
PART 3. PERFORMANCE OF PRACTICAL CIRCUITS 

Designing Silicon-Transistor 
Hi-Fi Amplifiers 
General considerations for conservative design using readily 

available silicon power transistors. Practical circuits of 10-, 
25-, and 70-watt amplifiers and their performance are given. 

By R.D. GOLD and J.C. SONDERMEYER 
RCA Electronic Components & Devices 

IN addition to the consideration that must be given to 
the achievement of performance objectives and the 
selection of the optimum circuit configuration (dis¬ 

cussed in the previous two parts of this series), the circuit 
designer must also take steps to insure reliable operation 
of the audio amplifier under varying conditions of signal 
level, frequency, ambient temperature, load impedance, 
line voltage, and other factors which may subject the 
transistors to either transient or steady-state high stress 
levels. Some of these steps are relatively straightforward. 
For example, it is necessary to insure that the power dissi¬ 
pation ratings are not exceeded at high line voltage and 
under worst-case signal conditions. For class-A amplifiers, 
the maximum power dissipation occurs at zero* signal. For 
an ideal class-B push-pull stage, maximum power dissipa¬ 
tion occurs when the drive signal is 64 percent of that 
required for maximum output power. The corresponding 
output power for this condition occurs at 42 percent of the 
maximum output power, and the dissipation in each tran¬ 
sistor is 20 percent of the maximum power output. Also, 
for class-AB transformer-coupled amplifiers, the appropri¬ 
ate transistor breakdown-voltage rating must be greater 
than twice the d.c. collector voltage that is employed. 

Thermal Stability Requirements 

One serious problem facing the design engineer, not only 
in the quasi-complementary circuit but in all the circuits 
thus far discussed, is the ability to design a circuit which is 
thermally stable at all temperatures to which the amplifier 
might be exposed. Ideally, the quiescent current of an out¬ 
put stage should remain constant at all temperatures of 
interest. At low current levels however, the base-to-emitter 
voltage (VBE) of a transistor decreases with increases in 
the junction temperature for a given collector current (Ir). 
If VDE is held constant, then lc will increase as the tem¬ 
perature rises. This behavior may lead to thermal run¬ 
away. 

The effect of increasing temperature on collector current 
can be reduced by the use of an emitter resistor which will 
provide some local d.c. feedback. At high signal levels, 
the over-all saturation voltage of the device will be in¬ 
creased because of the voltage drop across this resistor. 
One solution to the saturation-voltage problem is to bypass 
the emitter resistor with a capacitor. In high-power ampli¬ 
fiers, however, the emitter resistors employed usually have 
a value of about 1 ohm, and the size of the capacitor re¬ 
quired to bypass the emitter adequately at all frequencies 
of interest makes this approach economically impractical. 
A more practical solution is to increase the value of the 
emitter resistor and shunt it with a diode. With this tech¬ 
nique, sufficient degeneration is provided to improve cir¬ 
cuit stability, but the maximum voltage drop across the 

emitter resistor is limited to the forward voltage drop of 
the diode. 

Thermal stability can be further improved by the addi¬ 
tion of devices such as thermistors or bias diodes, the 
characteristics of which are such that they will tend to 
reduce the base drive voltage of the output transistor as 
temperatures rise. When these types of devices are used, 
it is possible to reduce or even eliminate emitter networks 
completely and thereby to reduce substantially the circuit 
losses at high power levels. It is interesting to note that a 
simple emitter diode itself will provide some improvement 
in circuit stability. The static resistance of a diode is 
fairly high at low currents (about 30 ohms at 20 milli- 
amperes for a 1N1612). A disadvantage of this technique 
is that the forward voltage drop of this diode decreases with 
increasing temperature and, therefore, reduces the stabi¬ 
lizing effects of the high dynamic resistance. 

