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A Practical Approach to an

Audio-Amplifier Design

This Note discusses general con-
siderations, design reguirements,
and performance for a 20-watt, hi-fi
amplifier.

There are many different kinds of
audio amplifiers, inciuding hi-fi
amplifiers, musical-instrumeni
amplifiers, public-address amplifiers,
phonograph amplifiers, portable-
radio amplifiers, and auto-radio
amplifiers. The design considera-
tions vary with each of these. The hi-
fi amplifier has the most siringent
specifications because it musi
reproduce, more closely than the
other amplifiers, an original input
sound. A musical-instrumeni ampli-
fier requires slightly less stringent
distortion and bandwidih specifica-
tions, but it must be very con-
servatively designed in terms of
its ability to drive a highly reactive,
low-impedance load. A public-
address-system amplifier can have a
narrower power bandwidth than a hi-
fi amplifier, aithough hi-fi amplifiers
are being used more and more as
public-address amplifiers. The re-
maining group of amplifiers has
varied, but generally less stringent,
specifications. This Note describes
the specifications and a simplified
practical construction procedure for
a hi-fi amplifier design.

The power amplifier is only one of
the elements in a signal-processing
chain, and if it could be an ideal
amplifier, the signal at iis ouipui
would be only of a larger magnitude
than that at the input; in all other
aspects the output signal would be
identical! ito the input signal.
However, since there is no ideal
amplifier, guality is judged on the

basis of a number of parameiers:
THD (total harmonic distortion), IMD
{intermodulation distortion), hum and
ncise, phase shift, transient inter-
modulation distoriion (TIM), tctal
bandwidth, rise time, and slew rate.
It is a generaily accepted fact that,
in order to provide good performance,
the open-ioop response of an
amplifier should be at least 20
kHz,1,.2,3 that is, the —3 dB point
shouid be above 20 kiHz, a condition
often difficuit to achieve. One
method used for improvement of the
open-loop response employs local
feedback with no compensation. i
there is a need for compensaiion in
the forward loop, a lead compensa-
tion should be used whenever
possibled; the iead compensation
increases the bandwidih and en-
ables the amplifier to achieve a
higher siew rate. The siew raie is a
very important parameter; if the slew
rate is too low, drastic iransient inter-
modulation distortion (TIM), also cali-
ed slew-induced distortion4, can oc-
cur. The TiM takes place when an in-
put causes the amplifier to run inio
slew-limited operation, a condition
that occurs when the input signal
changes faster than the amplifier can
follow. This condition indicates that
the amplifier is operating in an cpen-
loop mode and that the feedback is
trying ito correct the ouiput
waveform, and very high overshoots
occur within the loop. During the
recovery, considerable TIM resulis.
One way in which the TIM can be
minimized is by using a small amount
of feedback.3,5 However, ii is possi-
ble to achieve low TIM even if the
feedback is moderate to high, provid-
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ed the resulting slew rate of the
amplifier is high enough.4,6 In such a
case, the only difference between a
design using a small amount of feed-
back and one using a large amount of
feedback could be in the recovery
from clipping.

The slew rate necessary to essen-
tially eliminate transient inter-
modulation distortion has not been
firmly established; one author sug-
gests 50V/us for a 100W/8Q
amplifier,” while another suggests
0.5t0 1Vius per peak cutput volt.4 it is
clear that the higher the power of the
amplifier, the higher the siew rate
should be, and that this parameter,
slew rate, should be normalized, i.e.,
the specification should be given as
Vius/V. This is the only meaningful
way of comparing amplifiers capable
of delivering different amounts of
power.

Circuit Description

There are a number of ways to
design an amplifier for best possible
performance; the 20-waitt circuit
described below uses only one of
them. The circuit diagram of the
amplifier, Fig. 1, is almost identical
to the diagrams of the 100- and 300-
watt circuits previously published

by RCAS8. The circuit comprises an
integrated-circuit input stage and a
power stage consisting of discrete
transistors; it can be treated as two
cascaded gain blocks with one com-
mon feedback loop. The discrete gain
block has its own local feedback pro-
vided by Rgp and Rgp. The CA3140B
integrated circuit was chosen as the
input stage because it offers high in-
put impedance, fow noise, low offset,
excellent thermal stability, direct

“ coupling, and a very good slew rate.

