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Class B Operation of Audio-Frequency Junction Transistors

high collector-circuit efficiency,

Introduction

Class B operation of transistors in the power—output stages of
battery-operated portable amplifiers offers the important advantages of
low standby idling current (and battery
power), and a higher ratio of power output to collector dissipation per
transistor than can be realized in class A operation. Because the rated
power dissipation of many commercially available junction transistors is
relatively low, the inherent high efficiency of class B operation is

attractive for many transistor applications.

Circuit Considerations

In class B operation, the transistor is
biased essentially at cutoff so that the output
current is nearly zero when signal voltage is
absent, and when signal voltage is applied, a
current flows through the load in the output
circuit during one half of the cycle. In many
respects, the advantages, limitations, and
circuit requirements of class B operation are
quite similar for tubes and transistors. For
example, low—impedance, well-regulated suppiy
voltages are essential for optimum performance
because of the high pulsating peak currents
encountered in the output circuit. |If bias is
employed, the bias supply should also be well
regulated to prevent excessive distortion in
the input—circuit voltages. Reasonable matching
of tube or transistor characteristics is also
required for satisfactory operation.

When either tubes or transistors are used
in class B, the driver stage must be capable
of supplying the necessary peak input power and
the power lost in the interstage transformer
without excessive distortion. A major dis-
advantage of class B audio amplifiers is the
relatively high value of odd-harmonic distor-
tion which occurs at low power-output levels.
This small-signal distortion, however, can be
kept within allowable limits provided the
transistor is designed for its optimum transfer

characteristic and proper circuit—configuration
and operation conditions are chosen.

Advantages of Transistors in Class B Circuits

In some respects, transistors differ from
tubes when used in class B operation and dis-
play several advantages which make them some-
what easier and more desirable to use. For
example, the lower impedance levels involved
permit the use of smaller and less expensive
interstage and output transformers. In addi-
tion, the variation in input impedance with
signal level is not nearly so great with trans-—
istors as with tubes when driven into the
positive-grid-current region. As a result,
design of the driver stage and driver trans-
former is simplified, and instability due to
parasitics is eliminated.

Because the output characteristics of
junction transistors have extremely low-voltage
sharp "knees" in comparison with many vacuum
tubes designed for class B operation, circuit
designs having higher circuit efficiencies can
be used which in some cases closely approach
the maximum theoretical value of 78 per cent.
When transistors have controlled large-signal
characteristics, i.e., high current amplifi-
cation factors at values of high collector
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peak currents, it is possible to design power
amplifiers which utilize very low supply volt-
ages and yet maintain relatively high power
sensitivity.
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Fig. 1 - Typical large-signal current-ampli-
fication-factor characteristics for junction
transistors.

Fig. 1 shows typical large-signal ¢ char-
acteristics for a developmental junction trans-
istor having a dissipation rating of 50 milli-
watts. Large-signal a will be defined as the
ratio of collector current to base current at a
collector current of 50 milliamperes and a
collector-to-emitter voltage of one volt. This
measurement may be made for d-c or peak values
with good correlation. Because the power gain
or sensitivity of the transistor in large-
signal amplifiers is proportional to this
characteristic, high values of large-signal g«
are extremely desirable. The peak-collector—
current rating, which is determined for a given
device by collector-saturation effects and life
considerations, is conservatively selected for
this transistor at 50 milliamperes. As shown
in Fig. 1, the magnitude of a at a collector
current of 50 milliamperes is approximately
one-half that at low collector current. The
nonlinearity of the o characteristic, which is
instrumental in determining the total harmonic
distortion, can be altered by changes in the

design or processing of the transistor. This,

nonlinearity is partially compensated for by
the decrease in input impedance which occurs as
the signal increases, causing more base current
to flow for a given base voltage at high ex-
citation levels. A more ideal characteristic
from the standpoint of o fall-off and reduced
harmonic distortion is shown in the dashed
curve of Fig. 1.

Transfer and Collector Characteristics

Composite transfer characteristics for two
developmental junction transistors in class B
operation are shown in Fig. 2a. Maximum col-
lector—-circuit efficiency is obtained when the
base of each transistor is biased to cutoff so
that the static operating collector current and
the power dissipation are reduced to zero. |t
is impractical to use zero bias in many cir—
cuits, however, because the nonlinearity in the
small-signal region causes a high percentage of
nonlinear distortion, especially at low levels.
At high values of powér output, the nonlinearity
in the curve causes progressively less distor-
tion.

