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Audio Power Amplifiers

The quality of an audio power amplifier is
measured by its ability to provide high-fidelity
reproduction of audio program material over
the full range of audible frequencies. The
amplifier is required to increase the power
level of the input to a satisfactory output level
with little distortion, and the sensitivity of its
response to the input signals must remain
essentially constant throughout the audio-
frequency spectrum. Moreover, the input-
impedance characteristics of the amplifier
must be such that the unit does not !oad
excessively and thus adversely affect the
characteristics of the input-signal source.

Silicon power transistors offer many
advantages when used in the power-output
and driver stages of high-power audio ampli-
fiers. These devices may be used, either as
discrete components or as building-Mock
elements in power hybrid circuits, over a wide
range of ambient temperatures to develop up
to hundreds of watts of audio-frequency power
to drive a loudspeaker system. The following
paragraphs describe the basic factors that
must be considered and the important concepts
and techniques employed in the design of
transistor audio power amplifiers.

CLASSES OF OPERATION
A circuit designer may select any one of

three classes of operation for transistors used
in linear-amplifier applications. This selection
is made on the basis of a combination of such
factors as required power output, dissipation
capability, efficiency, gain, and distortion
characteristics.

The three basic classes of operation (class
A, class B, and class C) for linear transistor
amplifiers are defined by the operating point
of the transistor. In class A operation, the
active element conducts for the entire input
cycle. In class B operation, the active element
conducts for 180 degrees of an input cycle and
is cut off during the remainder of the time. In

class C operation, the active element conducts
for some amount less than 180 degrees of an
input cycle. The following paragraphs discuss
the distinguishing features of class A and class
B operation. In general, because of the high
harmonic distortion introduced as a result of
the short conduction angle, class C operation
is used primarily in rf-amplifier applications
in which it is practical to use tuned output
circuits to eliminate the harmonic components.
For this reason, class C operation is not
discussed further.

Ctass A Operation
Class A amplifiers are used for linear service

at low power levels. When power amplifiers
are used in this class of operation, the amplifier
output is usually transformer-coupled to the
load circuit, as shown in Fig. 216. At Sow
power levels, the class A amplifier can also be
coupled to the load by resistor, capacitor, or
direct coupling techniques.

Flg.216 - Ba$lc class A, transformer-
coupled amplifier.

There is some distortion in a class A stage
because of the nonlinearity of the active device
and circuit components. The maximum
efficiency of a class A amplifier is 50 per cent;
in practice, however, this efficiency is not
realized. The class A transistor amplifier is
usually biased so that the quiescent collector
current is midway between the maximum and
minimum values of the output-current swing.
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Collector current, therefore, flows at all times
and imposes a constant drain on the power
supply. The consistent drain is a distinct
disadvantage when higher power levels are
required or operation from a battery is desired.

Class B Operation
Class B power amplifiers are usually used in

pairs in a push-pull circuit because conduction
is not maintained over the complete cycle. A
circuit of this type is shown in Fig. 217. If
conduction in each device occurs during

DMIVE REQUIREMENTS
In class A amplifiers, the output stage is

usually connected in a common-emitter con-
figuration. The relatively low input impedance
that generally characterizes this type of
configuration may result in a severe mismatch
with the output impedance of She driver
transistor. Usually, at low power levels, RC
coupling is used and the loss is accepted. It
may be advantageous in some circuits, how-
ever, to use an emitter-follower between the
driver and the output stage io obtain an
improved impedance match.

Class AB amplifiers have many types of
output connections. One form is the trans-
former-complied output stag® illustrated in
Fig. 218. Again, the common-emitter circuit is
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Fig,217 - Basic class B, push-pull trans-
former-coupled amplifier.

approximately 180 degrees ofa cycle and the
driving wave is split in phase, the class B stage
can be used as a linear power amplifier. The
maximum efficiency of the class B stage at full
power output is 78.5 per cent when two
transistors are used. In a class B amplifier, the
maximum power dissipation is 0.203 times the
maximum power output and occurs at 42 per
cent of the maximum output.

Transistors are not usually used in true class
B operation because of an inherent nonlinear-
ity, called cross-over distortion, that produces
a high degree of distortion at low power levels.
The distortion results from the nonlinearities
in the transistor characteristics at very low
current levels. For this reason, most power
stages operate in a biased condition somewhat
between class A and class B.

This intermediate class is defined as class
AB. Class AB transistor amplifiers operate
with a small forward bias on the transistor to
minimize the nonlinearity. The quiescent
current level, however, is still low enough so
that class AB amplifiers provide good effic-
iency. This advantage makes class AB ampli-
fiers an almost universal choice for high-
power linear amplification, especially in
battery-operated equipment.

Fig.218 - Basic class AB, push-pull, trans-
former-coupled amplifier.

usually employed because it provides the
highest power gain. The load circuit is never
matched to the output impedance of the
transistor, but rather is fixed by the available
voltage swing and the required power output.
The transformer is designed to reflect the
proper impedance to the output transistors so
that the desired power output can be achieved
with a specific supply voltage.

The use of transformer coupling from the
driver to the input of the power transistor
assures that the phase split required for push-
pull operation of the output stages and any
necessary impedance transformation can be
readily achieved. Output transformer coupling
provides an easy method for matching several
values of load impedance, including those
encountered in sound-distribution systems.
For paging service, servo motor drive, or
other applications requiring a limited band-
width, the transformer-coupled output stage
is very useful. However, there are disadvantages
to the use of transformer coupling. One
disadvantage is the phase shift encountered at
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low- and high-frequency extremes, which may
lead to unstable operation. In addition, the
output transistors must be capable of handling
twice the supply voltage because of the
transformer requirements.

Another type of transistor output circuit is
the series-co sine dad output stage. With this
type of circuit, the transistors are connected in
series across the supply and the load circuit is
coupled to the midpoint through a capacitor.
There must be a 180-degree phase shift between
the driving signals for the upper and lower
transistors, A transformer can be used in this
application provided that the secondary
consists of two separate windings, as shown in
Fig. 219. Other forms of phase splitting can be

point with the return path through the power-
supply capacitors. The power-supply capa-
citors must be large enough to prevent excessive
ripple.

Complementary amplifiers are produced
when p~n~p and n-p-n transistors are used in
series. A capacitor can be used to couple the
amplifier output when a single supply is used,
or direct coupling can be employed when a
split power supply is used, as shown in Fig.
220. Because no phase inversion is needed in
the driving circuit for this output configuration,
there are definite advantages in the simplicity
of the design. One disadvantage of this type of
amplifier is that the driver must be a class A
stage which may have a high dissipation. This
dissipation can be reduced, however, by use of
a Darlington compound connection for the
output stage. This compound connection
reduces the driving-stage requirement. A
method of overcoming this disadvantage
completely is to use a quasi-complementary
configuration. In this configuration, the output
transistors are a pair of p-n-p or n-p-n
transistors driven by a complementary pair.
In this manner the n-p-n/ p-n-p drivers provide
the necessary phase inversion. The driving
transistors are connected directly to the bases
of the output transistors, as illustrated in Fig.
221,

Adequate drive may be a problem with the
transistor pair shown in the upper part of the
quasi-complementary amplifier unless suitable
techniques are used to assure that this pair
saturates. Care must also be taken when split
supplies are used to assure that any ripple on
the lower supply is not introduced into the
predriving stages by this technique. The
advantage of a split supply is that it makes
possible direct, connection to the load and thus

f VOLTAGE

Fig.219 - Class AS, push-pulf amplifier with
series output connection.

used; all have problems such as insufficient
swing or poor impedance matching. Capacitor
output coupling also has disadvantages. A
low-frequency phase shift is usually associated
with the capacitor, and it is difficult to obtain
a capacitor that is large enough to produce an
acceptabie low-frequency output. These dis-
advantages can be alleviated by use of a split
supply and by connection of the load between
the transistor midpoint and the supply mid-

5IN6LE SUPPLY VOLTAGE
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Fig.220 - Circuit arrangements lor operation of complementary output stages (a) from
single dc supply; (b) from symmetrical dual (positive and negative) supplies.
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UPPER TRANSISTOR

92CS-3S373
~ Q COMMOM

Fig, 221 - Compound output stags in which output transistors am driven by complementary
driver transistors: (a) over-all circuit; {h} upper transistor pair; (c) lower
transistor pair.

improves low-frequency response.
To this point, gsha§<e isivgrslosi has been

mentioned but not discussed. Phase inversion
may be accomplished in many ways. The
simplest electronic phase inverter is the single-
stage configuration. This configuration can be
used at low power levels or with high-gain
devices when the limited drive capability is not
a drawback. At higher power levels, some
impedance transformation and gain may be

required to supply the drive needed. There are
several complex phase-splitting circuits; a few
of them are shown in Fig. 222.

EFFECT OF OPERATING CONDITIONS
ON CIRCUIT DESIGN

Some additional design problems involve
the consideration, of thermal stability, high
line voltage, line-voltage transients, excessive
drive, ambient temperature, load impedance,

O COMMON

Fig.222 - Basic phasB-inverter circuits: (a) single-stage phase-splitter type; (b) two-stage
emitter-coupled type; (c) two-stage low-impedance type; (d) two-stage similar-
amplifier type.
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and other factors that may subject the
transistors to abnormal high-stress conditions,
A prime consideration is the maximum power
dissipation at high supply voltage. Thermal
stability is another problem that is often
difficult to control. The problem is complex
because the base-to-emitter voltage Vgg of a
transistordecreases with an increase injunction
temperature at a constant level of collector
current. Therefore, if the VSB of the transistor
is held constant, the collector current Ic
increases as the junction temperature rises.
This process is regenerative because the
dissipation increases with an increase in the
value of Ic- One solution is to place a resistor
in series with the emitter lead. This approach
is not the best solution to the problem,
however, because the use of the resistor
increases circuit losses. A decrease in the loss
may be obtained if the resistor is bypassed.
Another approach is to use a thermistor or
similardevice which, when properly connected,
reduces the base drive at high temperatures.
This approach improves the stability without
increasing the circuit loss.

The collector-to-base leakage current Icao
can also be a problem because a fraction of
this current is multiplied by the transistor hfe
and appears as a component of the collector-
to-ernitter current. In general, the value of
ICBO is in the order of microamperes in silicon
devices and milliamperes in germanium de-
vices. This leakage current is composed of two
components. One component is caused by
surface leakage and is unpredictable in i!s
variations with temperature, It increases with
voltage and may even decrease with increasing
temperature. The other component is a
function of the device material and geometry.
This component approximately doubles with
every 7°C temperature rise in silicon devices,
and approximately doubles for every !0°C
temperature increase in germanium devices.
This component may also be voltage-depend-
ent.

The total leakage is of interest to the circuit
designer because it can be the mechanism for
thermal-runaway problems. An increase in
this leakage increases the total base current
and thus causes an increase in collector current
and dissipation. The increase in collector
current and dissipation causes a ris» in
temperature which may produce a regenerative
cycle that leads to thermal runaway. If an
external resistor is connected between the

base and emitter, some of this leakage current
is shunted from the base, and the thermal-
stability problem is reduced.

Another potential source of trouble in
amplifiers is the feedback loop. Feedback is
used to reduce distortion and extend the
frequency range of the amplifier. The feedback
loop usually encloses several if not ail of the
amplifier stages and can cause several pro-
blems. When transformer coupling is used,
phase shifts may occur at the high- or low-
frequency extremes; a positive voltage may
then be fed back and cause oscillation. High-
signal-level transients may cause the value of
the transformer inductances and other com-
ponents to change and become unstable so
thai they initiate oscillation, A similar con-
dition can occur at iow frequencies when
capacitor-coupled transformerless designs are
used.

Excessive drive levels at high frequencies
can cause dissipation problems. An excessive
drive level forces the output .stages to saturate
before the peak of the input signal is reached,
This additional drive lengthens the storage
time which, at high frequencies, may approach
the period of the drive signal. Under this
condition, two results occur: First, feedback
does not increase after the point where the
output stage saturates. This condition permits
the drive signal to increase. Second, one
transistor may not turn off until the second
has been turned on. In series-type output
stages, the second transistor is turned on with
the full supply voltage present. This condition
can lead to forward-bias second-breakdown
problems.