The power stace is designed to
stress wide bandwidth and ultra-low
THD. The input stage of the discrete
section is a class A common-base
stage that serves as a voltage
translator. it transiates the single-
ended input voltage into the higher-
level voltage needed to drive the rest
of the circuit. The next stage, also
class A, is mainly for voliage
amplification. The upper and lower
portions of this stage are connected
to the VBE multiplier, which provides
the bias for the output section, the
driver stage, and the output stage.
Both the driver stage and the output
stage are emitter followers, and are
used to achieve the needed current
gain. There is also a current-limiting
circuit connected across the input of
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the driver stage. Current limiting is
necessary to protect the amplifier
against excessive dissipation and
possibie destruction, particularly
should the speaker leads become
shorted.

As mentioned above, local feed-
back for the power stage of the
20-watt amplifier is provided by Rgp
and RfD; the feedback enables the
power section to maintain the —3dB
point at 166 kHz. The amount of the
feedback and the achieved corner
frequency depend upon the fT of the
transistors used. It is desirable that
the transistors used have as high an
fT as possible. The common-base
stage, the common-emitter stage,
and the driver stage (common-
collector stage) all employ tran-
sistors with an fT of 50 MHz or
greater; the output stage uses 5-MHz
devices. This choice, in conjunction
with the high-speed integrated circuit
and properly selected feedback,®
results in a typical slew rate of 30Vius
as well as a very low distortion
throughout the audio range. To keep
the harmonic distortion low, every
stage of the power section is design-
ed to be as linear as possible and, for
that reason, the output stage as well
as both class A stages are biased for
fairly high idling current. The quies-
cent current in the output stage is set
to 150 milliamperes.

Calculations

OUTPUT STAGE
Power-amplifier calculations begin
with the output stage, and are based
on the power to be delivered to a
given load. For 20 watts into an
8-ohm load, the peak voltage and the
peak current across the load are;

En=. /2PR = /2x20x8 =179V
S [0
m R 8

Based on these values, the supply
voltage can be determined and the
type of output transistor chosen.
Should a supply voltage of 25 volis be
chosen (this choice will be explained
below), the output transistor would
have to have a VGEQ rating equal to

=224 A

the maximum power-supply voltage.
The safe operating area of the output
device can be determined initially by
using a voltage equal to one half of
the total supply voltage and a current
value somewhat greater than the
peak current the transistor must han-
dle. In the case at hand, the minimum
safe operating area is determined by
values of 25 volts and 3 amperes. As
an additional requirement, the output
transistor must have good current
gain at the peak required current, and
it should be chosen so that the peak
current falls on the linear portion of
the dc current gain curve whenever
economically feasible; the fT should
be as high as possible. Transistors
that reasonably fulfili these re-
quirements are the RCA1C07 and the
RCA1C08.

The emitter resistance of the out-
put device is determined based on
the idling current and the necessary
amount of thermal compensation.
Obviously, the higher the value of
emitter resistance, the better the
thermal stability. However, at the
same time, the voltage drop across
the resistor lowers the efficiency of
the amplifier. The final value is, then,
a compromise between the two re-
quirements cited. Since the idling
current in this design was selected
as 150 milliamperes, a value of 0.41
ohm was chosen as a suitable value
of emitter resistance. This value pro-
vides a 61.5-millivolt drop and an ade-
quate thermal compensation for the
output stage.

The base-to-emitter resistance of
the output device should be as low as
possible to improve both the VGER of
the output device and the switching
speed. On the other hand, too low a
value would demand an additional
current from the driver transistor. In
the design described in this paper, a
78-ohm resistor was connected bet-
ween the bases of the output tran-
sistors. Such a connection provides
two benefits: no current flows
through Rpp7g when the current
through the output device is peaked
because the opposite transisior is
not conducting, and the switching
speed of the output section is im-
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proved because the opposite tran-
sistor is providing reverse base drive
through Rpp7s.

Safe-Area and Heatsink
Reguirements

The safe-area rating of the output
device is one of the most important
aspects of an audio-amplifier design
because most speakers are reactive
rather than resistive loads. The reac-
tive load causes a phase shift be-
tween the voliage and the current
and varies with the frequency. The
largest phase shift usually occurs at
the low end of the frequency spec-
trum. The output transistor must,
therefore, operate under difficult con-
ditions; it must conduct a high cur-
rent when there is a high voltage
across it. There is a further complica-
tion in that all of this happens near
the lower end of the audio spectrum.
The difficulty derives from the fact
that the highest amplitude of the
musical signal is in the low-
frequency region, and that the
speakers usually demonstrate their
lowest impedance and largest phase
shift in the same region. In addition,
the lower the frequency, the more dif-
ficult are the operating conditions for
the output transistor, based on its
thermal time constant. The maximum
phase shift possible is 90°, but since
only the ideal inductor or capacitor
can cause a 90° shift, it is not likely
to occur. However, a 60° shift is not
unusual for some speakers. If a com-
plex load is driven, the average
dissipation per output transistor bas-
ed on the sine wave input signal is
given by:

E0 'm Em 'm

Py =—— cos
av m 4 ¢

where Eg is one half of the total sup-
ply voltage and Emp and Iy are the
peak voltage and the peak current
across the load. It is obvious that the
highest dissipation occurs at cos
¢ =0, that is, when the phase shift is
90°. The voltage and current
waveforms for the resistive and reac-
tive loads are shown in Figs. 2 and 3.