It should be noted that at high current levels, the base- 
to-emitter voltage of silicon transistors increases with a 
rise in the junction temperature. This characteristic is the 
result of the increase in the small base resistance that is 
produced by the rise in temperature. The increase in base 
resistance with temperature has two beneficial effects: 
First, it helps to stabilize the transistor against thermal 
runaway because higher temperatures now require an in¬ 
crease in VBE to cause an increase in lc- Second, the in¬ 
creased resistance causes a portion of the transfer char¬ 
acteristic to be linear. A lower distortion is therefore 
possible at high temperatures. 

The quasi-complementary amplifier shown in Fig. 1 in¬ 
corporates the stabilization techniques just described. A 

Fig. 1. Quasi-complementary amplifier with compensating diodes. 
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Fig. 3. (A) Output circuit which is overdriven. (B) Transistor 
A collector-current waveform. (C) Load line of circuit shown 
at operating frequency of 100 kHz and power output of 30 watts. 

resistor-diode network is used in the emitter of transistor 
Q3, and another such network is used in the collector of 
transistor QS. 

Previous discussion regarding the p-n-p driver and n-p-n 
output combination (Q3 and Q5) revealed that the col¬ 
lector of the output device becomes the “effective” emitter 
of the high-gain, high-power p-n-p equivalent, and vice 
versa. Therefore, in order to provide maximum operating- 
point stability, the diode-resistor network should be in the 
“effective” emitter of the p-n-p equivalent. Most quasi¬ 
complementary circuits employ the stabilization resistor in 
the emitter of the lower output transistor and thus do not 
improve the operating-point stability of the over-all circuit. 
The resistor, however, does provide some protection against 
thermal runaway of the lower output transistor. Such pro¬ 
tection may be necessary unless it is provided by other 
means. 

The circuit shown in Fig. 1 is biased for class-AB oper¬ 
ation by the voltage obtained from the forward drop of 
two diodes, D1 and D2, plus the voltage drop across 
potentiometer R, which affords a slight adjustment in the 
value of the quiescent current. The current necessary to 
provide this voltage reference is the collector current of 

driver transistor Ql. The diodes may be thermally con¬ 
nected to the heat sink of the output transistors so that 
thermal feedback will be provided to further improve 
thermal stability. Because the forward voltage of the 
reference diodes decreases with increasing temperature, 
these diodes effectively compensate for the decreasing VBE 
of the output transistors by reducing the external bias ap¬ 
plied. In this way, the quiescent current of the output 
stage can be held relatively constant over a wide range of 
operating temperatures. 

The value of the transistor operating parameters that af¬ 
fect thermal stability can be calculated to insure freedom 
from thermal runaway. In these calculations it should be 
realized that the temperature-dependent collector leakage- 
current limit specified by the transistor manufacturer ac¬ 
tually consists of two components. One is related directly 
to the collector junction saturation current and is a strong 
function of temperature. In silicon transistors, this compo¬ 
nent is approximately doubled with each 7° C rise in junc¬ 
tion temperature. At room temperature, however, it is on 
the order of only a few nanoamperes, so that a rise in case 
temperature of 140 C will cause the saturation current to 
rise only a few milliamperes. 

The other component of collector leakage current is a 
surface leakage which is relatively independent of tempera¬ 
ture. In fact, this leakage component may decrease as 
the temperature increases. The value of total leakage cur¬ 
rent (1Vrr) specified by the transistor manufacturer is the 
sum of these two components. If the specified value is on 
the order of a few milliamperes, it will remain substantial¬ 
ly constant with temperature. For example, in the pub¬ 
lished data for the RCA-40363, 1Ceh is given as 0.5 mil- 
liampere (maximum) at Tc = 150° C. The transistor is, 
therefore, quite stable thermally with respect to any changes 
that might occur in the amount of leakage current. 

