foil-clad glass-cloth laminates.

The transistor, because of its mechanical ruggedness and long life
expectancy, is well adapted for direct assembly into printed circuit pat-
terns. The minute heat generated by the transistor makes its future use
in compact packaged equipment particularly promising. The prefabrica-
tion techniques will initially reduce the out-of-service time considerably,
since complete circuits will be encapsulated in units no larger than
present vacuum tubes. On the other hand, assembly repairs will require
great skill and technical knowledge due to the complex arrangement
of the miniaturized components.
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Appendix
COMMON TRANSISTOR SYMBOLS

Available gain

Current gain

Base electrode

Collector electrode

Collector junction capacitance

Emitter junctien capacitance

Emitter electrode

Input voltage - 4-terminal network
Output voltage - 4-terminal network
Battery supply voltage

Emitter bias battery

Base bias battery

Collector bias battery

A-c base signal voltage

A-c collector signal voltage

A-c emitter signal voltage

Cutoff frequency

Operational gain

Smoll signal short circvit input
conductance

Small
conductance

Small signal short circuit transfer
ronductance

Small signal short circuit output
conductance

Small signal hybrid short circuit input
impedance

Small signal hybrid open circuit volt-
age feedback ratio

Small signal hybrid short circuit for-
ward transfer current ratio

Small signal hybrid open circuit out-
put admittance

Input current . 4-terminal network
Output current - 4-terminal network
Saturation current - collector current
at zero emitter current

D-¢c base current
D¢ collector current

signal short circuit feedback

1, D-¢ emitter current

1. A-c emitter signal current

2y A-c base signal current

i o A-c collector signal current

Ry Base series resistor

R Collector series resistor

Ry  Emitter series resistor

7 Input resistance 4-terminal network

T, Output resistance 4-terminal network

74 Image matched input resistance

Tg Image matched output resistance

ry; Small signal open circuit input
resistance

7.5  Small signal open circuit reverse trans-
fer resistance

Tg; Small signal open circvit forward
transfer resistance

Tgs  Smal signal open circuit output
resistance

Ty Transistor equivalent base resistance

7s Transistor equivalent collector resistance

Te Transistor equivalent emitter resistance

T Proportionality resistance constant be-
tween emitter signol current and re-
sulting voltage signal produced in col-
lector arm

R,, Internal resistance of signal generator

R}, load resistance

W  Base junction thickness

VG Voltage gain

MAG
Maximum available gain

N-Type
Transist iconduct with donor
type impurities (electron current car-
riers)

P-Type

Transi iconductor with pt

type impurities (hole current carriers)
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A control, 114
resistance, 28

Acceptors, 4 grounded, (see Connections)
Active networks, 20 Bias,
Admittance, 21 battery, 7
Alphq, a, 2 fixed, 72-73

cutoff, 15, 120-127 for oscillation, 104-105

definition, 10 forward, 6

measurement, 70 Hunter-Goodrich, 74

phase shift, 107-109 reverse, 6

variation, 120-121 self, 73-74
Amplification factors, 21-22 self plus fixed, 75
Amplifiers, 71-95, 122-127 Bonds, covalent, 2

bias methods, 72-75 Buffer, grounded collector, 60

cascade operation, 86-90

class A, 78-82 ¢

class B, 82-84

Capacitance, junction, 42
complementary-symmetry, 92-95 apa ce, |

C itors,
coupling and decoupling, 90-92 a: ac:::sr ) 78
current sources, 76 czsp.inlg 78, 79
dc operating point, 71-72 Collector,

gain controls, 85-86
i-f stages, 122-123
limiter, 126
mixers, 126
neutralization, 124-125
power supplies, 127
r-f stages, 125
Analysis, four terminal,
active, 28
networks, 19
parameters, 20, 27, 28

capacitance, 42

characteristics, 14, 15

maximum limits, 65

minimum limits, 66

resistance, 28
Compensation, phase shift, 109
Complementary-symmetry,

advantages, 95

cascade, 94-95

push-pull, 93

th ,
passive, 26 con::::tyor:?2 1
power gain, 39-42 Connections,

transistor, 25 comparison, 64-65
vacuum tubes, 22 i
current gain, 30

Available gain, 40 equivalent circuit, 30
B grounded-base, 30-43
impedance matching, 36-37
Base, input resistance, 31
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output resistance, 32

power gain, 39-41

stability factor, 38

voltage gain, 34
Coupling circuits, 90-91
Crystal,

control, 110-111

structures, 2

D

D-c operating point,
fixed bias, 72-73
fixed plus self, 75
Hunter-Goodrich method, 74-75
selection, 72
self, 73-74
Decoupling circuits, 91-92
Diffusion constant, 122
Dispersion effects, 119
Distortion, 79
Donars, 4

