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Circuit Considerations for Audio-Output Stages Using Power Transistors

Recent advances in the semiconductor field have resulted in the commercial
availability of transistors designed specifically to handle large amounts of power.
These ‘‘power transistors’’ are capable of dissipating up to several watts and
are particularly suitable for use in audio-frequency power amplifiers. Thisbulletin
presents circuit-design considerations for the application of p-n-p alloy-junction
power transistors to audio-frequency power output-stages. Both class A single-
ended and class B push-pull circuits are discussed. The effects of the source and
load impedances on distortion are also discussed. Methods of obtaining a desired
degree of bias stability with temperature variations are outlined. Although a spe-
cific application is described, sufficient general remarks are made which are ap-
plicable to a wide variety of transistor power amplifiers.

RCA Power Transistors

The new RCA germanium p-n-p alloy-junction tran-
sistors 2N301 and 2N301-A, shown in Fig. 1, are designed
specifically for use in class A and class B audio-output
stages in automobile broadcast-band receivers and other
medium-to-high-power applications. These transistors
are characterized by low thermal resistance and extremely
low leakage currents. The low thermal resistance, i.e.,
high heat-transfer efficiency from the transistor’s collec-
tor junction to the external case, is achieved by direct
connection of the collector junction to the extermnal
mounting flange.

Choice of Mode of Operation for Power Amplifiers

The choice of the mode of operation (i.e., class A or
class B push-pull) depends upon several factors, includ-
ing the amount of power output and power efficiency re-
quired. In the design of power amplifiers, the object is to

obtain as much power output as possible with a minimum
amount of distortion. When moderate amounts of power
output are required, a single power transistor can be
used in a class A circuit. In class A transistor power
amplifiers, the output is developed under such conditions
that collector current flows continuously throughout the
cycle. Because maximum power is dissipated in the tran-
sistor at zero-input-signal condition, the maximum possi-
ble output power is one-half the maximum rated dc power
dissipation, P a5 (dc).

When considerably more power output and power effi-
ciency are required, class B operation is used. In the
class B amplifier, the transistors are biased approximate-
ly at cutoff so that amplification occurs over only one-
half cycle of applied input-signal waveform. The class B
push-pull amplifier is characterized by high collector-
circuit efficiency and rebatively high output power in pro-
portion to the average dissipation in the transistors.
During periods of zero signal, the power-supply drain and
collector dissipation are very low. The maximum possible
power output is equal to Np/( 1-Np) x Pmay (dc) where Np
is the output-circuit efficiency.

Fig. 1 — Photograph of RCA germanium p-n-p alloy-junction power transis-
tors 2N301 and 2N301-A.
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Power-Dissipation Considerations

In the design of audio power amplifiers, the most im-
portant characteristic to be considered is the power-dis-
sipation capability of the transistor. The maximum power
that can be dissipated before ‘‘thermal runaway’’ occurs
depends on a number of factors, of which the most im-
portant is the ability to remove the heat generated within
the transistor. When heat is removed by conduction, this
ability is measured by the thermal resistance, i.e., the
internal temperature rise per unit of power dissipation.
The lower this thermal resistance, the greater the power-
handling capability. Other factors which determine the
maximum power-dissipation capability are the collector-
voltage rating, reverse collector saturation current, cir-
cuit stability factor, and maximum ambient temperature.
The maximum permissible dissipation, Ppay, of a ger-
manium transistor is given by:!s?

12. 12. Ta-T
5 ¢ ln 5 _ ( a zs) (1)

0 OsfVeeles 0

max =

where 0 is the total thermal resistance of the tran-
sistor and chassis in degrees centigrade per watt,
Vce is the collector-to-emitter voltage in volts,

Ics is the reverse collector saturation current at 25
degrees C,

sf is the circuit stability factor, and
T, is the maximum operating ambient temperature in
degrees centigrade.