Effects of Large Phase Shifts 

The frequency-response characteristic is an important 
factor with respect to the ability of the amplifier to with¬ 
stand unusually severe electrical stress conditions. For ex¬ 
ample, under certain conditions of input signal amplitude 
and frequency, the amplifier may break into high-fre¬ 
quency oscillations which can lead to destruction of the 
output transistors, the drivers, or both. This condition is 
particularly a problem in transformer-coupled amplifiers 
because the characteristics of transformers depart from the 
ideal at both low and high frequencies. The departure 
occurs at low frequencies because the transformer induc¬ 
tive reactance decreases and, at high frequencies because 
the effects of leakage inductance and of transformer wind- 

Fig. 4. Push-pull power amplifier with short-circuit protection. 
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ing capacitance become appreciable. At both frequency 
extremes, the effect is to introduce a phase shift between 
input and output voltage. 

Negative feedback is used almost universally in audio 
amplifiers, and the voltage coupled back to the input by 
the feedback loop may cause the amplifier to be potentially 
unstable at some frequencies, if the additional phase shift 
is sufficient to make the feedback positive. Similar effects 
can occur in transformerless amplifiers because reactive 
elements, such as coupling and bypass capacitors, transistor 
junction capacitance, stray wiring capacitance, and in¬ 
ductance of the loudspeaker voice coil, are always present. 
The values of some of the reactive elements (e.g., transis¬ 
tor junction capacitance and transformer inductance as the 
core nears saturation) are functions of the signal level, and 
coupling through wiring capacitance and unavoidable 
ground loops may also vary with the signal level. As a re¬ 
sult, an amplifier which is stable under normal listening 
levels may break into oscillations when subjected to high- 
level signal transients. 

A large phase shift is not only a potential source of 
amplifier instability, but also results in additional transistor 
power dissipation and increases the susceptibility of the 
transistor to forward-bias second-breakdown failures. The 
effects of large signal phase shifts at low frequencies are 
illustrated in Fig. 2, which compares the load-line charac¬ 
teristics of a transistor in a class-AB push-pull circuit, simi¬ 
lar to that shown in Fig. 1, for signal frequencies of 1000 

Fig. 6. A 25-watf a.c./d.c. transformer-coupled amplifier. 
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Hz and of 5 Hz. The phase shift is caused primarily by the 
output capacitor. In both cases the amplifier is driven very 
hard into saturation by a 5-volt input signal. The increased 
dissipation at 5 Hz compared to that obtained at 1000 Hz 
results from simultaneous high-current and high-voltage 
operation. The transistor is required to handle safely a cur¬ 
rent of 0.75 ampere at a collector voltage of 40 volts for an 
equivalent pulse duration of about 10 milliseconds; it must 
be free from second breakdown under these conditions of 
operation. 

Excessive Drive Levels 

Simultaneous high-current and high-voltage operation 
may also occur in class-B amplifiers at high frequencies 
when the amplifier is overdriven to the point where the 
output signals are clipped. For example, assume that the 
input signal applied to the series-output push-pull circuit 
shown in Fig. 3A is large enough to drive the transistors into 
both saturation and cut-off. During a portion of the input 
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cycle, therefore, transistor A will be driven into saturation, 

and transistor B will be cut off. Fig. 3B shows the collector- 

current waveform for transistor A under these conditions. 

During the interval from t2 to t3, transistor A operates 

in the saturation region, and the output voltage is clipped. 

The effective negative feedback is then reduced because 

the output voltage does not follow the sinusoidal input 

signal. Transistor A, therefore, will be driven even fur¬ 

ther into saturation by the unattenuated input signal. 

When transistor B starts to conduct, transistor A cannot be 

turned off immediately because the excessive drive lias 

resulted in a large storage time. As a result, transistor B is 

required to support essentially the full supply voltage (less 

only the saturation voltage of transistor A and the voltage 

drop across the emitter resistors, if used), as its current is 

increased by the drive signal. For this condition, a large 

input signal is required when the frequency is high enough 

so that the storage time is greater than one-quarter cycle. 

Fig. 3C shows the type of load line obtained under such 

conditions. The duration of the high-current, high-voltage 

condition is usually short enough so that forward-bias sec¬ 

ond breakdown does not occur. For example, the load line 

shown is for a 2N3878 transistor operated at a frequency 

of 100 kHz; no second breakdown failure occurred. 