E

Electrons, 1, 4, 6,
carriers, 13
surface bound, 8
Emitter,
capacitance, 120
control, 112-114
grounded (see Connections)
resistance, 28
Equal voltage method, 68

F

Feedback oscillators, 96-99
Four-pole networks, 19-22
Frequency,
alpha cutoff, 15, 120-127
dividers, 116
high, operation, 119-126
multipliers, 111, 116

Gain,
controls, 85-86
current, 10, 13, 30, 47, 56
overall, 87
power, 11, 14, 36, 39-41, 52-54,
61-63
resistance, 11, 14
voltage, 11, 14, 34, 51, 60-61
Germanium,
impurities, 5
intrinsic, 5
N-type, 4, 6, 12
P-type, 4, 6, 12
Ground, system, 71
Grounded base (see Connections)
Grounded collector, 54-64
buffer stage, 60
conditional characteristics, 62
current gain, 56
equivalent circuit, 54-55
impedance matching, 58
input resistance, 57
output resistance, 57
parameters, 54-55
power gain, 61-63
reverse power gain, 63-64
stability factor, 58-60
voltage gain, 60-61
Grounded-emitter, 45-54
conditional stability, 52-53
current gain, 47
equivalent cirevit, 45
impedance matching, 51
input resistance, 48
output resistance, 49
parameters, 45-47
power gain, 52-54
stability factor, 51-52
voltage gain, 51
tandem, selection, 87-90



H

Handling techniques, 127-129
Hartley oscillator, 96-97
High-frequency operation,

alpha cutoff, 120-121

circvits, 122-126

effects, 119-120

equivalent circuit, 121-122

point contact vs junction, 122
Hills, potential, 5-6

Holes,
carriers, 13
injection, 9

theory, 4, 6
Hybrid parameters, 129-132

I-f alignment, 122
Impedance,
input, 31, 48, 57
matched, 36-37, 51, 58
open circuit, 20-22
output, 32, 49, 57
Impurities, 3-5
Insulators, 1
Intrinsic germanium, 5
Inverters, 84-85

Junctions, P-N, 5
Junction transistors,

compared to point-contact, 14-15

construction, 12
N-P-N, 12
P-N-P, 12-13

L

Life expectancy, 127-128
Limitations, 65-67, 119-121
Limiters, 126

Load lines, 72, 80-81

INDEX 139

M

Matched impedances,
grounded base, 36-37
grounded collector, 58
grounded emitter, 51

Matter, structure of, 1

Measuring,
alpha, 70
circuits, 28-29
negative characteristics, 104
saturation current, 70

Mixers, 126

Multivibrator, 99

N

N-type germanium, 4
Networks,

active, 20

four-terminal, 19-22

passive, 20
Nevtralization, 124-126
Noise, 66

o

Oscillation, conditions for, 99-104
Oscillators, 96-118
bias selection, 104-105
Clapp, 97-98
Colpitts, 98-99
crystal, 110
feedback, 96-99
frequency multiplication, 111
Hartley, 96-97
multivibrator, 99
negative resistance, 99-111
phase shift, 108
relaxation types, 111-117
sine-wave, 103-104
stabilization, 105-106
trigger circuits, 117-118
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P

P-type germanium, 4
Parameters,
admittance, 21
amplification, 21
hybrid, 129-132
impedance, 20
measurements, 28-29
small-signal, 23
transistor, 28
variation, 119-121
Phonons, 3
Photons, 3
Power factors,
available from generator, 39
available gain, 40
maximum available gain, 41, 54, 63
operating gain, 39, 52, 61-62
Power supplies, 127
Printed circuits, 132-134
Push-pull operation, 81-83

Q
Q, oscillator tank, 97

R

Relaxation, oscillators,
base controlled, 114
basic operation, 111-114
collector controlled, 114
emitter controlled, 112-113
self-quenching, 114-115
synchronized, 115-116
Resistors, printed, 134
Ruggedness, 128

S

Saturation current, 43
Semi-conductors, 1-2

Soldering techniques, 128

Stability, 52-53, 62, 99-100, 105-107

Stability factor, 38, 51-52, 58-60
T

Tandem — stage connections, 87-90
Temperature effects, 129
Test sets, 69-70
Testing, ’

precautions, 67

transistors, 67-69
Transient protection, 129
Transistor parameters, 28
Transistor types,

compared to vacuum tubes, 23

comparison of, 14

junction, 12

N-P-N, 12

P-type, 11

P-N junction photocell, 15

P-N-P, 12-13

PN-PN, 17

point-contact, 8

tetrode, 17

wide-spaced, 16
Transit time, 119
Trigger circuits, 117-118

astable, 117

bistable, 118

monostable, 117-118

v

Variations,
alpha cutoff, 120-121
high frequency, 121-122
saturation current, 73-74

w

Waveforms,
distortion, 79
sawtooth, 111-112

Y4

Zener, voltage, 42