The value P,y obtained from Eq. (1) is the maximum
theoretical power that can be dissipated before themal
runaway occurs. In circuits having low values of sfVce,
this value may be greater than the power which can be
obtained in practical circuits. The actual power dissipa-
tion possible in a practical circuit design is also limited
by the maximum safe collector-junction temperature at
which the power transistor can be operated without appre-
ciable alteration in its electrical characteristics or a de-
crease in its life expectancy. For most germanium tran-
sistors this temperature limit is below 100 degrees C.
The maximum power-dissipation capability can be ex-
pressed in terms of the allowable junction temperature as
follows:?

T; = T
pmax o ]—H;a— (2)

where Tj is the maximum allowable junction tempera-
ture in degrees centigrade,

Ta is the ambient temperature in degrees centigrade,
and

0 is the total thermal resistance of chassis and tran-
sistor in degrees centigrade per watt.

The two equations for Ppay can be used together to ob-
tain power-rating curves for a given transistor provided
the following conditions are imposed.

(1) When the allowable power dissipation obtained from
Eq. (1) is greater than that calculated from Eq. (2),
the maximum allowable collector-junction tempera-
ture rise is the limiting condition for dissipation.

(2) If the allowable power dissipation calculated from
Eq. (1) is less than that found by Eq. (2), then ther-
mal runaway is the limiting factor.

Fig. 2 shows a set of maximum power-dissipation curves
for the 2N301 or 2N301-A power tr ansistor. The horizontal
lines represent the maximum power dissipation for vari-
ous ambient temperature when the limiting factor is maxi-
mum collector-junction temperature rise. The sloping por-
tion of the curves represents the maximum power dissipa-
tion before runaway occurs. The maximum power dissipa-
tion can be obtained for any value of sfV¢ce. Thesecurves
are extremely useful in the design of class A power am-
plifier in which stabilization is effected by the use of
linear dc feedback methods.
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Fig. 2 — Maximum power-dissipation curves for power transistor
2N301 or 2N301-A for three different ambient temperatures.

Circuit Considerations for Class A Power Amplifiers

Fig. 3 shows a typical class A audio-frequency power
amplifier for use in an automobile receiver output stage,
together with curves of maximum power output as a func-
tion of collector load impedance. Although the maximum
power output is determined by the collector-current,
voltage, and power dissipation ratings, maximum power
transfer occurs when the load impedance is matched to
the output resistance of the transistor. For the supply
voltages shown, however, the load impedance must be
kept low if large amounts of power output are to be ob-
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Fig. 3 — Typical class A audio-frequency power am-
plifier using 2N301 or 2N301-A, together with curves
of maximum power output as a function of collector
load impedance.

tained. Consequently, the possibility of impedance match-
ing for maximum power transfer is eliminated, and distor-
tion becomes the limiting and determining factor in the
selection of the desirable output load value. The selec-
tion of maximum allowable percentage distortion is arbi-
trary, depending on subjective factors, In the case of
output stages for automobile receivers, a maximum value
of 10 percent total harmonic distortion is usually accept-
able. The curves shown in Fig. 2 represent a total har-
monic distortion of 10 percent. As the load impedance is
increased, there is an appreciablereduction in power out-
put.

The power gain of ajunction-transistor class A ampli-
fier is a function of input resistance, load impedance, and
ac large-signal current transfer ratio, and can be ex-
pressed as follows for the common-emitter circuit:

. RL
Power Gain = adp

(3)
RIN

where acp is the ac large-signal current transfer ratio,
Rp is the collector load impedance in ohms, and
RIN is the ac input resistance of the transistor in
ohms i.e., myp plus the product of ach and the exter-
nal emitter resistance).

In operation with a low supply voltage, the load im-
pedance presented to the transistor is considerably lower
than its output resistance. As a result, the power gain of
the transistor will be low unless the mismatch condition
is minimized by use of the highest feasible value of load
impedance.
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Fig. 4 — Current transfer ratio of 2N301 or 2N301-A
power transistor as a function of dc collector
current.