At a 60° shift, the output transistor
will experience approximately one

=
p |
(o
>
i

Vee(Q7

Fig. 2— Voltage and current waveforms for
transistor Q7 with resistive load.
(Note: Current Q7 is read across Rg7
(0.41 Q); thus | (0.41 Q)= 200 mV with
1= 0.488 ampere/division.)

I(Q7)-AMPERES

92Cs-31271

Fig. 3— Voltage and current waveforms for
transistor Q7 with complex load, 60°
shift. (Note: Curreni iQy7 is read
across Rgy (041 Q) thus [ (047
Q)=200 mV with 1[=0.488
ampere/division.)

half the supply voltage and 0.866 Iy
at the same time. The most conser-
vative design for an amplifier allows
it to deliver full rated power into an
ideal inductor or capacitor. This
design mandates that the peak cur-
rent through the transistor in the
case of a shorted output be slightly
above the peak current at full rated
power. It is for this reason that the
criteria for the safe operating area
mentioned above, i.e., current
somewhat higher than the required
peak current and voltage one half of
the supply voltage, was established.
The current limit for the 20-watt
amplifier is set at 2.91 amperes. The
peak dissipation with the output
shorted is:

Pok=m Eo—12m R
=291x25-2912x0.41=70.9W

The heatsink shouid be selected so
that the junction temperature of the
output transistor remains below the
maximum allowed temperature under
the worst possibie conditions. it is

AT,
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advisable, however, t0 keep the junc-
tion temperature as low as possible
since the operating life of the tran-
sistor approximately doubles for
every 10°C reduction of the junction
temperature.

The output devices selected have
maximum thermal resistances of
1.67 °C/W. With the devices mounted
directly on the heatsink, and with the
use of a thermal compound, such as
Dow Corning 340, and a mounting
torquel0 of four to eight inch-
pounds, the total thermal resistance
between the junction and the heat-
sink is 1.87°C/W in the worst case.

A simplified thermal model of the
transistor consists of the paraliel RC
network shown in Fig. 4.1 The heat-

Ty

Q)PT ==Cr ITJC §RT
T
/J7 C 92cs-30817

Fig. 4— Simplified thermal model of a tran-
sistor.

sink temperature may be regarded as
constant because its thermal time
constant is very long in comparison
with the thermal time constant of the
transistor. The junction temperature
of the transistor will vary as a func-
tion of the input signal and the ther-
mal time constant of the transistor.
The thermal time constant depends
mostly upon the size of the silicon
chip and the construction of the
package. lt is desirable that the
package have iow thermal resistance
and high thermal capacitance so that
the ac signal will produce a minimal
junction temperature change and the
temperature will be as low as possi-
ble. If the input signal is a square
wave (as is the case when the output
is shorted), the approximate junction
temperature rise is given by:

—t

-
1—e
—2t

-
1—e

ATy =Pp x 0 3 (1)

where Ppk =peak power
8JHs =thermal resistance,
junction to heaisink
t =duration of on time
of the pulse
v =thermal time cons-
tant of the transistor
pellet and package
combination
With the current limit set to 2.91
amperes and the supply voltage at
+ 25 volts, peak power is 70.9 watts.
The thermal time constant of the
transistor must be determined by
measurement, and in the case of the
RCA1C07 and RCA1C08, the shortest
time constant measured was 30
milliseconds. For the purposes of
calculation, including margin, 25
milliseconds was selected as a safe
number.

The lowest musical note usually
encouniered is low A on the piano,
27.5 Hz. It should be noted, however,
that this frequency does not repre-
sent the absolute worst-case condi-
tion, but an arbitrarily chosen
criteria. The lowest possible musical
note is 16 Hz, while other conditions,
such as tiurntable rumbie, low-
frequency interference from an FM
receiver, or turn-on, turn-off tran-
sients could be worse for the output
section than the 27.5-Hz signal
selected.