Another potential source of difficulty with
amplifiers occurs when the output is open- or
short-circuited. Transformer-coupled output
stages are particularly susceptible to opera-
tional problems with no load. Without a load,
the transistors operate into a purely inductive
load line and the probability of reverse-bias
second breakdown must be considered. In
series-type output stages, the major problem
arises under short-circuit load conditions. As
a result of the short circuit, feedback is
removed and an open-loop gain condition
exists together with theexcessive-drive-condi-
tion problems previously mentioned. It is
advisable to use some form of fast-acting
overload protection for the power transistor;
a fuse is usually not fast enough in this
application.
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Some frequency exists at which the gain of
any transistor begins to decrease. This decrease
in gain can be corrected over the required
frequency range by use of feedback or a
higher-frequency device. Roli-off of the fre-
quency response of the preamplifier stages at
some point, prior to the limiting value of the
frequency characteristics of the transistor is
necessary. This technique assures that the
drive is limited to a safe value by the input
stage so that even the drivers are not affected
by the high dissipation mentioned previously.

Several other factors that should he con-
sidered in the design of amplifiers for audio-
frequency service include the frequency re-
sponse desired, gain, optimum load, noise,
and power output needed.

BASIC CIRCUIT CONFIGURATIONS
The selection of the basic circuit configur-

ation for an audio power amplifier is dictated
by the particular requirements of the intended
application. The selection of the basic circuit
configuration that provides the desired per-
formance most efficiently and economically is
based primarily upon the following factors:
power output to be supplied, required sensi-
tivity and frequency-response characteristics,
maximum allowable distortion, and capabili-
ties of available devices.

Class A Transformer-Coupled Amplifiers

Fig. 223 shows a three-stage class A
transformer-coupled audio amplifier that uses
dc feedback (coupled by Rj, R2, R3, R4, and
C1) from the emitter of the output transistor
to the base of the input transistor to obtain a
stable operating point. An output capability
of 5 watts with a total harmonic distortion of 3
per cent is typical for this type of circuit. In

general, this output level is the upper limit for
class A amplifiers because the power dissipated
by the output transistor in such circuits is
more than twice the output power. For this
reason, it is economically impractical to use
class A audio amplifiers to develop higher
leveis of output power. A circuit such as the
one shown in Fig. 223 usually requires no
over-all feedback unless extremely low dis-
tortion is required. Local feedback in each
stage is adequate; amplifiers of this type,
therefore, are usually very stable.

Class AB Push-Pull
Transformer-Co sipSed Amplifiers

At power-output levels above 5 watts, the
operating efficiency of the circuit becomes an
important factor in the design of audio power
amplifiers. The circuit designer may then
consider a class AB push-pull amplifier for use
as the audio-output stage.

Fig, 224 shows a class AB push-pull
transformer-coupled audio-output stage. Re-

Fig. 224 - Class AB, push-pull, transformer-
coupled audio output stage,

sistors Ri, R2, and R3 form a voltage divider
that provides the small amount of transistor
forward bias required for class AB operation.
The transformer type of output coupling used
in the circuit is advantageous in that a suitable
output transformer can be selected to match
the audio system to any desired load im-
pedance. This feature assures maximum
transfer of the audio-output power to the load
circuit, which is especially important in
sound-distributjon systems that use high-im-
pedance transmission lines to reduce losses. A

Fig.223 - Three-stage transformer-
coupled, class A amplifier.
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major disadvantage of transformer output
coupling is that it tends to limit the amplifier
frequency response, particularly at the low-
frequency end. Variations in transformer
impedance with frequency may produce
significant phase shifts in the signal at both
frequency extremes of the amplifier response.
Such phase shifts are potential causes of
amplifier instability if they occur within the
feedback loop. Open-circuit stability is always
a problem in designs that use output trans-
formers because the gain increases sharply
when the load is removed. If too much over-ai!
feedback is employed, the amplifier may
oscillate. The local feedback caused by the
bias arrangement of R̂  and R3 helps to
eliminate this problem.

Push-pull output stages, which use identical
output transistors, require some form of phase
inversion in the driver stage. In the circuit
shown in Fig. 224, a center-tapped driver
transformer is used for this purpose. The
requirements of this transformer depend upon
the power levels involved, the bandwidth
required, and the distortion that can be
tolerated. This transformer also introduces
phase-shift problems that tend to cause
instabilities in the circuit when high levels of
feedback are employed. Phase-shift problems
are substantially reduced when the output
stage is designed to operate at low drive
requirements. The reduced drive requirements
can be achieved by use of the Darlington
circuit, shown in Fig. 225. Resistors Ri and R2

shunt the leakage of the driver and also permit
the output transistors to turn off more rapidly.
Impedance levels between the class A driver
and the output stage can be easily matched by
the use of an appropriate transformer turns
ratio.

Analternative method of phase inversion is
to use a transistor in a phase-splitter circuit,
such as those shown in Fig, 222 and described
later in the discussion on Phaite Inverters.
Unlike the center-tapped transformer method,
impedance matching may be a problem because
the collector of the driver, which has a relatively
high impedance, operates info the low input
impedance of the output stage. One solution is
to reduce the output impedance of the driver
stage by the use of smaller resistors. The
resultant increase in collector current, however,
also increases the dissipation. Moreover, very
large coupling capacitors are necessary for the
achievement of good low-frequency perform-
ance. The nonlinear impedance exhibited by
the input of the output transistor causes a dc
voltage to be produced across the capacitor
under high signal levels. An alternate solution
is to use a Darlington pair to increase the
input impedance of the output stage.

Class AB Serles-Oufpsit Amplifiers
For applications in which low distortion

and wide frequency response are major
requirements, a transformerless approach is
usually employed in the design of asidio power
amplifiers. With this approach, the common
type of circuit configuration used is the series-
output amplifier.

The class-AB-operated n-p-n transistors
used in the series-output circuits shown in Fig-
226 require some form of phase inversion of
the drive signal for push-pull operation. A
common approach is to use a driver trans-
former that has split secondary windings, as
shown in Fig. 227. The split secondary windings
are required because of the mode in which
each of the series output transistors operates.

If ground were used as the drive reference
for both secondary windings of the circuit
shown in Fig. 227, transistor Qi would operate
as an emitter-follower and would provide gain
of somewhat less than unity. Transistor Qs,
however, is connected in a common-emitter
configuration which can provide substantial
voltage gain. For equal output-voltage swings
in both directions, the drive input to transistor
Q1 is applied directly across the base and

Fig.225 - ClassAB, push-puif, transformer-
coupled audio output stsge in
which Darlington pairs am us&d
to reduce drive requirements of
output transistors.
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ai both ends of the upper secondary (terminals
I and 2) the ac voltage with respect to ground
is approximately equal to the output voltage.
During signal conditions, when output tran-
sistor Qi is turned on, this coupling provides
an unwanted drive to Qi. The forward
transistor bias required to maintain class AB
circuit operation is provided by the resistive
voltage divider Ri, Rg, R3, and R4. These
resistors also assure that the output point
between the two transistors (point A) is
maintained at one-half the dc supply voltage
Vcc

As in the case of the transformer-coupled
output, phase inversion can be accomplished
by use of an additional transistor. Fig. 228
shows 3 circuit in which the transistor phase
inverter is used, together with a Darlington
output stage to minimize loading on the phase
inverter. It should be noted that capacitor C
provides a drive reference back to the emitter
of the upper output transistor. In effect, this
arrangement duplicates the drive conditions
of the split-winding transformer approach. A
disadvantage of this circuit is the high-quiescent
dissipation of the phase inverter Qi which is
necessary to obtain adequate drive at full
power output.

Fig.226 - Circuit arrangements for oper-
ation of series output circuit from
(a) a single dc supply and (b)
symmetrical dual supplies.

emitter terminals. Transistor Qi is then
effectively operated in a common-emitter
configuration (although there is no phase
reversal from input to output) and has a
voltage gain equal to that of transistor Qz.

Fig, 227 - Circuit using a driver transformer
that has split secondary windings
to provide phase inversion for
push-pull operation of a series-
output circuit.

The disadvantages of a driver transformer
discussed previously also apply to the circuit
shown in Fig. 227. In addition, coupling
through interwinding capacitances can ad-
versely affect the performance of the circuit.
Such coupling is particularly serious because

Fig.228 - Push-pull series-output amplifier
in which driver and output tran-
sistors are connected as Darling-
ton pairs and drive-signal phase
inversion is provided by phass-
spfitter stags Qu

An unbypassed emitter resistor R is necessary
because a signal is derived from this point to
drive the lower output transistor. When
transistor Qi is driven into saturation, the
minimum coliector-to-ground voltage that
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can be obtained is limited primarily by the
peak emitter voltage under these conditions,
To obtain the necessary voltage swing at this
collector (a voltage swing that is also approxi-
mately equal to the output voltage swing), i! is
necessary to use a quiescent collector-to-
emitter voltage higher than that required in a
stage that uses a bypassed emitter resistor.

Complementary-Symmetry Amplifier!

When a complementary pair of output
transistors (n-p-n and p-n-p) is used, it is
possible to design a series-output type of
audio power amplifier which does not require
push-pull drive. Because phase inversion is
unnecessary with this type of configuration,
the drive circuit for the amplifier is simplified
substantially. Fig. 229 shows a basic com-
plementary type of series-output circuit to-
gether with a simple class A driver stage. The
voltage drop across resistor R provides the
small amount of forward bias required for
class AB operation of the complementary pair
of output transistors.

The complementary circuit is by far the
most thermally stable output circuit. It places
the output transistors in a Vests mode because
both transistors are operated with a low
impedance bctweeti base and emitter. There-
fore, the ICBO leakage is the only component of
concern irt toe stability criteria. At power-
output levels from 3 to 20 watts, a com-
plementary-symmetry amplifier offers advan-
tages in terms of circuit simplicity. At higher
power levels, however, the class A driver
transistor is required to dissipate considerable
heat, the quiescent power-supply current drain
becomes significant, and excessively large
filter capacitors are required to maintain a low
hum level. This dissipation can be reduced,
however, by use of a Darlington compound
connection for the output stage. This com-
pound connection reduces the driving-stage
requiremerst.

There are two basic methods of overcoming
this disadvantage entirely. The first is to use a
quasi-complementary configuration; the se-
cond is to employ the compound true com-
pSementary-symmetry amplifier circuit shown
in Fig. 230. Both methods replace the class A
driver with a complementary driver stage. The
circuit of Fig. 230 also employs a comple-
mentary ground ed-basepred river stage which
reduces static current drain even further. With
this circuit it is practical to obtain power levels
of over !00 watts with paralleled output
transistors. For higher power levels, the quasi-
complementary circuit is generally used be-
cause of the unavailability of higher power
complementary devices.

Qsasi-Com plemeiitary-Symmetry A m pliftere

in the quasi-complementary amplifier shown
in Fig. 231, the driver transistors provide the
necessary phase inversion. A simple but
descriptive way to analyze the operation of a
quasi-complementary amplifier is to consider
the result of connecting a p-n-p transistor to a
high-power n-p-n output transistor, as shown
in Fig. 232. The collector current of the p-n-p
transistor becomes the base current of the n-p-
n transistor. The n-p-n transistor, which is
operated as an emitter-follower, provides
additional current gain without inversion. If
the emitter of the n-p-n transistor is considered
as the "effective" collector oi the composite
circuit, it becomes apparent that the circuit is
equivalent to a high-gain, high-power p-n-p
transistor.

Fig.229 - Basic complementary type of
series-output circuit with class A
driver.

!n practice, a diode is employed in place of
resistor R. The purpose of the diode is to
maintain the quiescent current at a reasonable
value with variations injunction temperatures.
It is usually thermally connected to one of the
output transistors and tracks with the Vae of
the output transistors.
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Fig.230 - Basic complementary type of
series-output circuit with comple-
mentary type driver and predriver.

"EFFECTIVE" COLLECTOR

o

Fig.S32 - Connection of p-n-p driver tran-
sistor to n-p-n output transistor.

Fig. 233, are compared in Fig. 234.
The saturation characteristics of the over-

all circuit in both cases are the combination of
the base-to-emitter voltage VBE of the output
transistor and the collector saturation voltage
of the driver transistor. Moreover, in both
cases the current gain is the product of the
individual betas of the transistors used. A
quasi-complementary amplifier, therefore, is
effectively the same as a simple complementary

Flg.231 - Basic quasi-complementary type
of series-output circuit.