Transistor A in Fig. 3A is also subject to forward-bias 

second breakdown if the d.c. supply voltage and a large 

input signal are applied simultaneously, because of the 

charging current through the output coupling capacitor. 

If the load of a transformer-coupled amplifier is discon¬ 

nected during operation, the transistor then sees an induc¬ 

tive load (the transformer primary inductance). When 

the transistor is turned off, reverse-bias second breakdown 

may occur. Direct- or capacitive-coupled circuits, on the 

other hand, are quite stable with the load removed. 

If the amplifier high-frequency response is limited by 

the high-frequency capability of the output transistors, 

then the driver transistors ma> be unduly stressed under 

high-frequency, high-drive conditions. This stress is pro¬ 

duced because the reduction in output voltage, as amplifier 

gain decreases, results in a smaller negative feedback volt¬ 

age. The effective over-all amplifier gain is therefore in¬ 

creased, thereby causing the current in the driver transistors 

to increase. At sufficiently high frequencies, failure may 

then result because the drivers become overloaded. 

This potential cause of failure can be avoided by the 

Fig. 7. A 70-watt direct-coupled audio power amplifier. 
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deliberate introduction of a frequency roll-off at the input, 

or by the use of high-frequency output transistors. The 

2N3878, which has a typical gain-bandwidth product of 

100 MHz, is well suited as an output for very wide band 

amplifiers. This transistor has been used in a low-distortion 

amplifier to obtain a frequency response which is down 

only 1 dB at 15 Hz and at 200 kHz at 20 watts output. 

Short-Circuit Protection 

Another important consideration in the design of high- 

power audio amplifiers is the ability of the circuit to with¬ 

stand short-circuit conditions. When the output terminals 

of an amplifier are shorted, the feedback becomes ineffec¬ 

tive, and the open-loop gain is such that overdrive condi¬ 

tions result in disastrously high currents and excessive 

dissipation in both driver and output stages. Generally, 

before the output fuse can blow, the transistors are de¬ 

stroyed. Obviously, some form of short-circuit protection 

is necessary. 

One such technique is shown in Fig. 4. A current- 

sampling resistor R is placed in the ground leg of the 

load. If any condition (including a short) exists such 

that higher-than-normal load current flows, diodes D1 and 

D2 conduct on alternate half cycles and, thereby, provide a 

high negative feedback which effectively reduces the drive 

of the amplifier; however, this feedback should not exceed 

the stability margin of the amplifier. Notice that this tech¬ 

nique does not in any way effect the normal operation. 

10-Watt, Class-AB Audio Amplifier 

The advantages of using silicon power transistors in the 

driver and output stages of high-power audio amplifiers are 

shown by the typical performance of three practical circuits 

designed to operate at widely different power-output levels 

(10 watts, 25 watts, and 70 watts). The performance data 

shows that silicon transistors can be used to develop high 

levels of audio output power in circuits that exhibit the 

wide frequency response, high sensitivity, and low distor¬ 

tion levels required in high-quality audio systems. More¬ 

over, because of the high-tempera- (Continued on page 80) 
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analysis to ensure that the unit com¬ 
plies with the original '‘black-box” 
specifications. 

Production Testing 

Because an integrated unit performs 
a circuit or multiple-circuit function, 
testing can be a significant portion of 
the cost. However, a large part of the 
testing cost can be avoided by use of 
a.c. or dynamic specifications which 
permit performance deviations within 
the normal process variables. Under 
such conditions, an integrated circuit 
can generally be evaluated completely 
by means of static or d.c. testing. 
These static tests are fast (typical au¬ 
tomatic-equipment static test rates are 
on the order of 30 to 60 tests per sec¬ 
ond) and provide a high probability 
that the circuit will perform properly 
under dynamic conditions because the 
components of the integrated circuit 
are frequently more sensitive to d.c. 
than a.c. evaluation. 