The 27.5-Hz frequency yields a
pulse duration, t, of 18.2 milliseconds
and, from Eq. 1:

~182x 103
25 x 103
1—e
ATy =70.90 x 1.87 .
—36.4x 103
25 x 103
1T—e

=89.4°C

With a Ty(max) of 150°C, the max-
imum transistor case temperature is:

TC(max) = TJ(max) — ATJ
=150 — 89.4 = 60.6°C

if the maximum ambient temperature
(Ta(max)) is 40°C, the maximum ther-
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mal resistance between the tran-
sistor case and the ambient must be:

Te(max) — T a{max)

av

0.6 — 4
_ -, _ 0.58°C/W
35.45

per output transistor. Pay="2Ppk
because of a square-wave puise.

With the heatsink as determined
above, the junction temperature
never exceeds the maximum allowed
150°C. On the other hand, a case-to-
ambient thermal resistance of
0.58 °C/W per output device indicates
the need for a very large heatsink,
certainly not an economical item for
a 20-watt amplifier. A smaller heat-
sink used in conjunction with a ther-
mal cutout is a much better solution.
If a heatsink such as a Wakefield No.
421 is used (one per output device),
the thermal cutout must disconnect
the power at:

TS(max) = TC(max) — Pav X OCHS
=60.60 — 35.45 x 0.2 = 53.5°C

or sooner to prevent T j(max) from ex-
ceeding 150°C. A 52 °C cutout should
be used to provide maximum flexibili-
ty under the described conditions.

It should be noted that the criteria
described is very conservative and
not commonly used in practice be-
cause it mandates costlier design. If
the lowest note of the base guitar
were considered to be the lowest in-
put frequency (40 Hz), Eq. 1 would
yield a junction temperature rise of:

—125x10—3

25 x 10—3
AT;=70.90 x 1.87

—25x 103

25 x 10—3
1—e

=82.5°C

which would permit the use of a
smaller heatsink and a higher cutoff
temperature.

It is important that each heatsink
be electrically isolated so that the
output transistor can be mounted
directly on it. This arrangement pro-

vides a very low 8CHS, as mentioned
earlier. If a 0.002-inch mica washer is
placed between case and heatsink,
0CHS becomes much higher,10 ap-
proximately 1.3°C/W, which is a
much worse condition than pre-
viously encountered.

The worst musical condition for an
amplifier is rock music received from
an FM station (as determined em-
pirically).11 This condition causes an
average power dissipation in the out-
put stage of 15 percent of the max-
imum power. Taking 26 watts as max-
imum power, with. a 60° phase-shift
load, the dissipation per output
device, PayM, is approximately:

E,l Eq i

Povm = e mcos¢
e
25x 0.987 %7.9 x 0.987
P = — x 0.5
avivi - 4
=6.88 W

it should be noted that thisdissipa-
tion is very close to the maximum
dissipation into an 8-ohm resistive
load:

25x 1.61 _ 12.9 x 1.61
b4 4

P =

max =7.62W

in both cases 26 watts is taken as
maximum power because a typical
current-limiting effect, which pro-
duces 26 watts into an 8-ohm load,
occurs at 2.56 amperes.

With a Wakefield No. 421 heatsink
per output device (approximately
1.67°C/W at 7 watts dissipation) the
highest heatsink temperature under
the worst musical input condition is:

Tglmax} = Tpalmax) + Pyypm O Hsa
=40+6.88x 1.67=51.5°C

which just approaches the cutoff

temperature of 52°C. This result in-
dicates that the transistor case
temperature will not reach 60°C
under normal operating conditions,
and that the design described
guarantees a high number of thermal
cycles as well as long operating life.

With the procedure described
above, the selection of a safe
operating area for the transistor is
based on the peak aliowable current

P

PN
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and one half the supply voltage.
However, the slope of the Is/b curve
of the selected transistor must not be
too steep, and it must at least satisfy
the load line for a 60° complex load.
The voltage-current relationship for
the output transistor (for example,
Q7) loaded with a 60° complex load is
given by:

ece7 = Eo—e —ic Rg

e = |m Zy sin wt

An
ic=lpysin {wt —n)
3 | m
3

This equation, in the worst case
when I =2.91 A, is shown plotted in
Fig. 5. The safe operating area curves
for the RCA1C07 and RCA1CO08 at
25°C and 60 °C case temperature are
also shown in Fig. 5. The idling cur-
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Fig. 5— Load line for transistor Q7 with 60°
load and Im =291 A; Voc= =25 V.

rent of as much as 150 milliamperes
can be neglected and is not included
in the plot.