The output characteristics of the p-n-p
circuit shown in Fig. 232 and of a high-gain,
high-power n-p-n circuit formed by the
connection of the same type of n-p-n output
transistor and an n-p-n driver transistor in a
Darlington configuration, such as shown in
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A typical quasi-complementary amplifier is
shown in Fig. 235. Capacitor C performs two
functions essential to the successful operation
of the circuit. First, it acts as a bypass to
decouple any power-supply ripple from the
driver and predriver stages. Second, it is
connected as a "boot-strap" capacitor to
provide the drive necessary to pull the upper
Darlington pair of transistors into saturation.
This latter function results from (he fact that
the stored voltage of the capacitor, with
reference to the output point A, provides a
higher voltage than the normal collector-
supply voltage to drive transistor Q2. This
higher voltage is necessary during the signal
conditions that exist when the upper transistors
are being turned on because the emitter voltage
of transistor Qg then approaches the normal
supply voltage. An increase in the base voltage
to a point above this level is required to drive
the transistor into saturation. Resistor R.
provides the necessary dc feedback to maintain
point A at approximately one-half the nominal
supply voltage. Over-ail ac feedback from
output to input is coupled by resistor Rs to
reduce distortion and to improve low-fre-
quency performance.

Fig.233 - Darlington connection of n-p-n
driver transistor to n-p-n output
transistor.

Fig.234 - Output characteristics lor (a)
p-n-pln-p-n driver-output tran-
sistor pair shown in Fig. 232 and
for (b) Darlington pair of n-p-n
transistors shown in Fig. 233.

Fig.235 - Quasi-complementary audio
power amplifier that operates
from a single dc supply.

Series-output circuits can be employed with
separate positive and negative supplies; no
series output capacitor is then required. The
elimination of this capacitor may result in an
economic advantage, even though an addi-
tional power supply is used, because of the size

output circuit such as that shown in Fig. 229,
and is formed by the use of high-gain, high-
power n-p-n and p-n-p equivalent transistors.
In both cases, the resistor R between the
emitter and base of the output transistor
places the device in a VCER mode. This model's
not as stable as that of the complementary
amplifier, but present no problem for silicon
transistors.
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of the series output capacitor necessary in the
single-supply case to obtain good low-fre-
quency performance (e.g., a 2000-microfarad
capacitor is required to provide a 3-dB point
at 20 Hz for a 4-ohm load impedance). Split
supplies, however, pose certain problems which
do not exisS in the single-supply case. The
output of the amplifier must be maintained at
?,ero potential under quiescent conditions for
all environmental conditions and device
parameter variations. Also, the input ground
reference can no longer beat the same point as
that indicated in Fig. 235, because this point is
at the negative supply potential in a split-
supply system.

if the ground-point reference for the input
signal were a common point between the split
supplies, any ripple present on the negative
supply would effectively drive the amplifier
through transistor Qi. with the result that this
stage would operate as a common-base
amplifier with its base grounded through the
effective impedance of the input signal source.
To avoid this condition, the amplifier must
include an additional p-n-p transistor as shown
in Fig. 236. This transistor (Qa) reduces the
drive effects of the negative supply ripple
because of the high collector impedance (I
megohm or more) that it presents to the base
of transistor Qi, and effectively isolates the
input source impedance from transistor Qi. In

practice, transistor Q«, may be replaced by a
Darlington pair to reduce the loading effects
on the p-n-p predriver

Negative dc feedback is applied from the
output to the input stage by Rt, Rs,and Ci so
that the output is maintained at about zero
potential. Actually, the output is maintained
at approximately the forward-biased base-
emitter voltage of transistor Q«, which may be
objectionable in a few cases, but which can be
eliminated by a method discussed later.
Capacitor Ci effectively bypasses the negative
dc feedback at al! signal frequencies. Resistor
R3 provides ac feedback to reduce distortion
in the amplifier.

True Complementary Symmetiy Amplifiers
The true complementary symmetry amplifier

shown in Fig. 237 has better thermal stability
than other de-coupled circuits, because tran-
sistors Q2 and Q5 are driven from the same
low-impedance source. Forward bias for both
transistors is provided by Q3, and is adjustable.

— O B +

t£C5-28206

Fig.237 - True-complementBry-symmetry
amplifier.

Conjugate Complementary-Symmetry
Amplifiers

Fig. 238 compares a transformer-coupled
class AB amplifier to a coojssgmte compSe-
mtntnty amplifier. The elimination of the
transformer in the conjugate complementary
amplifier, in the quasi-complementary ampli-
fier and the true complementary amplifier
shown in Fig. 237 permits a lighter-weight,
less costly construction and eliminates the

Fig,236 - Quasi-complementary audio
power amplifier that operates
from symmetrical dual dc power
supplies. The p-n-p transistor
input stsge Is rsquir&d to prevent
ripple component from driving
amplifier.
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Fig.238 - (a) ConjugatB-complemgntary-
symmetry and (6) Iransformer-
coupled amplifiers.

phase shifts and stability problems normally
associated with transformers. The main advan-
tage of a transformer-coupled circuit is easier
matching of transistor volt-ampere capability
to various load impedances.

Bridge Amplifiers

Fig. 239 shows the block diagram of an
audio-amplifierconfiguraiion that, fora given
dc supply voltage, transistor voltage-break-
down capability, and load, can provide four
times the power output obtainable from a
conventional push-pull audio-output stage.
Alternatively, given power-output and load
requirements may be achieved from this circuit

configuration with half the supply voltage and
transistor voltage-breakdown capabilities re-
quired of conventional circuits. This perform-
ance is possible because the load can swing the
full supply voltage on each half-cycle. The
load is direct-coupled between the center
point of two series-connected push-pull stages.
This bridge type of arrangement eliminates
the need for expensive coupling capacitors or
transformer?- These features are very attractive
in applications for which the supply voltage is
fixed, such as automotive or aircraft supplies.

The bridge-amplifier configuration consists
essentially of two complementary-symmetry
amplifiers with the load direct-coiipied between
the two center points. Each amplifier section
is driven by a class A driver stage that uses a
transistor DttHiii||Um pair. Tin? stmpMfim®
must be driven 180 degrees out of phase. This
dual-phase drive is provided by a differential-
amplifier type of input, stage, which also
provides the advantage of a high input
impedance.

Fig. 240 shows the basic configuration of an
experimental breadboard circuit designed to
evaluate the bridge-amplifier approach to
audio-amplifier design. The major difference
between this type of circuit and she conven-
tional complementary-symmetry circuit, be-
sides the increased output power, is the higher
current requirements of the class A driver

Fig.239 - Block diagram of bridge type of
audio-amplifier circuit.
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Basic circuit configuration for a
bridge type of audio amplifier.

Fig.240

stages. This current is twice the value normally
required because the peak value of the output
current is doubled. The feedback network
from each complementary-symmetry output
section back to the base of the corresponding
class A driver stage, which establishes the
center-point voltage in the output stage, also
provides a minimum of 22 dB of ac feedback-

One problem encountered in the bridge
ampHfkn is the ftebiev^rnsri! of a sr.gr o center-
point (offset) voltage. The load circuit conducts
a direct current proportional to the difference
(offset) between the voltages at the two output
stages. The dc dissipation in the load circuit is,
of course, proportional to the square of the
offset voltage. In this breadboard circuit, two
potentiometers are used to balance the center-
point voltage of the two output-stage sections.

The differential-amplifier input stage oper-
ates at tci. times the required value of peak
input current to assure linear operation.
Balanced feedback is taken from each side of

the load and coupled back to the separate
bases of the differential-amplifier transistors.
Fig. 241 shows curves of total harmonic
distortion as a function of power output for
operation ofthe bridge amplifier wirhOdB, 20
dB,and 28 dB of balanced feedback. Figs. 242
and 243 show total harmonic distortion and
relative response as functions of frequency for
the bridge amplifier operated with 20 dB of
balanced feedback.

Phase Inverters

Phase inversion may be accomplished in
many ways. The simplest electronic phase
inverter is the single-stage configuration. This
configuration can be used at low power levels
or with high-gain devices when the limited
drive capability is not a drawback. At higher
power levels, some impedance transformation
and gain may be required to supply the drive
needed. There are several complex phase-
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Fig.241 - Total harmonic distortion (at 1
kHz) of the bridge audio amplifier
as a function of power output for
different values of balanced loop
feedback. (Distortion perform-
ance is comparable to that of a
single-ended amplifier that pro-
vides one-quarter of the power
output for the same dc supply
voltage).

Fig. 242 - Total harmonic distortion of the
bridge audio amplifier as a func-
tion of frequency.

Fig.243 - Relative response of the bridge
audio amplifier.

Fig.244 - Basicphase-lnvertarcircuits: {a)
singi0-stsge phase-splitter type;
(b) two-stage emitter-coupled
type; (c) two-stage low-imped-
ance type; (d) two-stage similar-
amplifier type.

splitting circuits; a few of them are shown in
Fig. 244,
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Electronic Industrie) Association (EIA) have
attempted to standardize power-output ratings
to establish a common reference ofcomparison
and to provide a solid definition of the
capabilities of audio power amplifiers. Ob-
viously, an audio power amplifier using an
unregulated supply can deliver more output
power under transient conditions than under
steady-state conditions. The rating methods
which have been standardized lor this type of
operation are the IHF Dynamic Output Rating
(IHF- A-201) and the El A Musk rower Rating
(EIA RS-234-A).

Both of these measurement methods allow
the use of regulated supply voltage to simulate
transient conditions. Because the regulated
supply has no source impedance or ripple, the
results do not completely represent the tran-
sient conditions, as will be explained later.

Measurement Techniques

The EIA standard is used primarily by
manufacturers of packaged equipment, such

POWER OUTPUT IN CLASS B
AUDIO AMPLIFIERS

For all cases of practical interest, the power
output (Po) of an audio amplifier is given by
the following equation;

Po = I(rms)xE(rms) = (IpEp)/2

= (Ip'RL)/2-Ep2 /2RL

where Ip and Ep are 1 he peak load current and
voltage, respectively, and RL is the load
impedance presented to the transistor. Fig.
245 shows the relationship among these various
factors in graphic form. Obviously, the peak
load current is the peak transistor current, and
the transistor breakdown-voltage rating must
be at least twice the peak load voltage. The
vertical lines that denote 4-ohm, 8-ohm, and
16-ohm resistances are particularly useful for
transformerless designs in which the transistor
operates directly into the loudspeaker.

Rating Methods

The Institute of High Fidelity (IHF) and the

t To2

Fig.245 - Peak transistor curmnts and load
voltages tor various output
powers and load resistances.
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as portable phonographs, packaged stereo hi-
fi consoles, and packaged home-entertainment
consoles. The EIA music power ou£jpss£ is
defined as the power obtained al a total
harmonic distortion of 5 per cent or less,
measured after the "sudden application of a
signal during a time interval so short that
supply voltages have not changed from their
no-signal values." The supply voltages are
bypassed voltages. These definitions mean
that the internal supply may be replaced with
a regulated supply equal in voltage to the no-
signal voltage of the internal supply. For a
stereo amplifier, the music power rating is the
sum of both channels, or twice the single-
channel rating.

The IHF standard provides two methods to
measure dynamic output. One is the constant-
supply mtthod. This method assumes that
under music conditions the amplifier supply
voltages undergo only insignificant changes.
Unlike the EIA method, this measurement is
made at a reference distortion, The constant-
supply method is used by most high-fidelity
component manufacturers. The reference
distortion chosen is normally less than one per
cent, or considerably lower than the EIA
valise of 5 per cent used by packaged-equipment
manufacturers.

A second IHF method is called the "fcrasreient
distortion" tent. This method requires a
complex setup including a low-distortion
modulator with a prescribed output rise time
and other equipment. The modulator output
is required to have a rise time of fO to 20
milliseconds to simulate the envelope rise time
of music and speech. This measurement is
made using the internal supply of the amplifier
and, consequently, includes distortion caused
by voltage decay, power-supply transients,
and ripple. This method tends to be more
realistic, and to yield lower power-output
ratings than the constant-supply method.
Actually, both IHF methods should be used,
and the lowest power rating obtained at
reference distortion with both channels opera-
ting, both in and out of phase, should be uszd
as the power rating. (There is some question
concerning unanimity among high-fidelity
manufacturers on actually performing both
IHF tests.)

Because music is not a continuous sine
wave, and has average power levels much
below peak power levels, it would appear that
the music power or dynamic power ratings are

true indications of a power amplifier's ability
to reproduce music program material. The
problem is that aS! three methods described
have a common flaw. F.ven the transient-
distortion method fails So account for the
ability of the audio amplifier to reproduce
power peaks while ii is already delivering
some average power. The amplifier is almost
never delivering zero output when it is called
on to deliver a transient. For every transient
that occurs after an extremely quiet passage or
zero signal, there are hundreds that are imposed
on top of some low but non-zero average
power level.

This condition can best be clarified by
consideration of the power supply. Many
amplifiers have regulated supplies for the
front-end or low-level stages, but almost none
provides a regulated supply for the power-
output stages because regulation requires extra
transistors or other devices; it becomes costly,
especially at high power levels. The power
supply for the output stages of power amplifiers
is commonly a nonregulated rectifier supply
having a capacttivc input filter. The output
voltage of such a supply is n function of the
output current and, consequently, of the power
output of the amplifier.