Cross—over distortion can be effectively
reduced by the use of a small forward base
bias, as designated by point A in Fig. 2a,
which allows a small quiescent collector cur-
rent to flow during standby. For any given
transistor type, there is a particular value
of base bias which results in a good balance
between cross—over distortion and collector-
circuit efficiency. 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,
as shown in Fig. 2a. The resulting composite
curve is shown in Fig. 2b. The use of pro-
jected-cutoff bias appreciably reduces cross-
over distortion to a point at which any re-
maining distortion can be reduced by the use of
negative feedback. The change in the slope of
the transfer characteristics at high values of
base voltage is caused by the fall off in a or
collector-current saturation.

Fig. 3 shows the composite collector
characteristics for two developmental junction
transistors having large-signal current ampli-
fication factors of 70 and operating from a
9-volt supply. Operation at point A on the
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Fié. 2a - Composite transfer char-
acteristics for two developmental
junction transistors in class B

operation.

load line BAC allows some quiescent collector
current to flow at zero excitation voltage.
The reduction in the current amplification
factor of the transistors at the higher values
of collector current is illustrated by the
compression of the collector characteristics
in this region. When transistors are operated
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from high supply voltages, the maximum power
output is limited by the maximum peak inverse
collector voltage and the collector dissi-
pation. When transformer coupling is used, the
peak inverse voltage applied to each transistor
is approximately twice the collector supply
voltage. At lower supply voltages, the maximum
power output is limited by the maximum per-—
missible peak collector current and the col-
lector dissipation.

Calculation of Operating Conditions

If it is assumed that the input voltage is
sinusoidal and that the transistors are biased
at cutoff, and a one-volt "safe knee" is esti-
mated, the following approximate formulae can
be written to define the operating conditions:

The peak collector current, Ié. is given
by
II _ ECC_1
c R
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where E.. is the collector supply voltage, and
RL, the load impedance in each collector, is
equal to one quarter of the total primary im-
pedance of the output transformer.

The average power output, P,, of the two
transistors is given by

Peak Power (Bl Ié}

o 2 2

or, in terms of load impedance,

(Ecc'l)2
Rec 2R

where R.. is the collector-to-collector load
impedance.

The average current, 'avg» for each trans-—
istor is given by

lavg = 0.318 I¢

u|e

The battery power, Pg, is given by
Pg = 2(lavg Ecc)

The collector-circuit efficiency, Eff, in
per cent is given by

p
o
Eff =P—B' 100

The collector dissipation for each trans-
istor is equal to %(Pg-Pg).

Transformer Requirements

The frequency response of junction—trans-—
istor class B amplifiers is determined pri-
marily by the characteristics of the trans-
formers and transistors used, although the
exact relationships are somewhat complicated
because of the intermittent collector currents
present in the output circuit. The low-freq-

uency response is dependent upon the primary
inductance of the transformers; the frequency
at which the power output is 3 db down from the
output at mid-frequency is reached approxi-
mately when the primary reactance of the trans-
former is equal to the collector load impedance
plus the total winding resistance of the trans-—
formers referred to the primary. The high-
frequency response is dependent upon the leakage
reactance and winding capacitance of the trans-
formers and the cutoff-frequency characteristic

of the transistors. It is desirable that well
balanced transformers be designed and that the
leakage inductance between the two halves of
the primary be minimized. Balanced transformers
minimize the d-c polarizing currents, aid in
the cancellation of even-order harmonics in the
output, and reduce the possibility of distor—
tion being introduced by unbalance in the input
signal.

Because high values of collector peak
currents and low supply voltages are involved,
the d-c resistance of the primary of the output
transformer should be made as low as possible
to retain high efficiencies. The secondary
winding of the driver transformer should also
have low d-c resistance to minimize the effects
of collector back currents upon the operating
point. |t should be emphasized that the trans-
former requirements mentioned are not par-
ticularly difficult to achieve because of the
extremely low impedance levels involved. Al-
though there are circuit variations which make
it possible to eliminate the output trans-
former, these circuits generally require the
use of a power supply or a load impedance which
is center—-tapped. The driver transformer may
also be eliminated in some circuits, although
it is difficult in practice to obtain the
relatively low d-c impedance required without
the use of a transformer.