The load line exceeds the rated
curve between 20 and 39 volts. Based
on the continuous rating, this condi-
tion would not be allowed. However,
when the lowest frequency signal in-
put is 27.5 Hz, the condition would
only exist for 5 milliseconds and
would be allowed since the thermal
time constant of the output transistor
is at least 25 milliseconds. If the ther-
mal time constant is not known, the
safest procedure is to reduce the
case temperature so that the load
line is inside the safe operating area
curve.

Protection Circuit

The protection circuit is necessary
to prevent excessive dissipation in
case of a short-circuited output stage
or too low a load impedance. There
are many ways of protecting the out-
put stage and several different cir-
cuits are commonly used. The two in
most general use are the current-
limiting and the load-line limiting cir-
cuits. The current limiting circuit
simply limits the current; the load-
line limiting circuit varies the current
limit as a function of the voltage
across the output transistor of the
amplifier. This feature makes the
load-line limiting circuit attractive
because it allows the use of a smalier
heatsink or a transistor with less safe
operating area under the same
operating conditions. On the other
hand, the load-line limiting circuit
usually does not allow high phase
shift to occur, which means that the
full rated power can be utilized only if
the speaker load is mostly resistive.
The current-limiting circuit allows
maximum power at any load, but this
means more difficult operating con-
ditions for the output stage and a
larger heatsink for the same power
output.

The 20-watt amplifier employs the
current-limiting circuit, as shown in
Fig. 1. Two transistors are used for
each half of the output section. The
advantage to using two transistors
instead of one is the sharper “knee”
of the limiting circuit, which assures
better utilization of the output tran-
sistors. In practical terms, the peak
allowed current (the current at which
the protection circuit is activated)
can be very close to the peak current
for the rated power output. The
limiting circuit functions as a
voltage-operated circuit; i.e., the cur-
rent is sensed as a voltage drop
across Rg7 and Rgg. This method of
operation mandates that the values
of Rg11 and RBE1{ be as low as
possible. Transistor Q9 must be
capable of sinking any excess cur-
rent coming from Q3 (the same holds
true for Q10 and Q4 because of the
symmetry of the circuit). In the worst
case, with the input overdriven, the
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highest current to be shunted away
from Q5 is approximately 106
milliamperes. At that current, with a
2-volt VgE:

VBEg
Re11

IC11 = IBg+ lRC'” =|Bg+

The value of resistor Rgi4 must be
kept low to minimize any possible
leakage of transistor Q9, but the
value must be high enough so that
Ic11 can create sufficient voltage for
the operation of Q8; 100 ohms was
chosen as a suitable value. From Eq.
2:

Ic11=53x 1073 +% =12.8mA
Ic1i 12.8

|B11=h = 20 =0.64 mA
FEQ11

The current through the combination
of RB{1 and RBE11 should be much
higher than Ig11.

VgRe7 = lg7 X Rp7 =2.91x 0.41=1.19V

VBE11, the voltage at which Q11
will just start to conduct, is 0.74 voli
in the worst case. Thus:

VBE11 RBE11 _0.74

= = =0.622
VRez Rpe11t+Rpyr 119

if:
IB11
G-
IRB11
then:
VRE7
Rpi1 + R Logtet
(Re11+ Rpe11) < 57—
_ 119
25x.64x10™3
= 74.4 ohms
And:

Rpgt1 =0.622 x 74.4 = 46.3 ohms

Rpq1=74.4 — 46.3 = 28.1 ohms

Since these are not standard values,
RBE1{1 was selected as 39 ohms and
RB11 as 24 ohms.

VRE7
Re11 + RBE11

IRB11=

=1.19
—= =18.9 mA >>lI

RBE11
Re11*+ RBE11

VBE11 = VRE7 X

39
= — =0.737 V
1.19x63 0.737

It is important to note that this
calculation was made with the
nighest VBE possible for transistors
Q9 and Q11. If a typical VBE is taken
into consideration, the peak amplifiar
current would be lower. With a VRg of
0.65 volt for the RCA1A18 and the
RCA1A19, peak current is:

Re11+ RBE11
RBE11

63
=0.65 x 39 - 1.050 vV

VRE7 = VBE11

VRE7 _ 1.050

!
Rg7 0.41

=256 A

m=

These values indicate that, in a
typical case, the load-line would be a
bit safer than that shown in Fig. 14. It
should also be noted that VBEg{1
must never be low enough to allow
the limiting current to approach the
peak rated current of the ampilifier. In
practice, the VBE cannot be much
lower than 0.65 volt for a transistor
such as the RCA1A18. For an Iy of
2.25 amperes:

VBE11 = (2.25 x 0.41) 2—2= 0.57 V

a value too low to initiate conduction
in Q11. The significance of this result
is in the implied admonition that the
protection circuit should not be
allowed to interfere with amplifier
operation up to 20 watts into an
8-ohm load.