Effect of Power-Supply Regulation

Power-supply regulation is dependent on
theamount of effective internal series resistance
present in the power supply. The effective
series resistance includes such things as the dc
resistance of the transformer windings, the
amount and type of iron used in the trans-
former, the amount of surge resistance present,
the resistance of the rectifiers, and the amount
of filtering. The internal series resistance
causes the supply voltage to drop as current is
drawn from the supply

Fig, 246 shows a typical regulation curve
fora rectifier power supply that has a capacitive
input filter.The voltage1 is a linear function of
the average supply cur'^nl over most of the
useful range of the supply. However, a rapid
change in slope occurs in the regions of both
very small and very large currents. In class B
amplifiers, the no-signal supply current norm-
ally occurs beyond the low-current knet*, and
the current required for the amplifier at the
clipping level occurs before the high-current
knee. The slope between these points is nearly
linear and may be used as an approximation
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component manufacturer is l\mt the latter
does not always know just what will be
required of the amplifier. The console manu-
facturer always designs an amplifier as part of
a system, and consequently knows the speaker
impedances and the power required for
adequate sound output. The console manu-
facturer may use high-efficiency speakers
requiring only a fraction of the power needed
to drive many component-type acoustic-sus-
pension systems. The difference may be such
that the console may produce the same sound
pressure level with an amplifier having one-
tenth of the power output High ratios of
music-power to continuous-power capability
are common in these consoles. A typical ratio
of IHF music power to continuous power may
be 1.2 to I in component amplifiers, whereas a
typical ratio of EIA music power (o continous
power in a console system may be 2 to 1.
Console manufacturers use the EIA music
power rating to economic advantage as a
result of the reduced regulation requirement
of the power supply. A high ratio of music
power to continuous power means higher
effective series resistance in the power supply.
This resistance, in turn, means less continuous
dissipation on the output transistors, smaller
heat sinks, and a lower-cost power supply.

"""""T---I T—I—
MAGNITUDE OP THE
CONSTANT SLOPE - -
BETWEEN THESE TWO ,
POINTS' EFFECTIVE-^
SCRIES RESISTANCE !

£3? ! 1 'CUPPING-LEVEL-I \
<31 j [ CURRENT — 4

gS l_J_JL_±_L_L_xJ
S2C5-3S38S

Fig.248 - Regulation curve for capacitive
rectifier power supply.

of the equivalent scries resistance of the
supply.

The amount of power lost depends on the
quality of the power supply used in the
amplifier. Accordingly, rating amplifier power
output with a superb external! power supply
(that is, not using the built-in amplifier power
supply) provides false music power outputs.
Under actual usage, the output is lower.

ft should be emphasized that, while there is
& discrepancy between the actual power
measured under the E1A Music Power or the
IHF Dynamic Power methods, these methods
are not without merit. The IHF dynamic
power rating, in conjunction with the con-
tinuous power rating, produces an excellent
indication of how the amplifier will perform.
The EJA music power rating, which is
measured at a total harmonic distortion of 5
per cent with a regulated power supply.
provides a less adequate indication of amplifier
performance because there is no indication of
how the amplifier power-supply voltage reacts
to power output.

Some important factors considered by
packaged-equipment manufacturers, the pri-
mary users of the EIA music power ratings,
are mostly economic in nature and affect
many aspects of the amplifier performance.
Because there is no continuous power output
rating required, two amplifiers may receive
the same EIA music power rating but have
different continuous power ratings. The ratio
of music power to continuous power is, of
course, a function of the regulation and
effective series resistance of the supply.

One reason for the difference between ratings
used by the console or the packaged-equipment
manufacturer and those used by the hi-fi

Ratio of Musk Power to Continuous Power

Some advantages of high values of the ratio
Rs/Ri. and correspondingly high ratios of
music power output to transistor dissipation
are as follows:

!. Reduced heat sink or transistor cost:
Because the voit-ampere capacity of the
transistor is determined by the music
power output, it is not likely that reduced
thermal-resistance requirements will
produce significant cost reductions.
Alternatively, the heat-sink requirements
may be reduced.

2. Reduced power supply costs: Trans-
former and/ or filter-capacitor specifica-
tions may be relaxed.

3. Reduced speaker cost: Continuous
power-handling capability may be re-
laxed.

These cost reductions may be passed along
to the consumer in the form of more music
power per dollar.
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The question arises as to how high the ratio
R3/R.L and the corresponding ratio of music
power output to continuous power output
may be before the capability of the amplifier
to reproduce program material is impaired.

The objective is to provide the listener wi?h
a close approximation of an original live
performance. Achievement of this objective
requires the subjective equivalents of sound
pressure levels that approach those of a concert
hail. Although the peak sound pressure level
of a live performance is about 100 dBs the
average listener prefers to operate an audio
system at a peak sound pressure level of about
80 dB. The amplifier, however, should also
accommodate listeners who desire higher-
than-average levels, perhaps to peaks of 100
dB.

A sound pressure level of S00 dB corresponds
to about 0.4 watt of acoustic power for an
average room of about 3,000 cubic feet.

If speaker efficiencies are considered to be
in the order of 1 per cent, a stereophonic
amplifier must be capable of delivering about
20 watts per channel. Higher power outputs
are required for lower-efficiency speakers.
The peak-to-average level for most program
material is between 20 and 23 dB, A system
capable of providing 3 sf,jf*tirtu**M8 î v l̂ iff "?
dB and peaks of 100 <18 would satisfy the
power requirements of nearly all listeners. For
this performance to be attained, the power-
supply voltage cannot drop below the voltage
required for 100 dB of acoustic power while
delivering the average current required for 77
dB. Moreover, because sustained passages
that are as much as 10 dB above the average
may occur, the power-supply voltage cannot
drop below the value required for 100 dB of
acoustic power while delivering 87 dB of
acoustic power (87 dB of acoustic power
corresponds to about I watt per channel).
This performance means that for8-ohm loads,
with output-circuit losses neglected, the
power-supply voltage must no! decrease to a
value less than 36 volts, while delivering the
average current required for 1 watt per channel
(0,225 ampere dc).

It. should be noted that the power-output
capability for peaks while the amplifier is
delivering a Iota! of 2 watts is noE the music
power rating of the amplifier because the
power-supply voltage is below its no-signal
value by an amount depending on its effective
.series resistance.

THERMAL-STABIMTY
REQUIREMENTS

One serious problem that confronts the
design engineer is the achievement of a circuit
which is thermally stable at all temperatures
to which the amplifier might be exposed. As
previously discussed, thermal runaway may
be a problem because the Vst of all transistors
decreases at low current. It should be noted,
however, that at high current levels the base-
to-emitter voltage of silicon transistors in-
creases with a rise in junction temperature.
This characteristic is the result of the increase
in the base resistance that is produced by the
rise in temperature. The increase in base
resistance helps to stabilize the transistor
against thermal runaway. In high-power
amplifiers, the emitter resistors employed
usually have a value of about 1 ohm or less.
The size of the capacitor required ?o bypass
the emitter adequately at ali frequencies of
interest makes this approach economically
impractical. A more practical solution is to
increase the value of the emitter resistor and
shunt if with a diode. With this technique,
sufficient degeneration is provided to improve
the circuit stability; at low currents, however,
the maximum voltage drop across the emitter
rmtetof is limited 10 die fef ward voltage d?ep
of the diode.

The quasi-complementary amplifier shown
in Fig. 247 incorporates ihe stabilization

- J I

Fig.247 - Quasi-complementary amplifier
that incorporates two stabilization
networks.
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techniques described. A resistor-diode network
is used in the emitter of transistor Q3, and
another such network is used in the collector
of transistor Q$, with the emitter of transistor
QA returned to the collector of transistor Qg.
Previous discussion regarding the p-n~p driver
and n-p-n output combination (Q* and Q5)
showed that the collector of the output device
becomes the "effective" emitter of the high-
gain, high-power p-o-p equivalent, and vice
versa. For maximum operating-point stability,
therefore, the diode-resistor network should
be in tht "effective" emitter of the p-n~p
equivalent, Quasi-complementary circuits em-
ploying the stabilization resistor in the emitter
of the lower output transistor do not improve
the operating-point stability of the over-all
circuit.

The circuit shown in Fig. 247 is biased for
class AB operation by the voltage obtained
from the forward drop of two diodes, CR1 and
CR2, plus the voltage drop across potentio-
meter R, which affords a means for 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 Q1. The diodes may be
thermally connected to the heat sink of the
output transistors so that thermal feedback is
provided for iufthei! improvement of thfifnrsa'i
stabiiity. Because the forward voltage of the
reference diodes decreases with increasing
temperature, these diodes compensate for the
decreasing Vse of the output transistors by
reducing the external bias applied. In this
way, the quiescent current of the output stage
can be held relatively constant over a wide
range of operating temperatures,

EFFECTS OF
LARGE PHASE SHIFTS

The amplifier frequency-response charac-
teristic is an important factor with respect to
the ability of the amplifier to withstand
unusually severe electrical stress conditions.
For example, under certain conditions of
input-signal amplitude and frequency, the
amplifier may break into high-frequency
oscillations which can lead to destruction of
the output transistors, the drivers, or both.
This problem becomes quite acute in trans-
former-coupled amplifiers because the charac-
teristics of transformers depart from the ideal
at both low and high frequencies. The departure
occurs at low frequencies because the inductive

reactance of the transformer decreases, and at
high frequencies because the effects of kakage
inductance and transformer winding capaci-
tance 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; the voltage coupled back
to the input through the feedback loop may
cause the amplifier to be potentially unstable
at some frequencies, especially if the additional
phase shift is sufficient to make the feedback
positive. Similar effects can occur in trans-
formerless amplifiers because reactive elements
(such as coupling and bypass capacitors,
transistor junction capacitance, stray wiring
capacitance, and inductance of the loudspeaker
voice coil) are always present, The values of
some of the reactive elements (e.g.. transistor
junction capacitance and transformer indue-*
tanceas the core nears saturation) are functions
of the signal level; coupling through wiring
capacitance and unavoidable ground loops
may also vary with the signal level. As a result,
an amplifier that is stable tinder normal
listening levels may break into oscillations
when subjected to high-level signal transients.

A large phase shift is not only a potential
cause of amplifier instability, but aiso results
in additional ir&ttsigtm' power tiinMpimrMi and
increases the susceptibility of the transistor to
forward-bias second-breakdown failures. The
effects of targe-signal phase shifts at low
frequencies are illustrated in Fig. 248, which
shows the load-line characteristics of a tran-
sistor in a class AB push-pull circuit for signal
frequencies of 1000 Hz and 10 Hz. The phase

92CS- 36365
Fig,248 - Effect of large signal phase shift

on the load-line characteristics
of a transistor at low frequencies.
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shift is caused primarily by the output
capacitor, in both cases, She amplifier is
driven very strongly into saturation by a 5-
volt input signal. The increased dissipation at
If) Hz, compared to that obtained af 1000 Hz,
results from simultaneous high-current high-
voltage operation. The transistor is required
to handle safely a current of 0.75 ampere a! a.
collector voltage of 40 volts for an equivalent
pulse duration of about !0 milliseconds; it
must be free from second-breakdown failures
under these conditions.

EFFECT OF
EXCESSIVE DRIVE

Simultaneous high-cur rent higii-voilage
operation may also occur in class B amplifiers
at high frequencies when the amplifier is
overdriven to the point that the output signals
are clipped. For example, if the input signal
applied to the series-output push-puli circuit
shown in Fig. 249(a) is large enough to drive
the transistors into both saturation and cutoff,
transistor A is driven into saturation, and
transistor B is cut oft during a poition of the
input cycle. Fig. 249(b) shows the collector-
current waveform for transistor A under these
conditions.

in a large storage time. Asa result, transistor B
is required to support almost 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
to occur, a large input signal is required at a
frequency high enough so that the storage
time is greater than one-quarter eyefe.

Because of the charging current through the
output coupling capacitor, transistor A in Fig.
249(a) is also subject to forward-bias second-
breakdown failure if the dc supply voltage and
a large input signal are applied simultaneously.

Alt of these conditions point to fhe need for
a good "safe area" of operation. Fig. 250
shows the safe area for the RCA-2N3O55. In
all cases, the load lines fa!) within the area
guaranteed safe for this transistor.

(CASE; TEMPERATURE =
(CURVES MUST BE DERATED

JLINEARLV WJTH INCREASE IN
TEMPERATURE.)