At high values of emitter current, the resistance of
the emitter junction is very low and the input resistance
of the transistor is approximately equal to the resistance
bh'. When an unbypassed external emitter resistor is
used, the resultant input resistance of the transistor is
approximately equal to rpp' plus theproduct of the current
transfer ratio (ach) and the emitter resistor. If the result-
ant input resistance is greater than the load impedance,
the power gain of the class A stage will again be low
unless the transistor has a high current transfer ratio
(achb)- Fig. 4 shows the variation of ac}, with dc collector
current. As the collector current increases, there is an
appreciable reduction in acp. Fig. 5 shows the variation
in power gain with collector load for one watt of power
output. The power gain increases as the load impedance
is increased. In general, the maximum power output is
specified for a given circuit design and a compromise is
made in power gain.
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Fig. 5 — Power gain as a function of collector load
impedance at a power output of one watt.
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Efficiency of a Class A Power Amplifier

The efficiency of a class A transistor power amplifier
is defined as the matio of the power output that can be
developed with only moderate distortion to the dc power
supplied to the collector circuit. A class A power ampli-
fier has a maximum theoretical efficiency of 50 percent.
In practice, the over-all efficiency depends upon the
efficiency of the output transformer and the amount of
power lost in the bias network. The collector-circuit
efficiency is greatest at full rated power output and
decreases as the power output is reduced.
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Fig. 6 — Base-to-collector transfer characteristic
of a 2N301 or 2N301-A power transistors.

Distortion In Class A Power Amplifiers

Distortion in transistor class A amplifiers is primarily
a function of supply voltage, power output, nonlinearity
in transfer characteristics, and source impedance. Fig. 6
showsthe base-to-collector current transfer characteristic
for a 2N301 or 2N301-A power transistor. When the input
(base) current is sinusoidial, the nonlinearity in the
current transfer characteristic is small at low signal
levels. The output current is fairly linear and low in
harmonics. As the signal level increases, the input cur-
rent traverses a greater portion of the nonlinear region of
the transfer characteristic and the harmonic content of
the output current increases considerably. Fig. 7 shows
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Fig. 7 — Total harmonic distortion in class A circuit as a func-
tion of power output for different supply voltages.

the total harmonic distortion as a function of power output
for different supply voltages. The increase in distortion
with increasing power output is due primarily to the non-
linearity in the base-to-collector current transfer charac-
teristic. The rapid change in slope of the distortion curve
at high power-output levels is due to *‘clipping’’ in the
output circuit.

Effects Of Source Impedance On Distortion In Class A
Power Amplifiers

The source impedance presented to the input of a
class A power amplifier stage which uses an interstage
transformer depends on the type of driving device used
and the impedancetransfer ratio of the driver transformer.*
When the transferred driver output impedance is much
less than the input resistance of the transistor, the class
A stage is considered to be operated from a constant-
wltage source. When the reflected driveroutput impedance
is much greater than the input resistance of the transis-

the stage is considered to be operated from a con-
stant-current source. Fig. 8 shows the variation in total
harmonic distortion as a function of the ratio of reflected
source impedance (Zg) t the input resistance of the
transistor. The total harmonic distortion increases appre-
ciably as the ratio Zg/RIN is increased, partly because
of the higher degree of nonlinearity in the current transfer
characteristic. The lowest feasible value of source im-
pedance should be used in a class A power amplifier to
minimize distortion.

In some applications, it may be necessary to use
negative feedback to reduce the total harmonic distortion.
One method of obtaining degenerative feedback is by the
insertion of resistance in the emitter lead. The amount
of emitter resistance that can be used is normally limited
by the power-gain requirements of the output stage.
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Fig. 8 — Total harmonic distortion as a function of the ratio of
reflected source impedance to the input resistance of the tran-
sistor.