There are obvious exceptions for 
which d.c. tests cannot assure compli¬ 
ance with an a.c. specification, partic¬ 
ularly when capacitor coupling is used. 
In such cases the pellet is d.c.-probed 
before dicing at internal points and 
then may be a.c.-tested after the mount¬ 
ing and bonding have been completed. 

The Future 

The most important single develop¬ 
ment in linear integrated circuits over 
the next few years should be the de¬ 
sign of standard types and the accep¬ 
tance of these types by equipment 
manufacturers. Large volume require¬ 
ments with extreme emphasis on low 
cost will encourage the development 
of special circuits with multi-function 
uses, particularly in consumer and 
some limited industrial applications. 
Technological developments will ex¬ 
tend the frequency range through u.h.f., 
and large improvements will be forth¬ 
coming in low-noise applications at 
both high and low frequencies. Exten¬ 
sion into greater power-handling capa¬ 
bility will, to a large extent, be deter¬ 
mined by economic considerations. 
Combinations of MOS and bipolar 
transistors offer some unique technical 
advantages and will become a part of 
the standard types offered by more 
manufacturers. 

The most significant contribution 
that integrated circuits will make to 
equipment of the future is that more 
complex instruments will be generated 
because one or more orders of magni¬ 
tude of electronic functions will be 
purchased for the same cost. In addi¬ 
tion, the improvement in reliability 
will permit such designs. As a result, 
equipment manufacturers will be stim¬ 
ulated to design products which today 
are neither practical nor economically 
feasible. A. 

Designing Hi-Fi Amplifiers 
(Continued from page 50) 

ture capabilities of the silicon transis¬ 
tors, the performance of the amplifiers 
remains essentially the same over a 
wide variation in ambient temperature. 

Fig. 5A shows a schematic of a prac¬ 
tical 10-watt quasi-complementary au¬ 
dio amplifier. This circuit employs the 
same stability techniques as those used 
in the circuit of Fig. 1. Two 1N3754 
diodes are used in the input of the 
driver stage to compensate for the 
effect of high-temperature variations of 
the output transistors. Two 1-ohm re¬ 
sistors are placed in the output stage to 
provide the degeneration required for 
circuit stability. These resistors are 
shunted by 1N3193 diodes to reduce 
losses when the amplifier is operated at 
full rated output power. 

The use of direct-coupled stages and 
local d.c. feedback results in very stable 
quiescent operation at ambient tem¬ 
peratures up to 71 °C. With an over-all 
negative feedback of 5 dB, the ampli¬ 
fier has a response that is flat within 
1 dB from 15 to 20,000 Hz. Perfor¬ 
mance curves for the 10-watt ampli¬ 
fier are shown in Figs. 5B, 5C, and 5D. 

25-Watt, Class-AB Audio Amplifier 

Fig. 6A shows the schematic of a 
25-watt a.c./d.c. transformer-coupled 
audio amplifier intended primarily for 
public-address systems and other ap¬ 
plications for which economy and flex¬ 
ibility with respect to load impedance 
are important considerations. The high 
breakdown voltage of the silicon power 
transistors used in the output and driver 
stages permit the amplifier to be op¬ 
erated directly from a 120-volt a.c. or 
d.c. line. The negative-voltage termi¬ 
nals of the amplifier (i.e., circuit 
ground) is isolated from chassis ground 
by a 0.22-megohm resistor to reduce 
the risks of electrical shock. The signal 
input should be transformer-coupled to 
the power amplifier to avoid shock 
hazard from the signal-source ground. 
A 0.1-juF capacitor provides a low im¬ 
pedance connection between circuit 
ground and chassis ground at r.f. fre¬ 
quencies to prevent high-frequency os¬ 
cillations. 