L_J LJjj_J JJ±
COLLECTOR-TO-EMITT£R VOLTAGE-V

FiQ.260 ~ Safe-Brea-of-operai'On rating
chart for the RCA-2N3055 homo-
taxial-base transistor.

Short-Circuit Protection

Another important consideration in the
design of high-power audio amplifiers is the
ability of the circuit to withstand short-circuit
conditions. As previously discussed, overdrive
conditions may result in disastrously high
currents and excessive dissipation in both
driver and output stages. Obviously, some
form of short-circuit protection is necessary.
One such technique is shown in Fig- 251. A
current-sampling resistor R is placed in tha
ground leg of the load. If any condition
(including a short) exists such that higher-

Fig,249 - (a) class B series-output stage,
(b) coifector-current waveform
under overdrive {clipping) condi-
tions.

During the interval of time from ta to t.g,
transistor A operates in the saturation region
and the output voltage is clipped. Thecffective
negative feedback is then reduced because the
output voltage does not follow the sinusoidal
input signal. Transistor A, therefore, is driven
even further into saturation by the unattenu-
ated input signal. When transistor B starts to
conduct, transistor A cannot be turned off
immediately because the excessive drive results
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limit arul one-half the dc supply voltage.
The circuit shown in Fig. 253 illustrates a

dissipation-limiting technique that provides

Fig.251 - Push-pull power amplifier with
short-circuit protection.

than-normal load current flows, diodes CRt
and CRa conduct on alternate haH-cycles and
thus provide a high negative feedback which
effectively reduces the drive of the amplifiers.
This feedback should not exceed the stability
margin of the amplifier. This technique in no
way affects the normal operation of the
amplifier.

A second approach to current limiting is
illustrated by the circuit shown in Fig. 252. In
this circuit, a diode biasing network is used to
establish a fixed current limit on the driver
and output transistors. Under sustained short-
circuit conditions, however, the output tran-
sistors are required to support this current

Fig, 253 - Quasi-complementary audio out-
put in which diode-resistor
biasing network 1$ used to prevent
complementary transistors Qn
and Qa from being forward-biased
by the output voltage swing.

VOLUME ->

Fig.252 - 26-watt {rms) quasi-comple-
mentsry audio amplifier using
current-limiting diodes (D3 and
D)
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positive protection under all loading condi-
tions. The limiting action of this circuit is
shown in Fig. 254. This safe-area limiting
technique permits use of low-dissipation driver
and output transistors arid of smaller heat
sinks in the output stages. The use of smaller
heat sinks is possible because the worst-case
dissipation is normal 4-ohm operation instead
of short-circuit conditions. With ibis technique,
highly inductive or capaciiive loads are no

longer a problem, and thermal cut-outs are
unnecessary. In addition, the technique is
inexpensive.

V8E MULTIPLIER BIASING CIRCUIT
FOR POWER AMPLIFIER

OUTPUT STACKS

The following paragraphs describe a biasing
circuit for the output stage of a power amplifier.
The biasing circuit is called a VRE multiplier;
its purpose is to provide proper bias for the
output transistors of the amplifier under all
operating conditions. The amount of forward
bias provided determines the quiescent opera-
ting point of the output stage. The criteria for
determining the proper quiescent collector
current of the output transistors are the
output-signal distortion level to be achieved
and the need to minimize quiescent current
because of dissipation in the output transistors.
Fig, 255 shows the circuit of a (ypica! comple-
mentary output stage for an audio amplifier,
In this circuit, transistor Q3 serves as: the
biasing element for transistors Q4 and Q5,

Since all transistors are temperature sensi-
tive, the bias circuit should change bias voltage
in .such a manner that, the quiescent collector

g z

Fig.254 - Load fines for the circuit of Fig,
253. Load lines showing effect of
the inclusion of high-resistance
diode-resistor network in the
forward-biasing path of Oi are
shown dotted.

Fig. 255 - Complementary output stage for
sn audio amplifier.
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current of the output transistors remains
constant. Typical temperature dependence of
a silicon power transistor is shown in Fig. 256.
The figure shows that the bias voltage must
decrease approximately 2 mV/°C if the
collector current is to be constant. Failure to
provide thermal compensation will result in a
current change of:

Ale
~ ! Qc/r i ° C

AT
A further examination of Fig. 256 shows that
an error of 20 miHi volts {3 percent) in the bias
voltage will result in a change in the collector
current by a factor of 2,

Transistor Q3 in Fig, 255 varies the biasing
voltage for the output transistors so that
quiescent current does not change with
temperature change- This constant-current
condition is achieved by mounting Q3, Q4,
and Q5 on the same heat sink so that a change
in the junction temperature of the output
transistors will change the heat-sink tempera-
ture proportionally and, therefore, the junction
temperature of Q3. If, fos example, tempera-
ture increases, the collector current of Q3
would tend to increase, but constant-current
source Q6 keeps the collector current, of Q3
constant. Under this condition, the Vse of Q3
will decrease and V(,ia(1 will decrease propor-
tionally. The net result will be the stabilization
of the quiescent collector current of Q4 and
Q5.

AUDIO AMPLIFIER CIRCUITS USING
ALL DISCRETE DEVICES

A broad selection of power levels can be
obtained from amplifiers using only discrete
solid state devices. The following chart lists
the type of circuit configuration and recom-
mended output devices for power output
levels ranging from 3 to 300 waits. A circuit
diagram and performance data are shown for
representative amplifiers. For information on
the other audio amplifier circuits listed in the
chart, refer to R CA " Asidio Amplifier Manilla!,'1

APA-55! and the individual data sheets for
the output devices,

25-Watt True'ComplemcBiiary "Symmetry
Audio Amplifier with Darlington

Output Transistors

Fig. 257 shows a complementary amplifier
rated at 23 watts output with an B-ohm load,
using Darlington transistors in the output
stage. The amplifier also will supply 25 watts
output with a4-ohm load and 14-watts with a
16-ohm load. Thermal stability is provided by
mounting the biasing transistor on the output
heat-sink. Dissipation-limiting overload pro-
tection is incorporated in this circuit. A 70° C
thermal cut-out should be used in the primary
of the power supply.

Typical performance data are shown in
Table XVI, Fig. 258 shows distortion as s
function of power output.

BASE-TO-EMITTER VOLTAGE

92 CS-3604*

Fig.256 - Temperature dependence of a
silicon power transistor.
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Table X¥ - Selection Chart tor Discrote Praamplllter
Power Output Siage Ampillters

Powar
QutpwS

Supjsljr
Voltug®

20

Load
Re*.

ea
8
4

Type of Clreuli Output Transistor*Oulput T

True-Comp.3
_ 1 < L

12"
8.5

RCP703A

""RCATCICT

RCP702A

8
16

36 True-Comp. RCA1C11

45
TrufComp'.' BB'244A or'

ICAICOi .
BD243A or

__BCA1C05__-|_fi
fg 16
25 40 2N6387 or

_BDX33A
2N6388 of
3DX33B

2N6867 or
___BDX34A_

2N8668 or
.BDX.a4fl_j

True-Comp, Darlington52

14 16

_ _

52 2N6388 or
BDX33B

2N8688 or
_BDX34B

BD501Aor
RCA1C07

BDS00A or
RCA1C08

84 True-Comp. BD501Bor

J1CMGSZ_,.
BD500B or

22 16 64 BD501Bor BD500B or

40
40

48
64

2-2N6101 or
2-RCA1C09Quasi- C

j ^QA ias i -100
70 90 Quasi-Comp. 2-BD550 or

2-BD550 or

fcfiCMHflfi.
2-RCA1B01

40 18

100 84

w70 84 Quasl-Comp. 2-BD451 or
2^CA1B01_
i-BCMsl or "

H - . & B C A I B O U
4-RCA1B04

38 vS 84

180 130

130 "
120
120 4-BD650A or

J-aCAtBQi,
Quasi-Comp,

•BD550A__
e-B'OS'sOB or
JkBGAiBOi.
8-BD550B or
6-RCA1B05

ZOO Quasi-Comp,

120 16 180
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= ,0 I,.F b j " ' " ' " '

Fig,257 - 2S-watt true-cowplementary-symmetry amplifier featuring Darlington output
transistors.

Fig. 258 - Typical total harmonic distortion
as a function of power output.
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Tab!® XV! - Typical Performance Data for 25-WBU Audio Amplifier

Measured at Vcc^a V, TA=2S°C( and frequency of 1 SsHs; unless otherwise specified.
Power:

Rated power (8 0 load) . , , , , , , . , , 25 w
Typical power (4 0 load) 25 W*
Typical power (18 O load) 14 W

Total Harmonic Distortion . , . . . , . . . . , . , . . . See Fig. 258
Sensitivity:

For 25-W output , 380 rrsV

"With 40-V supply voltage and BDX33A, BDX34A substituted for 80X338, BDX34B.

40-Watt Yru®-C®mpUmsntVf
Assdllo Amplifier

Fig. 259 shows a complementary amplifier
using epitaxial base output transistors rated at
40 waits output with an 8-ohm load. A power
supply intended to supply two identical
amplifiers is shown in Fig. 260, The amplifiers

also wi!i supply 40 watts output with a 4-ohm
load and 22 watts with 16-ohm load. This
amplifier provides outstanding stability of the
output transistors through the use of a unique
turn-off drive circuit, which consists of a
resistor and capacitor connected between thv
bases of the discrete output devices. This

WOTCS:
1. D1-D10- 1N4002.
2. Resistors are Vi-watt, ±10%, unless otherwise

specified; values are in ohms.
3. Non-inductive resistors.
4. Capacitances are in fJF un!ess otherwise speci-

fied.
Fig.259 - 40-watt amplifier featuring true-

complementary-symmetry output
using load-line limiting.

Provide heaf sink of approx. 1 2° C/W per output
device with & contact thermal resistance of
1.3°CAW max. andT^40"C max.
TO-39 case devices with hRaf radiator attached.
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technique allows the output transistors to
operate with equal power-band widlh perform-
ance. The circuit also incorporates dissipation-
limiting overload protection.

Typical performance data are shown in
Table XVII. Pig. 261 shows distortion as a
function of frequency and Fig. 262 shows the
frequency response,

70-Watt Qiflssj-CompSemestTitiary-Symmetry
Audio Amplifier

Fig. 263 shows a complementary amplifier
using hometaxial-base output transistors, rated
fit 70 watts output with an 8-ohm load. A

NOTE ,

5O/8OHI p SW j C ^ i r

| / g - A SLOW-9L0W
TYPE: 1

NOTE •

S5"C THERMfli. CUTOUT

ATTACHED TO HEAT StNK

Of OUTPUT O£V!Cf5

-_

-32 V NL *3? VN.L

Fig.260 - Power supply for 40-watt ampli-
fier.

j
j

i (
1 i- •

-

1

•

" '

'. 20K TJOK I0OK100 200 500 IK 2K

FRIiOUFNCY— \-

Fig. 261 - Typical total harmonic distortion
as a function of frequency.

Tab!® XVII - Typical Performance Da«a tor 46-Watt Aucfe Amplifier

Measured at ¥Cc=84 ¥, TA=250C, and a frequency of 1 kHz, ynless olhsrwtaa specified.

Power:
Rated power (8 O load, at rated distortion) 40 W
Typical power (4 0 load) 75 W*
Typical power (16 0 load) 22 W

Total Harmonic Distortion:
Rated distortion 1 %
Typical at 20 W 0-05%

IM Distortion:
10 dB below continuous power output at 80 Hz and 7 kHz (4:1) 0.1%

IHF Power Bandwidth:
3 dB below rated continuous power at rated distortion 80 kHz

Sensitivity:
At continuous power-output rating 800 mV

Hum and Noiss:
Beiow continuous power output:

Input shorted 80 dB
Input open 75 dB

Input Resistance , 20 KQ

"Typical power (4 O load) with 46-volt split power supply and 0D5OOA, BD501A output 40 W
Typical power (4 Q load) with 40-volt split powsr supply and BD500. BD501 output 2S W
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|00 200 5-00 IK 2.K

rREQUEUEY™Hz

Fig.262 - Typical frequency response.

1. D1-D11 - 1N4002.
2. Resistors are ',4-wsEt, ±10%, unless otherwise

specified; values are in ohms.
3. Non-inductive resistors.
4. Capacitances ara in juF unless otherwise speci-

fied.

5. Mount each device on TO-39 heat sink.
8. Provide heat sink of appro•<• 1.2" C/W per output

device with R contact tfiermat rRsistance of
0.5°C/W max. and T^-A5"C max.