Temperature Considerations for a Class A
Power Amplifier

The effects of temperature changes on transistor be-
havior are due primarily to changes in reverse collector
current, I.o, and the dc input conductance. These para-
meters are highly sensitive to temperature changes, and
may cause a shift in operating point. In a class A circuit
having low dc load resistance, such as a transformer-
coupled stage, the collector voltage is relatively con-
stant. The collector current in such a circuit will in-
crease with temperature due to variations in I¢, and dc
input conductance. The resulting increase in dissipation
may cause operation beyond the maximum power ratings
of the transistor. For satisfactory operation over a wide
range of temperatures, some form of stabilization must be
used.5®’

The transfer characteristic curves shown in Fig. 9
illustrate the effects of temperature upon the transistor
in a stabilized common-emitter class A circuit. The
operating point is designated by point A on the 25 degrees
C curve. If this common-emitter circuit were operated
with a constant base-to-emitter bias voltage, an increase
in temperature would cause an appreciable increase in
quiescent collector current and a consequent increase in
power dissipation. In the circuit shown, however, the
bias voltage is determined by the woltage drops across
the emitter resistor, RE and the parallel combination of
R, and R,. The voltage drop across the emitter resistor is
essentially proportional to the collector current, and tends
to stabilize the collector currept by applying a reverse
bias to the transistor. For a given value of emitter re-
sistance, therefore, the stability of the operating point
is largely dependent on the resistance of the parallel
combination of R, and R,. Decreasing the resistance of
the parallel combination of R, and R, results in an in-
crease in stabilization.
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Fig. 9 — Curves showing effect of temperature on transistor
performance in a stabilized common-emitter class A circuit.

Class B Push-Pull Power Amplifiers

Considerably more power output or power efficiency
can be obtained from power transistors in class B opera-
tion than in class A operation. In a class B push-pull
audio-frequency amplifier, the transistors are biased ap-
proximately to cutoff so that amplification occurs over
only one-half cycle of the applied input-signal waveform.
This type of amplifier #s also characterized by high
collector-circuit efficiency and relatively high power
output in proportion to average dissipation in the tran-
sistors. During periods of zero signal, power-supply drain
and collector dissipation are very low.

In the design of class B push-pull amplifiers, the
following transistor characteristics are of importance to
the circuit designer:®»’

(1) maximum collector dissipation,
(2) maximum peak collector current,
(3) maximum collector voltage,

(4) input characteristics, and

(5) base-to-collector current transfer characteristics.
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Fig. 10 - Composite transfer characteristic for
two 2N301 or 2N301-A power transistors in class
B operation.

Design Of Class B Power-Amplifier Stages

In most cases, the supply voltage, power output,
power gain, and maximum distortion limits are specified
for a particular application (e.g., the output stage of an
automobile receiver). The first step in the design of the
class B amplifier, therefore, is the choice of the zero-
signal operating point for the transistors. Class B opera-
tion implies that the transistors are biased to cutoff so
that the static operating collector current and collector
dissipation are reduced to zero. It is impractical to use
zero bias, however, because the nonlinearity in the small-
signal region causes a high percentage of cross-over
distortion, especially at low signal levels.

For a given transistor type, there is a particular value
of basebias that results in a good balancebetween cross-
over distortion and collector-circuit efficiency. Fig. 10
shows the composite transfer characteristic fortwo 2N301
or 2N301-A transistors in class B operation. As shown
on the curve, a convenient method for determining the
operating point is to project the main part of the transfer
characteristic curve in a straight line to the cutoff point.
The use of this projected cutoff bias appreciably reduces
crossover distortion. The remaining distortion can then
be reduced by the use of negative feedback.

Choice Of Load Impedance

Fora given supplyvoltage, the factors which influence
the choice of the load impedance are the maximum power-
dissipation and peak-collector-current ratings. The opti-
mum value of collector load impedance should be used to
achievehigh power gain and good output-circuit efficiency.

Fig. 11 shows a class B push-pull audio power-ampli-
fier stage which uses two RCA-2N301 or 2N301-A p-n-p
junction transistors in the base-input, common-emitter
circuit configuration. This amplifier stage has high power
gain and power efficiency. The transistors used in the
circuit must have fairly well matched large-signal charac-
teristics. The average input resistance is very low and
is extremely nonlinear over the operating range. With
a collector supply voltage of -14.4 volts, low values of
load impedance must be used to produce appreciable
power output. The minimum value of load impedance is
determined by the maximum peak-collector-current ratings
of the transistors.
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Fig. 11 — Class B push-pull audio-amplifier stage
using 2N301 or 2N301-A power transistors, to-
gether with curves showing maximum power out-
put as a function of collector-to-collector load
impedance.