The above design of the 20-watt cir-
cuit is based on the use of a

T
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+ 25-volt regulated power supply. If
an unregulated power supply is used,
the full-load condition should not
drop the voltage below =25 volis.
The no-load voltage depends upon
the compromise between the price
and the desired regulation of the
power supply. Based on the no-load
voltage, a new load-line for the output
stage must be plotted and the
operating conditions changed to
guarantee operation within the
ratings of the transistors used.

DRIVER STAGE

The minimum current gain for
either of the output transistors is not
specified at 2.24 amperes, but it can
be extrapolated from the published
curves of the 2N6488 and the 2N6491
transistors. At 2.2 amperes and 4
volts, the minimum current gain is 35;
and the driver must be capable of
delivering at least:

|
7 .24
|c5=~—c—=—-2——=64mA
hrea7 35

Based on operaiion under the
short-circuit condition, a maximum
heatsink temperature of 60°C, the
1.3°C/W thermal resistance of a
0.002-mil mica washer, and a peak
output current of 2.91 amperes, the
safe operating area of the driver must
be at least 118.6 milliamperes at 25
volts. The RCP702B and the RCP703B
both satisfy this requirement easily.

Voltage-Gain and Common-Base
Stages

The minimum gain of both drivers
at 6 milliamperes and 4 volis is
estimated at 30; and the drivers re-
quire a base cuirent of:

les 64
|B5—h—l¥0—5—§d =2.13mA
It is desirable that the class A
stage preceding the driver stage be
biased with a current much higher
than the required 2.13 milliamperes
minimum. This bias makes the stage
more linear and helps to keep the
distortion low. In addition, it im-

proves the operation of the VRBE
multiplier (Qp). The higher the cur-
rent through the Vg multiplier, the
easier it becomes to keep the bias
voltage constant.12 The idling cur-
rent was chosen as 9.2 milliamperes;
too high an idling current is
undesirable because it causes higher
quiescent dissipation. In the case
under discussion, the quiescent
dissipation is:

P=lg3 X %VCC= 9.2x 1073 x 25
=230 mW

which is well below the maximum
rating for the RCP702B.

The RCA1A06 and RCA1AQ5 tran-
sistors were selected for the input
common-base stage because of their
excellent fT and good low-current
gain. The idling current was selected
to be no less than 0.5 milliampere
since the current gain of Q3
(RCP702B) is a minimum of twenty.
The biasing network for the RCA1A06
and RCA1A05 was determined as
follows:

VBB12 = VBE1 * VBE2
tlct, ¢2 (REq + REep)

The emitter resistors were chosen
as 1.5 kilohms since 1.5 kilohms and
0.5 milliampere produce 750
millivolts, a voltage which is slightly
greater than thre VBE of the RCP702B
and RCP703B. VRg{1 and VRE2 pro-
vide thermal compensation. Compen-
sation is improved when the voltage
across the emitter resistor is as high
as possible. In the case under discus-
sion, 0.75 volt was judged to be ade-
quate. Therefore:

Vggip = 0.65+0.65+0.5 x 1073
+(1.5+1.5)x 103=2.8V

The biasing network comprises
diodes D1 and D2 and the 510-ohm
resistor Rgp1. The diodes provide
thermal compensation for Vgp. Ideal-
ly,a diode such as the RCAD1300A
should be used because it is design-
ed specifically for such applications.
Moreover, diodes D1 and D2 should
be thermally connected with tran-
sistors Q1 and Q2. The diodes used in
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the 20-watt circuit do not match
perfectly the temperature character-
istic of the VB of Q1 and Q2, but,
because of a very low power dissipa-
tion in Q1 and Q2, and a low total
temperature change, they do provide
adequate compensation.