Basic Circuits

Although varying degrees of negative
feedback may be used in class B circuits to
emphasize given performance characteristics,
only two basic circuits will be considered in
this discussion. These two basic circuits are
shown in Fig. 4, the base—input, common-emitter
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and the distortion characteristics of the
amplifier. The input resistance in this circuit
is relatively high and is more linear with
excitation than that of the common—-emitter
ar circuit. As a result, high input voltages are
required to develop the necessary driving
= power, the maximum value of which is limited

by the supply voltage. This circuit accommodates
a much wider variation in transistor character—

6 istics than the common—emitter circuit, and
Ecc does not require temperature compensation to
BASE INPUT, COMMON EMITTER correct for variations in collector reverse

current. The improved stability at higher
temperatures and dissipations permits operation
of a given transistor in the common-collector
circuit at higher dissipation than in the
common—emitter circuit. This circuit is also
suitable for use with higher—power junction

transistors. Because cross—-over distortion is
minimized without application of external base
bias, better distortion performance is obtained
at low power—-output levels. Considerable power

sensitivity is sacrificed, however, for these

Ecc improved characteristics, and is necessary in
BASE INPUT, COMMON COLLECTOR many amplifier applications to add an additional
Fig¢. 4 - Basic circuit con- driver stage.

fidurations used in the design
of large-signal junction
transistor audio amplifiers.
Power Output
circuit and the base-input, common-collector
circuit. When either of the basic circuits shown in
Fig. 4 is used, the maximum power output is a

Although the base-—input, common—emitter
function of the load impedance and supply

circuit offers the highest power sensitivity,

transistors used in this circuit must have voltage, as shown in Fig. 5. Maximum power

fairly well-matched large-signal character- output is essentially independent of all trans-

istics and relatively low values of collector
: : E LARGE-SIGNAL oc =70
back currents. The average input resistance in CLASS B, COMMON-EMITTER
this circuit is very low and is extremely OR COMMON -COLLECTOR
nonlinear over the operating range. |f the

CIRCUIT
distortion requirements of the amplifier are

n
»
o

n
o
o

-
o= (Ecc-1)
2R,

o
o

severe, some negative feedbackwill be required.
Because the optimum bias voltage for minimum

120 A
distortion varies with changes in temperature, \\\\
\ Q

N

the use of temperature-compensating elements

®

such as diodes or thermistors in the bias
supply is desirable. The greatest practical
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40
advantage of the common-emitter circuit is its ~——_4.5]
high power sensitivity.
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in which the load is in series with the emitter, Fig. 5 - Naximum power output as a function
has "built-in" d-c and a-c degeneration which of load impedance for several values of
greatly improves both the temperature stability collector supply voltage.
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istor characteristics except the collector peak
current capabilities. |f the supply voltage is
Tow, very 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 rating
of the transistor. As the supply voltage is
increased, greater power output can be developed
with the same load. |f the common-emitter
circuit is used, higher load impedances may be
employed at higher supply voltages to provide
the same maximum power output withasignificant
increase in power sensitivity.

Power Sensitivity

The power sensitivity of junction-trans—
istor class B amplifiers is a function of the
input resistance, the load impedance, and the
large-signal o« of the transistors. Because the
input resistance over the required operating
range is not linear, the calculation or mea-
surement of input resistance and power gain can
be made most conveniently for peak values. The
peak input resistance is equal to the peak
input voltage divided by the peak base current.
The peak power gain is equal to the peak power
output divided by the peak input power.

Fig. 6 shows the variation of input re-
sistance with output current for the common-
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Fig. 6 - Input resistance as a function of

output current for two values of load im-
pedance and current-amplification-factor.

emitter and common-collector circuits using the
same transistors. The effect of variations in «
and in load impedance upon input resistance is
also shown. The data shown were measured at
maximum power output for the indicated values
of load. In the common-emitter circuit, the
peak input resistance is very nonlinear, in-
creases with higher values of «, and is inde-
pendent of the low values of load impedance.
In the common-collector circuit, however, the
input resistance is more tinear and, for all
practical purposes, is equal to the product of
the load impedance and the peak current ampli-
fication factor.

The variation of power sensitivity with
load impedance for different values of large-
signal « is shown in Fig. 7. In the expression
shown for peak power gain, the square of the
peak current amplification factor is multiplied
by the ratio of load impedance to peak input
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Fig. 7 - Power gain as a function of load

impedance for two values of large-signal
current amplification factor.

resistance. The power gain of the common-
emitter circuit depends to a large extent upon
load impedance and large-signal current ampli-
fication factor. The power gain of the common-
collector circuit, however, is nearly inde-
pendent of theload because the input resistance
increases proportionally with the toad. Because
the power gain of the common-collector circuit
is approximately equal to the peak current
amplification factor of the transistors, the
gain varies very little with changes in load
impedance and only slightly for wide variations
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in large-signal «. The change in slope of the
curves for both circuits at low values of load
is a result of the decrease in o« at the result-
ing higher peak currents.