Fig. 11 also shows the maximum power output for
various values of collector-to-collector load impedances.
The maximum power output is essentially independent of
all transistor characteristics except the peak-collector-
current capabilities of the transistors. The power gain of
junction-transistor class B amplifiers is a function of the
input resistance, the load impedance, and the large-signal
current transfer ratio. Fig. 12 shows the variation in
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Fig. 12 — Base-to-base input resistance of class B circuit as
a function of dc collector current.

base-to-base input resistance as a function of dc collec-
tor current. Although there is considerable variation in
the input resistance, the power gain may not vary appre-
ciably because the magnitude of the large-signal current
transfer ratio increases at low valuesof collector current.
Thisincreasetends to offset to some extent the reduction

in power gain which results from an increase in input re-
sistance at low signal levels. The power gain of the
common-emitter circuit depends to a large extent upon the
load impedance and the large-signal amplification factors.
As the load impedance is increased, the power gain in-
creases, as shown in Fig. 13.
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Fig. 13 - Power gain of class B circuit as a
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Efficiency Of A Class B Push-Pull Amplifier

The efficiency of a common-emitter class B circuit
has a maximum theoretical value of 78 percent. In prac-
tice, the efficiency depends upon the quiescent value of
collector current, the supply voltage, the efficiency of
the output transformer, and the level of power output. The
collector-circuit efficiency is greatest at full rated power
output and decreases as the power output is reduced, as
shown in Fig. 14. For constant values of power output,
the efficiency decreases for decreasing values of load.
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Fig. 14 — Coll|ector-circuit efficiency of class B cir-
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Distortion In Class B Push-Pull Amplifiers

Distortion in transistor class B amplifiers is a func-
tion of the power output, the supply voltage, the driving
source, the load impedance, and the large-signal current
transfer ratio of the transistor. The effects of these fac-
tors are. more severe in common-emitter circuits which
employ no internal degeneration. Fig. 15 shows the varia-
tion of total harmonic distortion with power output. The
low-power-level distortion depends primarily on the zero-
signal operating point. If the bias point is not chosen
properly, the distortion will increase considerably, as
shown by the curve for a collector supply of -11 volts.
The extent to which the distortion increases at high
power levels depends on the degree of mismatch in the
current transfer ratio of the transistor, the load impedance,
and the collector supply voltage.
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Fig. 15 — Total harmonic distortion of class B circuit as a
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Effects Of Source Impedance On Distortion In Class B
Push-Pull Amplifiers

The source impedance presented to the input of the
class B stage is determined by the type of driving device
and the impedance transfer ratio of the driver transformer
used. Fig. 16 shows the variation in total harmonic dis-
tortion as a function of the ratio of the reflected source
impedance and input resistance of the transistor. As the
source impedance is increased, the total harmonic dis-
tortion increases considerably. The effects of driving-
source impedance on distortion in class B push-pull
amplifiers is minimized by the use of a low value of re-
flected source impedance.
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Fig. 16 — Total harmonic distortion as a function of the re-
flected source impedance and the input resistance of the tran-
sistor.

Effects Of Temperature On Zero Signal
Operating Conditions

The transfer characteristic curves shown in Fig. 17
illustrate the effects of temperature upon transistors in
the common-emitter class B circuit. The operating point
is designated by point A on the 25 degrees C curve. If
the common-emitter circuit is operated with a constant
base-to-emitter bias voltage, an increase in temperature
causes an appreciable increase in quiescent output cur-
rent and a consequent decrease in the maximum power
output and output-circuit efficiency. As the temperature
decreases, the quiescent collector current decreases al-
most to zero. Although there is an increase in maximum
power output and a slight increase in efficiency, the
crossover distortion becomes appreciable at low signal
levels because the transistor operates over the nonlinear
portion of the transfer characteristics.
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Fig. 17 — Curves showing effects of temperature on
transistor performance in class B circuit.