The minimum gain of Q2 is
estimated at 30 at 0.5 milliamperes,
which means that the base current
does not exceed 17 microamperes.
The current through diodes D1 and
D2 should be one hundred times that
value. Thus, Rpp is determined as:

VBBi2— VYD1 — VD2
100 Ig1

RpB12=

_28-07-07
102x17x10—6

= 823 ohms

The final value of 510 ohms was
selected, which yields:

VBB12 — Vp{ — Vp2

IpiD2= CT—

_28-0.7-07

510 =274 mA

To obtain the 2.8-volt bias, the 30-volt
(=15 volt) regulated supply voltage
aiready used for the operational
amplifier was utilized. A quantity R*
is defined as:

R*=Rpg¢ + Rpy

_Voas —VBB12_30-238
Ip1D2 2.74x10—3
= 9,927 ohms

R*

and RB{=4,963 ohms. The closest
standard value is 4.7 kilohms, with
which the final value of Ip{p2 is:

| _Voas— Vb1~ Vb2
D1b2 Rg1*+ Rg2 + Rgpi2

_30—-07-07
4700 + 4700 + 510

VBB12=VD1*VD2+*Ip1D2 x RBB

=2.88 mA

=0.7x0.7x2.88x 10—3x 510
=287V

Resistor R* is split into two equal
resistors in order to set the signal in-

put point (the junction of Rg1 and
RE2) as close to the zero dc level as
possible. With the resistor values
selected as described, the idling cur-
rent becomes:

VeB12 — VBE1 — VBE2
Rgq + Re2
_2.87 — 0.65 — 0.65
1500 + 1500
=0.523 mA

It = Ige™=

It should be noted that Vpi and
Vp2 are not exactly 0.7 volt and thai
resistor tolerances were not taken in-
to account, but for all practical pur-
poses, this calculation is accurate.

The emitter resistor of Q3 was
chosen as 100 ohms, since this value
yields a voltage drop that is close to
VBe3 if Ig3 is approximately 7.7
milliamperes.

VRct1 = Rez x g3+ VBE3

A typical VBEg3 at 10 milliamperes is
0.65 volit and:

VRet =100 x 7.7 x 1073 +0.66 = 1.42 V

_VRe1 _ 1.42
C1 757 0523x10-3
= 2715 ohms

To ensure a sufficiently high idling
current in Q8, a 3-kilohm resistor was
selected for the value of Rg1; and

ic1 Rt — VBE3
Rg3

0523x1073x3x10%—0.65
- 100

Igs=

=9.19mA

The value of emitier resistor Rg3
could have been made much lower,
but was intentionally selected as 100
ohms. When the amplifier is driven
near or into clipping, the VCE across
the output transistor is very low, and
in some cases the output transistor
will saturate. This condition must be
avoided if the best possibie high-
frequency performance for the given
output transistor is to be achieved.

Whenever the coliector-to-emitter
voltage is low and the transistor is

10

Y,



PN

11

AN-6688

conducting fairly high current, the
base-widening effect13 takes place.
This effect not only lowers the cur-
rent gain of the transistor, but also
drastically reduces its f7. Base
widening can cause instability in the
amplifier, and even if it is properly
designed and optimized for max-
imum efficiency, the best possible
performance at high frequencies will
not be achieved. The base-widening
effect is not very pronounced in low-
voltage transistors, but in high-
voltage devices used in high-power
amplifiers, it becomes very impor-
tant. The lowest possible collector-
to-emitter voltage of the output
device in the 20-wait circuit is: ’

|C7 =25A

Veez{min) = Iy x Rgg + VeE(sar)3
+VBEgs + VBE7

Vegz(min) =9.2x 1073 x 100+ 0.1 + 0.7
+0.8=252V

At the same time:
VRE7 = lc7 x RE7 = 2.5 x 0.41 = 1.025V

The minimum supply voltage is:
1/2Vgg = Em + VeE7 + VREY
=179+252+1.025=21.45V

For the best possible performance
and for a conservative power output
rating, a =25-volt supply is used.

VBE Multiplier

The quiescent current in the
amplifier is set by the VBE multiplier
stage.12 The RCP701A, Qp, was
selected for the VBE multiplier
because it has a minimum current
gain of 50 at 7 milliamperes. With an
idling current of 200 milliamperes,
the voltage drop across Rpg7s is:

VRBB78=VBE7* VBES*IC7 X RE7
+1lcg xREg

VRBR78=0.6 +0.6 +0.15x 0.41 +0.15
+0.41=1.323V

VRBB78

ics =gy + 1 =gy +
cs = 87 * IrBB78 = IB7 * R —o

75

3
Ics = +0.003 = 20.6 mA
This is the idling current of the driver,
Q5, in the worst case. The hFEg of the
driver at 20.6 milliamperes is approx-
imately 30, the worst case, and:

I
=D 2080 a0

hFEQs 30

IBs

The idling current of Q3 (9.2
milliamperes), should, therefore, be
adequate. The total voltage of the
VBE multiplier is:

Vm = VRBB78 * VBES * VBEG
=1.323+0.65+0.65=2.62 V
With the gain of 50 at 7

milliamperes, the base current of the
VRE muliiplier in the worst case is:

; m lca—Ips—IRs
BM = -
M hrEom hFEOM

The current through the shunt
resistors, with RRg(iypical)=3410
ohms is:

and:
ICM = Ic3 — st —lgs= 9.2 - 0.69 —-0.77
=7.74 mA

then:
'BM =25.%1 =0.155 mA

With the above values employed,
the VpE multiplier provides adequate
compensation.