The relative effects of mismatch in large-
signal a on power sensitivity are shown in Fig.
8 for each circuit. For a given ratio of mis-
match in characteristics, the relative ¢hange
in power gain is much greater in the common-
emitter circuit than in the common-collector
circuit.
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Fig. 8 - Effects of mismatch in large-signal
o on power gain of common-emitter and common-
collector circuits.

Efficiency

The efficiency of either the common-
emitter or the common-collector circuit has a
maximum theoretical value of 78 per cent. In
practice, the actual 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
efficiency of the two circuits is nearly the
same for equal peak power output. In general,
the choice of a high supply voltage results in
slightly higher efficiencies because the "knee"
voltage then becomes a smaller percentage of
the total supply voltage. For example, the
efficiency can be increased by 5 to 10 per cent
at rated power output if the supply voltage is
increased from 4.5 volts to 9 volts.

The efficiency is greatest at full rated
power output, and decreases as the power level
is reduced, as illustrated in Fig. 9. The re-
lationship betweenload impedance and efficiency
is also shown in Fig. 9. For constant values of
power output, the efficiency decreases for de-
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Fig. 9 - Efficiency as a function of power

output for various values of load impedance.

creasing values of 1oad. However, the efficiency
at maximum power output increases as the load
is decreased. |t is possible, therefore, to
design the amplifier with an optimum value of
load impedance to give the required power
output at maximum efficiency.

Low d-c primary resistance of the output
transformer and tight coupling between the
primary and secondary windings are required if
the high efficiency is to be fully realized at
the load. The variation in large-signal current
amplification factor with matched or mismatched
transistors has no significant effect upon
circuit efficiency because the maximum peak
power is essentially unaffected by changes in
large-signal a or mismatch in ¢. The variation
in efficiency due to variations in a is only
two to three per cent at peak powers.

Distortion

Distortion in junction-transistor class B
amplifiers is a function of the power output,
the supply voltage, the input and load imped-
ances, and the ¢ characteristic of the trans-
istors. The effect of these factors is more
severe in the common-emitter circuit, which
employs no internal degeneration and, con-
sequently, is more sensitive to circuit and
characteristic variations. Fig. 10 shows dis-
tortion-vs—power-output curves for both types
of circuits with matched input. The effect of
collector-supply-voltage upon distortion is
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also shown. The common-collector circuit has
less distortion under each operating condition,
and shows the greatest significant improvement
where cross-over

at low power—output levels,

distortion is effectively minimized without the

use of external bias. For the common—emitter
circuit, the curves show distortion at low
power levels for the optimum value of bias. Dis—

tortion values would be considerably higher for
this circuit
distortion) if the proper bias were not used.
The change in the slope of the curves at high
values of power output is due to "hard clip-
ping", exceeding the point of maximum
power as determined by the load impedance and
supply voltage.

(because of increased cross-over

i.e.,

v
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harmonic distortion as a

Distortion at maximum power output is
11 as a function of load
in distortion as the load
is caused primarily by the de-

shown in Fig. im-
The

is decreased

pedance. increase
crease in a of the transistor at the higher
peak currents. A mismatch of 2 to 1 in the
large-signal @ characteristic results in ap-
proximately 2 per cent additional distortion;
a 3-to-1 mismatch causes approximately 5 per
cent additional distortion.

distortion of transistor
class B amplifiers can be reduced, therefore,
by the use of transistors which have well-
characteristics, by an
increase in the supply voltage and the load
impedance, and by the use of negative feedback.
The final amplifier should be designed to
provide the desired balance between distortion
and power sensitivity for the given application.

The over-all

matched large-signal

I
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Fig. 11 - Total harmonic distortion at maxi-
mum power output as a function of load
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Temperature Effects

The transfer-characteristic curves shown
in Fig. 12 illustrate the effects of ambient
temperature upon transistors in common—emitter
class B circuits. The operating point is
designated by point A on the 25-degree C curve.
| f the common-emitter circuit is operated with
increase

a constant bias voltage, an in tem—

perature causes an appreciable increase in
quiescent output current and a consequent de-
crease in the maximum power output and output-
circuit efficiency. A decrease in temperature
reduces the quiescent collector current almost
to zero, thereby increasing the maximum power
output and the efficiency slightly, and intro-
duces cross—over distortion because the trans-—
istor is then operating over the nonlinear
portion of its transfer characteristic. For
optimum performance in the common-emitter
circuit over a wide temperature range, tem-
perature-sensitive elements should be used in
the bias network so that the bias voltage
changes with temperature and the quiescent col-
lector current remains constant. This bias may
be obtained conveniently by using a thermistor
or germanium diode in a resistive network, as
in Fig. 12, to provide a curve of network
resistance vs temperature having a slope ap-
proximating that.of the transistor character-
istics over the required operating range. In

many applications,

shown

however, it is practical to
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use the common—emitter circuit over reasonable
temperature ranges without the use of tempera-
ture compensation if a higher operating point
is selected with a slight sacrifice
ficiency.