Fig.263 - 70-watt amplifier circuit featuring quasi-complementary-symmetry
output employing hometaxial- base construction output tran-
sistors.

power supply intended to supply two identical
amplifiers is shown in Fig. 264. The ampUfier
also will supply 100 watts with a 4-ohm load
and 38 watts with a 16-ohm load. The circuit is
unusually i u^gcd in regard u> overload^,, hu*
also incorporates dissipation-limiting overload

protection.
Typical performance data are shown in

Table XV1M. 5;ig. 265 show;; distortion as a
function ol p( "'fr outpn( !.nd Fig. 266 shows
the response curve.
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120-Waft Qyasi-CoisigslemessSairy-Symmefry
Aisdno Ampli f ier

Fig. 267 shows an amplifier using two pairs
of complementary output transistors in parallel
rated at !20 watts output with an 8-ohni load.
A power supply intended to supply two
identical amplifiers is shown in Fig. 268. The
amplifier also will supply 180 watts with a
4-ohm load and 70 watts with a lft~ohrc) load.
"Thermal stability is enhanced by mounting
the biasing transistor on the output heat sink.
3 he circuit incorporates dissipation-limiting
overload protectiors.

50/60Hi !;I •. SW 5 |i- -V^ 5 A dc N INO^-ifl x |

4/2- f l SLOW- BLOW I A ^S \

- A? V Nl, M ? V N I

92CS--3I597

Fig.264 - Power supply for 70-watt ampli-
fier.

Fig.265 - Typicalinieirnodulation ®nd total
harmonic distortion as a function
of power output at 1 kHz.

Tabte XVF11 - Typical Performance Data tor ?0-WaI! Au«J!c> AmpIMter
Measured at ¥Cc=84 ¥, Ta=25"C, and a frequency of 1 SeHz unless otherwise specified.
Power:

Rated power (8 0 load, at rated distortion) 70 W
Typical power (4 O load) 100 W
Typical power (16 0 load) 38 W
Music power (8 O load, at 5% THD with regulated supply) 100 W
Dynamic power (8 O load, at 1% THD with regulated supply) 88 W

Total Harmonic Distortion:
Rated distortion 1%

IM Distortion:
10 dB below continuous power output at 60 Hz and 7 kHz (4:1) 0.1%

Sensitivity:
At continuous power-output rating 700 mV

Hum and Noise:
Below continuous power output:

Input shorted 85 dB
Input open 80 dB

input Resistance 20 Kfi

"With 2-RCAIB01 in output stage.
With 80-voit split power supply and 2-BD450 substituted for 2-BD451 70 W
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100 200 500 !K ZK 5K IQK ?0K 50t< I00K

FREQUENCY—H?

Fig.266 - Typical response BS a function
of frequency at 60-wait output

i 5%
7l*} BFTt9 f BF'TO •* '

I RCAIAIQ RCAtAlO /|A

' r ^ J c "^ 1 r-"1" t V ^/ v.
^ I W

Oik Hi0 3

!00 [5F f I PROTECTION CIRCUIT

•peso pF-N

NOTES:
1. D1-D8 •• 1N5391; 09, D10 - 1N4148, D11-D12

2. Resistors are 'A-watt, i-'!()%, unless otherwise
spflciMed; values are in ohms.

3. Non-inductive resistors.
4. CapfscStan&s? sire in ,uF unless otherwise speci-

fied.

WS. Provide heat sink of appro*. 1"C/W per output
device with a contact thermal resistance of
0.5* C/W max. and T*=45(1 C max.

8. Mount each device on TO-39 heat sink.
7, Attach TO-39 heat sink cap to device and

rnounf on same heot sinS< with the output
devices.

Fig.267 ~ 120-wati amplifier circuit featuring quasi-complementary-

symmetry output circuit with parallel output transactors.

Typical performance data are shown in
Table XSX. Fig. 269 shows distortion as a

function of power output and Fig. 270 as a
function of frequency.
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T«bl« XiX •• Typical Performance Data for 120-Watt Audio Amplifier
Measured at VCc=130 V, TVS5OC, and a frequency ®t 1 kHz, urjtesn o8hurw!s« specified.
Power:

Rated power (8 Q load, at rated distortion) 120 W
Typical power (4 Q load) 180 W*
Typical power (16 O load) 70 W

Total Harmonic Distortion:
Rated Distortion 0,5%

IM Distortion:
10 dB below continuous power output at 60 Hz and 7 kHz (4:1) 0.2%

Sensitivity:
At continuous power output rating ... , ®}0 rnV

Input Resistance • 1$ ̂ ^
IHF Power Bandwidth:

3 dB below rated continuous power at rated distortion 5 Hz to SO kHz
Hum and Noise:

Below continuous power output:
Input shorted 104 dB
input open 88 dB
With 2 KQ resistance on 20-ft. cable on input 104 dB

"With 4-nCA IB04 in output stnge.
With a 90-V split power supply and 4-8O550 substituted Sor 4-8D550A 120 VV

Fig. 288 -
Power supply for 120-watt ampli-
fier

POWER OUTPUT f r ' 0 , M ) —W

Fig.269 - Typical total harmonic distortion
s$ a function of power output for
single channel (8 O) and both
channels driven at 1 kHz.

AUDIO AMPLIFIES CIRCUITS WITH
IC PREAMPLIFIERS AND DISCRETE

POWER OUTPUT STAGES

Many modern high-fidelity amplifiers use
integrated circuits as preamplifiers and pre-
drivers with power transistors in the driver
and output stages. Integrated circuits usually
offer some performance and cost advantages
over discrete tiiin.'-Mon- lot the low-power
stages. Table XX is a selection chart for
amplifiers in this classification with power
output capability from a few watts to several

hundred watts. A circuit diagram and per-
formance data are shown for representative
amplifiers. For information on the olher
audio amplifiers listed in the chart, refer to
RCA "Audio Amplifier Manila!," APA-551,
also the individual data sheets for the otitut
devices.
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Fig.270 -
Typical total harmonic distortion
as a function ol frequency lor
60-watt output.

100 lOGO

FREQUENCY — Hi

Table XX - Selection Chart for IC Preamplifiers with
Discrote Power Output $tagj@ Amplifiers

Power
Qytput

(W)
4
g
12
8 J

f io
55 "
15
8

30

60
40
20
20

100
150
100

100

60

300

300

160

Load
Rs».

8
4
8
16
4
4
8
16
8

4
8
16
8

8

4

8

16

4

8

16

Supply
Voltage

(V)
12

36

14.4~J

40

80

14.4

50

" 72 1
108
120
90

114

114

120

172

172

IC
Typ® No.

CA3020

CA3094A

CA3094

CA3094B

CA3100

2-CA2002

CA3140B

CA3140A

CAS 100

CA3100

Typs of
Output Circuit

Single Class A

True-Comp,

Brjdge _j

True-Comp
Darlington

True-Comp.
Darlington

Push-Pull

True-Comp.
Darlington

True-Comp.

Quasi-Comp.

i _j
Quasi-Comp.

OjutfiuTTnin»lstor»
MPM~ I " " ~PNP

_ _ . ^ ,

2N6290 or
BD241

2-2N8Z88

2N8388 or
BOX33A

ZN6385

2-2N6486

BOX33B or
RCA1C15
RCA8638

2-MJ 15003
3-MJ15003
4-BD550 or

4-BC550A or

4-BD550A or
4-RCA1804

18-BD550Aor
_JtRCAlBfi5_

18-8D550Bor
18-PCA1B05

18-BD5S0Bor
18-RCA1B05

2N6ti!Z_
2N6109or

6 532 42

_2-2.N6111_

2N6B68 or
BDX34A

2N6650

—

BDX34B or
RCA1C18
RCA91I6

2-MJ! 5004
3-MJ15004

:

_
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{CW! 1*3 K (CCWS 0.0! 820

j "BOOST" !0OK "CUT" !0
•=#• (CW) RAS3 (CCW5

1. FOB STANDARD INPUT; Shoe! C?; Ri^250K;
0,,-=0.047 ^F; Remove P>?_.

2. FOR CERAMIC-CARTRIDGE INPUT: C.=
0.0047 yF; R,~2.5 MO; Rernov© Jumper from C?;

3. D1 - 1N5392
4. R«sistorR are V?~watt unless otherwise apeci-

iled; values ore in ohms.
5. Capacitances are in /yF- unless other specified.
6. Non-inductive rsalstors.

Pig.271 - 12-WBtt amplifier circuit featuring an Integrated-clrcuit driver and a t
complemBntBry-symm&try output stag®.

12-Watt Trae-C^ompSemOTiary-Symmetry
Audi® SPowey Amplifier

The CA3094-series IC power ampiifiers
have a configuration and characteristics well
suited for driving complementary discrete
power-output transistor's. The circuit of Fig.
271 shows an amplifier oi this type that can
supply 12 waits output to an8-ohm load from
a 36-V split power supply wilh very low
harmonic and mtermodulaiion distortion. Fig.
272 shows HMD as a function of power
output.

The large amount of loop gain and the

flexibility of feedback arrangements with die
CA3094 make it possible to incorporate the
tone controls into a feedback network that is
closed around the entire amplifier system. Fig.
273 shows voltage gain as a function of
frequency with tone controls adjusted for
"flat" response and for responses a* the
extremes of tone-control rotation. The use of
tone controls in the feedback network results
in excellent signai-to-noise rasjo.

Diode D! may be mounted on Hie output-
transistor heat s'mk for improved thermal
stability. Typical performance data are shown
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Fit; 272 .
'ntei modulation distortion as ,
function of power output.

Fig.273 -
Voltage gain as a function of
frequency.

1000
FREQUENCY !n~-H

Table XXI - Typical Performance Data for 12-Wntt Audio Amplifier Circuit

Measured at VCC=3S V, TA=25°C, and a frequency of 1 kHz, unless o8h«>rwi»e specified.

Power:
Rated power (8 Q load, at rated distortion) , 12 W
Typical power (4 n load) 9 W
Typical power (16 Q load) 8 W
Music power (8 Q load, at 5% THD with regulated supply) . 15 W

Total Harmonic Distortion:
Rated f l i f . --'ion 1%
Typical at 1 W 0.05%

IM Distortion:
10 dB below continuous power output at 60 Hz and 2 kHz (4:1) 0.2%

Sensitivity:
At continuous power-output rating {tone controls flat) 100 mV

Hum and Noisa;
Below continuous power output:

Input open 83 dB
input Resistance 250 KQ
Voltage Gain 40 dB
Tone Control Range See Fig. 273
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NOTES:
1. O1--D2 - 1N3754; D3-D6 - 1N4id8 5 Non-inductive resistors.
2. Z1-22- 1N4744. 6- Heat sink per output transistor I.3"C/W maw.
3. Resistors are (.'?-watt, -t!0%. unless otherwise thermal resistance.

specified; va'ues ar? in ohrns.
4. Capacitances are in fjf unless otherwise speci-

fied.

Fig.274 - 20-watf audio-amplifier circuit featuring full-complementary-symmetry with
Darlington output transistors.

The circuit of Fig. 27'4 is capable of supplying
20 watts output to an 8-ohrn load with very
low distortion using a 50-volt split power
supply. Typical performance data are shown
in Tabfe XXII. Total harmonic distortion as a
function of power output is shown in Fig, 275
and as a function of frequency in Fig. 276.
Intermediation distortion is shown in Fig.
277 and frequency response in Fig. 278.

in Table XXI, for operation with 4-ohm, 8-
ohm, and 16-ohm londs.

True*Complementary-Symmetry
Audiio Amplifier

Fig. 274 shows a circuit with the CA3 HOB
IC driving an amplifiej" with complementary
Darlington transistors in the output stage.
The CA3140B-series BiMOS IC's have a
configuration and characteristics nearly ideal
for driving complementary discrete power
amplifier transistors.
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Table XXII - Typical Performance Data for 20-Watt Audio Amplifier

M»a»yr»d sit ¥Cc=50 V, T»=25°C, and a frequency of 1 kHz, notes* otherwiss specified.

Bated Power:
8-Ohm Load 20 W

Total Harmonic Distortion:
(THD) See Figs. 275 and 276

Interrnodulation Distortion:
(IMD) See Fig, 277

Sensitivity 0.85 V for 10 W
Input Impedance. 10 Kfi
Hum and Noise:

Below rated power output
Open input ' . . . . . . 94 d8
Shorted input 9? dB

Phase Shift +15° at 20 Hz
-8° at 20 kHz

Slaw Hatp
Ri^A Tims
Damping Fa tor

30 V///S
1 1)JS

220

if
1 ?

f- a

? '
p
2 01

I "
? 4
4
? *

|

r

i

_L
• - • •

T i>ra IVb'horn"r-t ic ' ilo tifn
HS t ' r u n " ! cf fO > A I I'H ,
bttf i hi "8/ dr ̂ P

POWKR OUTPUT

I ri!iLiit<!
Fig. 276 -
Typical total harmonic distortion
as a function of frequency for
20-watt output U JJ

! I ' i
£0 ,tj
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« S ii ? 4 6

CONTINUOUS pm/fn OUTPUT < P O U T ) - ~ W

Fig.277 •- Typical intermodulstion distor-
tion as a function of power at 60
Hz and? kHz, 4:1.

rn ITTTT

v

_i_Lii]_iULLU

Fig.27B - Typical frequency response.