Each driver transistor is connected 
to the associated output transistor in a 
Darlington arrangement; the output is 
transformer-coupled to the speaker. 
Drive-signal phase inversion is pro¬ 
vided by a transistor phase-splitter cir¬ 
cuit. The small amount of forward bias 
required for class-AB operation is pro¬ 
vided by the 180,000 and 510-ohm 
resistors and the 1N3754 diode. The 
diode also provides the temperature 
compensation required so that the 
quiescent current will remain relative¬ 
ly constant for wide variations in tem¬ 
perature. With the 10 dB of over-all 
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feedback from the output to the emit¬ 
ter of the first stage, the amplifier has 
an input impedance of 2500 ohms. 
Performance curves for the 25-watt 
unit are shown in Figs. 6B, 6C, and 
6D. 

70-Watt, Class-AB Audio Amplifier 

Fig. 7A shows the schematic of a 
high-quality 70-watt direct-coupled se¬ 
ries-output audio amplifier in which 
unique techniques are used to obtain 
stable and reliable performance. The 
three 1N3754 diodes in the driver 
stage are thermally connected to the 
output transistor heatsinks so that the 
thermal feedback required to maintain 
a preset 20 milliamperes of quiescent 
output current is obtained at all case 
temperatures up to 100°C. Small- 
value emitter resistors are employed in 
the output stage because additional 
stability is not necessary and output 
losses must be held to a minimum. A 
1N1612R diode is placed in the emit¬ 
ter of one output transistor to cancel 
the offset voltage of the input transis¬ 
tor and thereby maintain the quiescent 
output voltage near zero. 

Short-circuit protection is provided 
by the 0.27- and 0.33-ohm emitter re¬ 
sistors and the zener diode. If any con¬ 
dition exists which will cause higher- 
than-normal current (5 amperes) to 
flow through these resistors, the vol¬ 
tage potential across the zener diode 
will be such that the diode conducts 
in the forward direction during the 
negative output half cycle and exceeds 
the diode breakdown voltage during 
the positive half cycle. In this way, 
the driver is clamped below the 5- 
ampere level, and no increase in out¬ 
put current above this value is al¬ 
lowed. The drivers and output transis¬ 
tors, therefore, are protected from high 
currents and excessive power dissipa¬ 
tion that may result from a reduced 
load resistance or, in the worst case, a 
short-circuit. In addition, a 100°C 
thermal cut-off is attached to the out¬ 
put transistor heatsink which will turn 
off the amplifier when these abnormal 
conditions cause sustained higher-than- 
normal output dissipation. 

The frequency response of the am¬ 
plifier is flat within 1 dB from 5 to 
25,000 Hz. The input sensitivity of 
the amplifier is 0.8 volt r.m.s. for full 
rated output. The input resistance is 
100,000 ohms. The performance curves 
for the 70-watt amplifier are shown in 
Figs. 7B, and 7D. 

(Editors Note: The three amplifier 

circuits shown in this article are not in¬ 

tended as construction projects. We 

have no information on sources for any 

of the special parts required. Rather 

the circuits were included to illustrate 

the various design principles discussed 

in this three-part series of articles.) A 
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The Heart 
| of your 

Radio 

' is Its 

ocooc 

# 

m^mg^ gg^tm A Al * Controlled Quality Crystals available 
f g\g§g§ g ^Jg\g only from Texas Crystals dealers. Ex¬ 

tensive precision testing throughout 
jlj manufacture enables Texas Crystals to 
*** unconditionally guarantee their fre¬ 

quency control crystals. Use of Texas 
Crystals in space program and by 
other governmental agencies is evi¬ 
dence of the quality you can count on. 

If your dealer can't supply your needs, send his name 
with your request for catalog to our plant nearest you. 

TEXAS CRYSTALS „V<Z 
000 Crystal Drive 4117 W. Jefferson Blvd. ^ Z. 

Fort Myers, Fla. 33901 Los Angeles, Calif. 90016 I 
’hone: 813-936-2109 Phone:213-731-2258 * 

Division of Whitehall Electronics Corp. 

1000 Crystal Drive 
Fort Myers, Fla. 33901 
Phone: 813-936-2109 

T 
CIRCLE NO. 84 ON READER SERVICE CARD 
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