Fig. 18 shows three practical methods of establishing
the bias voltage for transistors in class B operation.
The resistive bias network of circuit A maintains a con-
stant base-to-emitter voltage which does not vary with
temperature changes. In this circuit, the quiescent col-
lector current increases, with an increase in temperature
as shown by curve A. For optimum performance from a
class B power-amplifier circuit over a wide temperature
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Fig. 18 — Three practical methods of establishing bias
voltage for transistors in class B operation.

range, some means must be provided to adjust the base-
to-emitter bias voltage so that the collector current will
remain constant. A temperature-sensitive element may be
used in the bias network so that the required change in
bias voltage is obtained with changes in temperature.

Circuit B incorporates a germanium junction diode
designed to provide the required change in bias voltage.

This diode has a resistance-versus-temperature curve

whose slope approximates that of the transistor input

characteristic. Curve B shows the variation in collector
current with temperature for a class B stage using the

‘‘compensating’’ diode in the bias network.

The bias network of circuit C uses a thermmistor in
conjunction with other resistive components.!’ The de-
sired change in bias voltage is obtained when the re-
sultant network resistance of the bias circuit provides a

resistance-versus-temperature curve having a slope

ap-

proximating that of the transistor input characteristic.
The diode used in circuit B provides a higher degree of
stability than the thermistor used in circuit C, and has
good bias-voltage regulation for variations in collector

supply voltage.

Frequency Response Of Transistor Power Amplifiers

The frequency response of class A and class B power
amplifiers is determined primarily by the characteristics
of thetransformers and the transistors. The low-frequency
response depends on the primary inductance of the trans-
former. The high-frequency response depends on the
leakage reactance and winding capacitance of the trans-
formers, and the frequency at which the current transfer
ratio of the transistors drops to 0.707 times the 1000
cycle value. Because of the high currents and low supply
voltages used, the dc resistance of the primary of the
output transformer should be as low as possible to retain

high efficiencies.

RCA Semiconductor Division

Robert Minton 7



References

1. **A 20 Watt Transistor Audio Amplifier’’ - H. C. Lin
- TRANSISTORS I, RCA Laboratories, pp 536-537, March,
1956.

2. “Private Communications’’ - C. F. Wheatley, April
25, 1956.

3. ‘'Some Aspects Of The Design Of Power Transis-
tors’’, N. H. Fletcher, Proc. IRE, Vol. 43 - pp 558-559,
May, 1955.

4. ‘*Design Principles For Junction Transistor Audio
Power Amplifiers’’ - D. R. Fewer, IRE Transactions on
Audio; Nov. - Dec., 1955.

5. ‘“Temperature Effects In Circuits Using Junction
Transistors’’ - H. C. Lin, TRANSISTORS I; RCA Labora-
tories, pp 309-402, March, 1956.

6. ‘‘Power Transistors For Audio Circuits’ - L. T.
Giacoletto’ - Electronics, Vol. 27, p 144 - January, 1954.

7. **Bias Stabilization’’ - R. F. Shea, PRINCIPLES
OF TRANSISTOR CIRCUITS; John Wiley & Sons, Inc.
pp 102-108.

8. "“Class B Operation Of Audio Frequency Junction
Transistors” - K. E. Loofbourrow-Electronics Design,
Vol. 3, p. 28, July, 1955.

o. ‘“Evaluation Of Transistors For Class B Power
Output Amplifiers’” - W. Hasenberg, TRANSISTORS I;
RCA Laboratories, pp 361-368, March, 1956.

10. *‘Power Amplifiers’’ - Lo, Endres, Zawels, Wald-
hauser, & Cheng - TRANSISTOR ELECTRONICS; Pren-
tice-Hall, Inc. pp 221-224, September, 1955.

11. “‘Themmistors Compensate Transistor Amplifiers’’ -
A. J. Wheeler, Electronics- Vol. 30, No. 1, pp 169-171;
January, 1957.