100-Watt True-Complementary-Symmetry
A^dio Amplifier

F;gs. 279 and 280 show a circuit with the
CA3S49A SC driving an amplifier with two
pasrs of epitaxial transistors in paralie! in a
true-coinpiementary-symTnetry output stage
1 he amplifier is capable of supplying 100
watts output to an 8-ohrn !o«d. using a 10R-V
split powe, supply. 7*ypica's performance of
this amplifier is shown in Table XX!II
including operation with both 4-ohm and 16-

ohm loads. The harmonic distortion as a
function, of power output is shown in Fig. 281
and as a function of frequency in Fig, 282.
Additional features include therma! overload
and reactive overload protection, and instant
turn-on with no undesirable transients.

With a single pair of output transistors of
the same type, or with the substitution of the
RCA8638 and RCA9116 in the output stage,
the amplifier is capable of 50 watts power
output using a 72~V split power supply. With
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Tabie XXIII - Typfca! Performance Data for 100-Watt Audio Amplifier

Met«8ured sit ¥cc=108 V, T A - ' 2 5 ° C , mnsl a f«qu#ncy of 1 kH* unle*» otherwise speclllsd.

Bated Power (8 0 load at rated distortion) 100 W
Typical Power (4 O load) , 150 W*
Typical Power (16 O load) 75 W
Total Harmonic Distortion:

(THD) See Figs. 281 and 282
Sensitivity 1 V for 100 W
Input Impedance 10 KD
Slew Rate 28 V//as
Rise Time 1.1 /us
Damping Factor 140

°Wfth SJ8-V split power supply, 100 W.

1. Resistors aro V?-watt ±5%, unless otherwise
specified; values are in ohms.

2. Mori-inductive resistors.
3. C.?pf"'.'';i-.;«s are in fA" unless otherwi;?* «.j>nri'

tied.
4. K-1 relay, single-pole, single-throw, normally

closed, with 24 V, 3 mA coif.

5 Mount asrfa on heat sink. 5 sq in. rnin. area,
8. Mount on same heat 3ink with the output

devices,
•f 7. Prov='> ?-'v;tsink of c-î r̂'ox. r c / W per output

device with a contact therms! resistsncR of
0.5" C/W mas. and TV^S^C max.

Fig,279 - 100-watt audio amplifier with parallel output transistors.

three pairs in para He!, it is capable of ! 50 watts
output using a ! 20-V split power supply, in
both cases with an 8-ohm load.

load from 3 114-V split power supply. With
the exception of theCAJlOO, this amplifier is
entirely push-pull for improved high-frequency
distortion and slew rate. Additional features
include thermal overload and reactive overload
protection, and instant turn-on with no
undesirable transients.

Typical performance da la for this amplifier
are shown in Table XXIV, The harmonic
distort!on is shown in Fig. 285, and the
response curve in Fig, 286.

at8 Qoasi-Complcmneiitairj'-Syiiimetry
Audso Power Amplifier -

The circuit shown in Figs. 283 and 284 uses
the. CA3100 JC as a preamplifier and dua!-
Daritngton-driven parailci output transistors
to deliver 100 watts power output to an 8 ohm



Audio Power Amplifiers. — 195
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ij,4oo,,r Fig.280 - Powgr supply for 100-watlampli-
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Typical total harmonic distortion
as a function of power output lor
100-wait irue-cornplementary
amplifier shown in Fig, 279.
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Typics! total harmonic distortion
as a function of frequency for
100-watt true-complementary
amplifier shown in Fig. 279,
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1

?w5 I " *"'i 6 * |
L.-X L î ^A

NOTES:
1. Resistors are Mr-watt, ±5%, unless otherwise

specified; values ars in ohms.
2. Non-inductive resistors,
3. Capacitances ar« in jwF untoss otherwise speci-

fied.
4. K-1 relay, single-polo, single-throw, normally

closed, with 24 V, 3 mA coil.

5. Mount on cofrsmon hsal sink, 25 sci- in. rnin.

8. Mount on ssn>e he^t sink with the output
devices.

f?7. Provide heat sink of appro:*. 1CG'W per output
device with a contact thermal resistance of
0 5*C/W max. and TV45°C max.

Fig.283 - 100-watl audio power amplifier featuring parallel output transistors.

form in Fig. 287 me.s the BDX33 and BDX34
in coniuncf'on with '"•- 't: TO-92 transistors,
two diodes, and a 52-volt (with eight-ohm
load) or 40-volt (with fonr-obm load) single
power supply. Tjtie high-frequency pcr-
formaoceof this ampiifter will satisfy the most
critical listener. Table XXV lists typical
performance data.

The quiescent current in she class AB
output stages (Q3 and Q4) of the amplifier,
Fig, 29!,, has been fixed at 30 miHisimperes,
which place? it above the knee of the hf@
characteristics of the BDX33 and BDX34
output devices. The bias that establishes this
idling current, is provided by the BC237 biasing
transistor and can be adjusted by resistor R8.
Because the biasing transistor is mounted on
the heat-gink with she output devices, excellent
stabilization of the quiescent current with
temperature increase is provided.

H h important to note that, as a result of ihe
high unit-gain frequency of the BDX33 and

Fig.284 - Power supply for 100-wattaudio
amplifier.

Tw«nfy-Fiva-Watt (RMS) True
Compiesisesttary-SyiMiRiietry Audio Amplifs®!*

The twerUy-fJve-wait(rms) complements ry-
synirnetry audio amplifier shown in block
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TatJie XXi¥ - Typical Performance Data tor 100-Watt Audio Amplifier
Vcc=11* V, T«=2S°C, and a frequency of 1 kHz, unless otharwte# specified.

Power:
Hated power (8 0 load) 100 W
Typical power (4 Q load) (00 W
Typical power (18 0 load) 60 W

Total Harmonic Distortion:
Hated Distortion See Fig. 206

IM Distortion < 6.05%
Sensitivity 0.9 V for 100 W
Input Impedance 10 KQ
Hum and Noise:

Below rated power output
Open input , 100 dB
Shorted input 106 dB

Phase Shift +t° at. 20 Hz
-7" at 20 kHz

Slew Rate 46 V//us
Rise Time 1.7 ^s
Damping Factor 130

"With a 90-V split power supply and 4-BD550 substituted for 4-BD550A.

CONTINUOUS POWER OUTPUT

Fig.285 - Typical harmonic distortion 9$ e
function of power output for
100-wBtt amplifier shown in Fig.
283.

BDX34 Oaiiingtons, the high-frequency opera-
tion of the amplifier remains in the highly
efficient class R mode, and dissipation and
temperature are kept Sow.

The quiescent current in the driver siage
(which must beat least equal to the maximum
peak base current required by the n-p-n

Darlington) is established by resistors RIO
and R! I, Fig, 291. The driver current, is equal
to the difference between the supply voltage
and she center voltage divided by the sum of
the series resistances (RIO + RII), and h
approximately 5 miHiamperes.

For proper operation of the circuit, the
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M t i l l .

I i l
-111 L , 1_ -j. -J—) '4j I I) '

I I

L Jj_ J I l

Fig.286 - Typical frequency response for
100-watt amplifier shown in Fig,
283.

BOOTSTRAP

f~ OVERLOAD ' " 1
) PROTECTION

V B 5 . |
CIRCUIT

| r 1 B«Oe

Fig 237 - Block diagram of ffra 25-watt,
full complementary-symmetry,
audio amplifier.

LA A

f!T!i!i*'ci5*'!!Tafete X'
1All measurement* mad® at an ac line vcrflage of 220 volt*, T«=25*'C.

Powar Output Lost!
8-0hm

26. W _
" 24 W~ŷ T"i000_Hz foiharmgnjc dislortjpn< OJ'if'Zj"

TotaF harmonic distortion as a function
"26 W '

Total harmonic distortion as a function
!

Frequency"Respbnse
At an output of 15 W:

1 dB down
3dB 'iown

40 Hz to 60 kHz 50 Hz to 50 kHz
20 Hz to 80 kHz 25 Hz to 70 kHz

_ _ _
SehsltlvFy ""
For power output of 30 W 360 rnV 260 mV

20"kHz square wava

L1 kHz square wave
100 Hz square wave

Fig, 290{a)
Fig. 29Q(b)
Fig. 290(c)
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•:im

Fig.SBS - Total harmonic distortion as a
function of powBr output for th@
25-watt amplifiBr with an Bight-
ohm toad.

POWER OUTPUT ( P O u r l - W A T r s

fig,289 • Total harmonic distortion as s
(unction of power output for the
25-watt amplifier with a tour-
ohm load.

current J, (lowing through resistor RIO must
remain essentially constant during any ex-
cursion of the ac output vollage. Fig. 291. For
this reason, a 50-microfarad bootstrap capa-
citor, C'6. is connected betweet) the bias
resistors and point A, As the voltageacross C6
docs not change during ac output-voltage
excursions, the change in voltage at point B is
the same as at point A. The change in voltage
at point C is essentially the same as that at

point A: it differs only by the small change in
the base-to-emitter voltage of Q3. Therefore.
thevoitageat points Band C changes by essentially
the same amount, am! the voltage across
resistor RIO remains constant, as does the
current Ii.

DC and BC voltages are fed back to the
emitter of Ql to keep the center voltage
constant and to assure symmetrical levels of
clipping.
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20 ^M; SQUflF)£

Fig.290 - Oscilloscope curves demonstrating amplifier stability: {a} 20-kHz square wave,
(b) 1-kHz square W&VG. Scale on all photos is 2 volts per division.

Hi .SQUAsr WAVE

•Hity: (c) inO~Hz square wave.Fig.290 - '"""••r.Moscope curves demonstrating amplifier sM
Scale on all photos ts 2 volts per division.

40-Watt Automotive Assrflo-Fcswej' Booster
In recent yci^rs, there ha.? been a growing

demand for higher power-output capability in
automotive tups and audio systems. One of
fJie factors limiting output capability is the
12-voU aiHomotive-system voltage. The fol-
lowing text and illustrations describe the.
combination of a dc-U>-de regulated up-
con verier and a simpieand economical ou'put
amplifier thai will deliver 40 watts into a 4-
ohm load.

Fowee- Converter

The converter, shown schematically in Fig.
292, \s externally excited by an RCA CD4047
in!egratpd-circuit muitivibrator opera-
ting in the astahle mode, The period of the
nuiltivibrator is determined hy thesti-;-:; (iori ô "
the values of R and C through the use of the
formula: period=4.4 RC. Using the values of
Ri and Ci indicated in Fig. 792, the period for
the circuit shown is 48.4 microseconds, or
roughly .20 kilohertz. TheQand'Q"utputsare
used to sink base drive for Qi and Qa, which
provide primary current for base-drive trans-

former 7Y Because Qi and Q?are Darlington
transisfor?;, they are able k"> pro\'jd.e a direct
interface with the transformer with minima!
loading and high current gain: R2 limits
primary current to 400 miifiaroperes.

Ti is a 4-to-l step-down transformer whose
secondary is eoupted to the bases of inverfer-
output transistor!; Qs «nd Q4- The center tap
of the bass-drive transformer secondary is
coupled to the common emitter leads of these
transistors through the bias network consisting
of O1, Da, R,T, Cj3, This network eiifninates
common-mods conduction in Qa and Q-s,
thereby increasingtlse efficiency and improving
the thermal stability of the converter. Note
that the bias network does not provide forward
bias fur starting, but. just the opposite, and
that transistors Q3 and Q4 are operated in a
class C manner, with negative bias. When the
base-drive signals are near the zero-voltage
cross-over point, the negative voltage dev-
eloped across C?. is the predominant base
signal, and the transistor thai was on, and is in
the process of turning off, experiences a back
bias wish an energy content sufficient to
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1- I.
AAA, —

L . I R r
oi- l

.J i
Fig,291 - Schematic diagram of the 25-

waff amplifier. Values are given
for 8-ohm load.