in ef-
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The effect of temperature variation on
the transfer characteristic for the common-

collector circuit is shown in Fig. 13. Be-
cause the load impedance is in series with
the input signal in this circuit, high input

voltages are required to drive the trans-

istor to its rated peak current. The curves
of Fig. 13 are reasonably linear, even
T T T T
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variations on transistors in common-collector

class B amplifiers.

in the As a result, the

transistors may be operated at zero bias without

low—current regions.

introducing the problems of Tow-level distortion
at room temperature or with temperature varia-
tions. In this circuit, therefore, no bias
network is
required for optimum performance. The shift of
the curve with temperature at the high-current
end of the scale causes a slight variation
the
the circuit.
the use of an output transformer having
creased d-c primary resistance
the emitter

stability.

supply or temperature-compensating

in
maximum power and the power sensitivity of
This variation may be reduced by
in-
in series with
in increased d-c

load, resulting

Typical Application

One of the most
in class B amplifiers

interesting applications
of transistors in the
output stage of battery-operated portable radio

is
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Fig. 14 - Comparison of battery-power re-

quirements for conventional four-tube radio

receiver and for receiver using junction
transistors in the power-output stade.
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Fig.
using junction transistors

receivers. The use of junction transistors in

in these receivers in place of a power—

in available

class B
output tube can effect an
power output and a substantial
Fig. 14 shows the power
consumed by a typical four—tube battery-
operated portable Approximately 75

per cent of the relatively expensive B-battery
power and 40 per cent of the
is consumed by the output

increase
reduction in
required battery power.

receiver.

less expensive
A-battery power
When transistors are used

stage. in the output

stage of the receiver, a considerable saving in
battery power can be obtained as shown
14. It should be noted that the power for the
transistor output stage is obtained from the
supply. The battery—-drain
the receiver using transistors is

that which would occur in

in Fig.

A-battery figure

given for
higher than normal
because the power consumed by the

in class B operation varies with

operation
output stage
the signal level. The figure given represents
continuous operation of the receiver at maximum
Under

the
average power consumption would be reduced to

indicated by the dotted

power output under sine—wave conditions.
conditions of normal speech and music,

the values lines.

in class B

15 - Circuit diagram for battery-operated portable radio receiver

in the power-output stage.

A circuit diagram of a part—tube, part-
transistor battery-operated portable radio
15. The tube fila-

which originally were connected in

receiver is shown in Fig.
ments,
in series so that a
the

Consideration

parallel, are connected
supply

filaments and the transistors.

common voltage can be used for

must be given in this circuit to the normal

biasing arrangements required with series—

string operation of tubes. The operating con-
ditions of the pentode section of the first
audio stage are modified to provide adequate
driving power for the transistor output stage
increase the over-all

and to power sensitivity

of the audio system. The sensitivity of the
resulting audio system is equivalent to that of
receivers using a subminiature output tube and
operating from a supply of 45 volts or less.
This sensitivity is about 10 db below the audio
sensitivity of receivers using a miniature
output tube similar to the 3V4 and operating
from a supply of 67 volts. The sensitivity of
all-tube
creases more rapidly with battery life than the
15.

in performance

receivers, however, generally de-

sensitivity of the receiver shown in Fig.

Consequently, any difference
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is reduced with battery
In some existing receiver designs having
the
automatically compensated for by the r—f sensi-
which is normally more than adequate.
In many other receivers, additional
may be gained by modification of the i-f stage,
or by use of more sensitive antennas and higher

between the two systems
life.
an r-f stage, loss in audio sensitivity is
tivity,
sensitivity

efficiency speakers.

As compared to an all-tube receiver,
the part—tube, part-transistor

receiver has nearly equivalent audio sensi-

therefore,

tivity, similar distortion characteristics,

equal or greater power output with a maximum
value that
life,

ficiency.

is more nearly constant with battery
and considerably higher over-all ef-
The greater battery efficiency can
(1)
equipment can be designed to have extremely
small size and light weight by the use of
miniature batteries compatible

(2)

be used in either of two ways: portable

in size with the

low power requirements; or portable equip-

ment can be designed using conventional battery
sizes resulting in substantial improvements in
battery life and a sizable reduction in opera-

ting cost per hour.
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