,H Hi

, ^ " i r ^

Fig.292 - Schematic diagram of the 40-
watt amplifier.
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compensate for n worst-csse siored-charge
condifion, theieby reducing swisebin>j dhs\-
paiion,

1's, a ste|?~up transformer with a turns istio
of 3 to 5.5, provides an unregulated output
voltage of 66 volts across fiiter-capneitor Cio
via high-speed rectifier-diodes D3 and D.*.
Since, in the automotive environment, She
battery voltage varies depending on loading
and engine rpm. a scries voltage regutaior is
provided, with a base control voHagc defer-
mined by zener-diode Ps, to mjruntrMis •?
const<uu audio-amplifier opera f ing voltage. A
Darlington transistor regulislof was selected
because of its high current gain and minima!
base-drive rcqonements. Resistor R* provides
bleeder current through the high side of (he
unregulated supply; C3 is placed across L% *f->
provide /ener stability during peak current
loading. As 3 result of the placement of O in
the base circuit of Qg( a capacitor multiplier
circuit is formed that reflects an emitter
output capacitonce of /3Ca, thereby further
increasing output-voltage stability.

The output . ullage of the converter which
is of greater vnagnMude than the available
system voltage, is now applied to the audio-
power-amplifier section of the circuit.

The audio amplifier, aiso shown schema-
tically in Fig, 292. consists of three transistors
that provide an ac gain. o( approximately
sixteen. The output devices labWed Q* mnd Q«
are Darlington transistors eonfigm-ed in 3
complementary push-pull output arrangement
and using a common power suppiy. A quiescent
voltage equal to one-half the supply voltage*
exists af the common-emitter junction point.
and is maintained by the values of R5. R©, and
R7, which providedc feedback. Resistor R7 is
variable and makes possible a fine adjusjrnent
of tins feedback, voltage.

When a complementary pair of output
transistors is used (n-p-n and p-n-pS, it is
possible to design a series-output, type of
audio amplifier for which the drive circuitry is
substain*i«Jly simplified relative to other ampli-
fier designs; the series-output does not require
push-pull drive because phase inversion is
unnecessary. The drive in the series-output
circuit of Fig, 292 is developed across Ra and
provides the small amount of forward bias
required for class AB operation of the
complementary pa*r of output transistors.

Diodes Dg, O7, and Da are also part of the
drive circuit; their purpose is to maintain the

quiescent, current at 3 reasonable value with
variations injunction temperature To assure
thermal tracking, the diodes are mounted on
f.hc output heatsink and track with the VBE of
she ouSrnst transistors, thereby providing
thermal stability. Transistor Qg, operated
class A, i*s destabilized by R^; its high ac gain
is assured by bypassing the iSO-ohm resistor
with a 2O0~rnJcrafarad capacitor. In the pasi,
for output power greater than 20 watts, a
quasiconipiementary output stage was used;
fhis stage used more costly phase-inverter
drivers. These phasc-inu:rier drivers were
necessary <]ut to the power dissipation in class
A operation of the base-driver stage. The
design described rn Fig. 292 overcomes the
nvetl for (he phase-inverter drivers due to the
higSi beta of the Darlington transistors.
Consequently, the loading of Q6, She base
driver, is greatiy reduced to (he point that a
1 O-5 package provides ample output base-
drive requireoients. This design enhances the
thermal stabiiitv of the ba.sr-d river R?age over
previous de.sifjus u**ing c!;̂ :̂  A stages.

The mnHi • •'Stance ; the amplifier is
dctcrmisjed by Rn, a?u1 the gain is set by the
rasjo of Re to R?(. Capacitor Cs provides two
functions essctuiai tol-ircuit operation, First,
it at:i^ as a bvpH^s to decouple powcr-suppiy
ripple Second, it is connected as a "bootstrap"
capacitor to provide the drive necessary to
put! i'he upper Darlington (ransistor into
j»a!iin*Hon. I'his lottt't function results from
the fact thai she stored voltage of f he capacitor,
with reference to the common output point,
provides a higher voltage than the normal
collector-supply voltage required to dri^'t
transistor Qr- This higher voltage is necessary
during the signal conditions that exis! when
the upper transistor is being turned on because
the emitter voltage of transistor Q? then
approaches lite normal suPPLv voltage. An
increase in the base voltage to a point above
this level is required to drive Qj'into saturation.
Cg provides ac coupling for the audio signa!
while blocking dc that couid upset the biasing
of transisfor Q«$.

The frequency response for the circuit
described is well within hi-fi specifications: the
circuit provides a response from 40 hertz to 28
kilohertz within a 3-dB tolerance (Fig- 293),
The percentage of total harmonic distortion is
less than ! percent over 75 percerM of its rslad
power output, {Fig. 294).
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Fig.293 - Frequency response of the 40-
watt amplifier with a 4-ohm load.

OUTPUT POW£S 'POUT ' —

Fig.294 - Total harmonic distortion at 1
kilohertz with a 4-ohm load.

are especially suitable for use in the output
stage of true-complementary high-power audio
amplifiers.

Table XXVI shows ihr peak load voltage.
and currents {Vt and '!, respectively) required
for the various output power levels by the
output stage of a H)0-waH power amplifier
with an % or 4-ohm !.oad, 'The table also shows
the supply voltage for a typical design and the
required Veen capability of the output tran-
sistors.

Symmetry Audio Amplifier

The BD75O and BD75I series of power
transistors are complementary p-n-p and n-p-
n series, respRctively, selected from the bal-
lasted epitaxial-base silicon transistor families,
RCA8638 and RCA9H6. They feature high-
dissipation capability, low saturation voltage,
maximum safe-operating area, a gain-band-
width product (fT) higher than 4 MHz, and
high gain at. high current levels. The transistors
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Tubte XXVI - Charactarlsllea of $0 and 100-Watt Audio Ampfitiure

Load impedance:

Peak load currwti: - |
Peak Josri voltage - Vi.
Typical design supply vottage -
Output device mfn, VC!?a
Output device max. dissipation under

sirtnlipped s!n&-ww© conditions -

Protection circsift limitation line): Ri
(refers to Fig. 295)

Short circuited output conditions- *c (poak)
(f-20 Hz. duty cycle 50%) VCK <peak)

__
Suggested types: n--p~n

fsrt* capability
(DC) t- P

ATi|,tJ fmax)
AT{c..h( (mas)
Th (max)
Teu^« (max)
Hsatsink thermaf
per output device
(Tfl (max)»45*C)
Max. working css
ture under unc'ipoad ss
'^ave conditions as T^~
45°C-Tc ImRv)

The circuit diagram shown in Fl.$. 7.95
consists of an integrated circusl input stage
and ;i power stage composed of discrete
transistors: it can be treated as two cascaded
gain blocks with one common feedback loop.
The discrete gain block lias its own locai
feedback provided by Ri?, Rio and CB- The
integrated circuit for the input stage, Ai, is the
CA3 !00, which offers a high ynity-gain
crossover frequency, wide power bandwidth,
a high slew rate, low noise, and low offset. A
parts list, parts layout, and printed-cireuit
board template for the amplifier are provided
in the Appendix,

The input. s£age of the discrete section °\s a
common basestage(Qi2, Q13), which serves a;!

a voltage translator and is operated in the
class A mode. The next stage (Q1, Qa) is also
c\&<r.% A operated; its main purpose is voltage
amplification. The fop ami bottom portions
of this stage art" connected to the VBS multiplier
CQ3), which provides the bias for the output
section (driver Q«, Q« and output Q?o and
Q11)- The quiescent curren? can be adjusted by
means of R^ ;̂ in the practical amplifier under
dkcussion, if was fixed at 200 millmmperes.
The drives' '-md output stages arc the emitter-
follower stages that achieve needed current
gain.

A load-lifie-limiting circuit (Q&. Q% and Q?,
Qs) is connected across the inputs of the driver
stage. As explained above, this load-line
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Fig.295 - Circuit o!a dc-coupled 100-•wait

J " AMPLITUDE |VL /V l7)"p"

§ (5L _. __-

L L.J...I i t
H 2 a

L 1.-. L_.1_L

FREQUFNCY —Hr

Fig.296 - Typical frequency response of
the complotQ amplifier ol Fig.
295.

limit ing is necessary }.o proicct the amplifier
agamsf excessive dissipation and possible
destruction under overload or short-circuited
output conditions. In the practical amplifier,
two transistors arc used for each half of the
circuit.

With the oomponent values given in the
Appendix, the cut-off frequency at -3 dB of

the open-loop response of the discrete section
of the 100-waft amplifier is approximately i
kHz. Fig. 296 gives the typical frequency
response of the complete amplifier shown in
Fig, 295. Typical performance data for 1 ('){)••••
waft audio amplifiers with 4 and 8-ohm loath
is provided in Table XXVII and Figs. 2%,
297, 298 and 299.
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Table xnti - Typical Performance Data for 100-Watt, 4 and 8-Qhm Audio Amplifier®
Rated Power 100 W 100 W
Load impedance 4 Q g Q
Sensitivity , , 530 mV 750 mV
Input Impedance 10 KO 10 KO
Slew Hate 25 v/«s 25 V//us
Frequency Response ' See Fiq. 296
Square-wave Response • See Fig. 297
Total Harmonic Distortion • • • • See Figs. 298 and 299

n FT'i,4-

I l l I"

]...!.. I . i . ' i

Fig.297 ••• 20-kHz square-wavB output
wsv&form.

— I POUT ^ o o ^
Fig,298 - I -|

Total harmonic distortion as a p. ?\
function of froquBOcy. %

.1 l-.L. ._ !_ . ._ .

fig. 299 -
Tots! harmonic distortion as a
function of output power.

OUTPUT POWER - WATTS
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Fig.300 - Components side of PC board.

Fig,301 - Copper side of PC board.



. Power Transistor Applications Manual208

Parts List for Amplifier of Fig. 295 with 4 or 8-Qttm toed

Compons
PI (Note
P?
FI3
R4

115 (Note
Rfi

m
Rf!
R9
RHI

HI !
R12
RI3
RI4
Rlf.
RIG
R1 7
R 18
H 1 9
R20
R21
R22 (Net.
R23
R24

R28
n?7
R28
R2'.)

R30
R 3 I ( N o h
R32
R.13
R34

>I!t«

1)

25

3 3)

5 7)

4 Ohmss

10 K
!

I K
220
Po!. 10 K
8 7 K

1 K, 1 W
1 K. 1 W
1 8 K
2.2 K
1.8 K
220
4.7 K

820
R20
4 / K
39 K
47
47
390
56
Pot, 1 K
100
100
3 9 K. 1 W
50
50
3,9 K, 1 W
180
180
100
0.27, 7 W
0.27, 7 W
4.7, 1 W

1 0 K
1
1 K
220
Pol, 1
8 2 K
1 f? K

1 8 K
1 8 K
2 2 K
1 8 K
220
1 8 K

1.8 K
39 K
47
47
1 K

56
Po!. 1
iOO
100
5.2 K.
6B
03
8.2 K.
4 /0
470
100

0.68. '
0 SB,

10, ! '

OK

1 W
i W

K

1 W

1 VV

i W
? w

Component*
C1

c?
03
C4
c?
C6
C7

C-8
C l i (Nota 71
C12 (Note 7)

D1
02
D3

01 (No>o 4)
02 (Note 4)
O3 (Nolcs 5i
0 4
0 5
0 6
Q7
Q8 (No's 6)
09 (Note 6S
OiO(Molofl)
O i l (Notes)
O12(Nt>t»4)
O13 (Note 4)

A1

F1
F2

L1
VB

4 Oh'Jis

100 pF
0 4 7 j/F, SO V
0.47 (/F. r>0 V
12 pF
100 pF
2.2 iff, 25 V
22 if. 2S V
lOnF
3,9 nF
3,9 nF

Zener. 1S V
Zsner, ir- V

tNit.r

RCA1A10
RCA1A11
RCA'AIB
RCP"00A
RCP70IA
RCA1A18
RCA1A19
ncAi cos
RCA1C04
BD7518
BD750B
RCA1A11
RCA1A10

CA310O

* A
4 A
2;rH
78 V

8 Ohms

100 pF
0.47 iff, 50 V
0.47 if, 50 V
12 pF
1CX! pF
22 iff, 25 V
22 iff. ?5 V
10 nF

3.9 nF
3.9 nF

Zener. 15 V
Zoner. 15 V
1N4 I4?i
1N4148

RCA1A10
RCA1A11
RCA1A.18

RCP700A
RCP701A
ROA1A18

RCA1A19
2N6474
2N8478
BO7S1C
BD75OC
RCA1A11
RCA1A10

CAS 100

3 A
3 A
4;iH
104 V

directly