Voltage and Current Gain
Calculations

The current gain of the emitter
follower is:14

Ap=1+hg
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For the low-frequency signal it can be
approximated as:

Ap=hfg
Therefore,
A|8 = 35 and A]G =30

with the lowest gain transistors in the
circuit. The total current gain of the
driver and the output stage is:

Ajgg=A1s A1g=35x30=1050
The input impedance of the
common-collector stage is given by:
R; = hie + (1 + hee) R
In a real situation, since hfe>>1

and hje<<hfeRL for the low frequen-
cy signal:

Ri=hpg R
Therefore:
Rie = hreae PrEQS BL

Rig = 30 x 35 x 8 = 8,400 ohms

if RE is neglected. This is the effec-
tive load resistance appearing in the
collector of Q4. The voliage gain of
the Q4 stage is:

Alg Rga  hre Rig _Rig _ 8400
Ri4  ~ hpg Req Rga 100

Ayg =

The common-base stage at the in-
put of the discrete section has a
voltage gain of:

B AlC R,
AIE RE

AV AiC:AIE

with:

g, = fc2 Ria 3000 x 3000
L2 Rog +Riz 6000

= 1500 ohms

_Ri2 1500 _

The total voltage gain of the discrete
section is:

Ayp = Ayg Ayg Ay Ayg = 84
=385dB

Ayg and Ayg are approximately 1
since, for the common collector:

RE

With the local feedback loop clos-
ed (RFp-—Rsp), the gain of the
discrete section is:

_RED _ 12000 _
Aypec® ——=—7
Rsp 2000

6=15.6dB

This result also indicates that the
local loop gain is:

The above calculation is correct if
all transistors have minimum gain. In
atypical case, the gain is expected to
be:

A A A AL X Rig
= X = — sspay
VD V2 V4 Rg2  Rga
Rz Ria
_Rca* Ria hreos hrEQS RL
RED REq

3x 103 x 60 x 100

~3x105+60 x 100 60x 100 x 8
= 1500 100

=640=56dB

The maximum voltage required to
drive the discrete amplifier section to
the full power output is given by:

Rgp 2000

E in=E X =——=17.9 X —+
p m ED 12000

=298V

Assuming that the open-loop gain
of the discrete section is high
enough and that the error voltage is
small, Ep(in) is the maximum voltage
that the integrated circuit must pro-
vide into a 2000-ohm resistor. This is
a very light load for the CA3140B, and
the best possible performance is ob-
tained.

Frequency and Phase Response

With the CA3140B IC connected,
the open-loop gain is greater than 100
dB at low frequencies. The closed-

P i N
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loop gain depends upon the desired
sensitivity and performance of the
amplifier. It is obvious that, in the
discrete. section, the output tran-
sistors, with their associated
capacitance and output impedance,
will have the iowest corner frequen-
cy. The roll-off frequencies of the
other stages are much higher, and it
is expected that the whole discrete
section will have a uniform 6-dB-per-
octave roll-off. By measuring the
open-loop frequency response and
the loop frequency response, a
graphical analysis necessary or
needed for the completion of the
design can be made.

As mentioned above, the open-loop
— 3-dB point for the discrete section
is at 3.4 kHz, while the loop —3-dB
point is at 166 kHz. A typical open-
loop gain was measured at 51 dB,
which is not far from the predicted 56
dB. The closed-loop gain was
measured as 15.33 dB versus 15.56
dB calculated.

A typical open-loop gain of the
CA3140B is 100 dB at low frequen-
cies. The only corner frequency is at
50 Hz, and the roli-off is a uniform
6-dB-per-octave roll-off. Unity gain in
a typical case is at 5 MHz and, in the
worst case, at 4.5 MHz. With all of the
above information available, a
graphical analysis and overall feed-
back selection can be made, as
shown in Fig. 6.
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Fig. 86— Predicted open-loop and closedoop
frequency response (Apy, Agy) and
phase response ($).

With the integrated circuit and
discrete sections connected, the
total gain of the circuit is 115.5 dB

from dc to 50 Hz. At 50 Hz, the gain
starts to decrease at 6 dB per octave
(20 dB per decade) until it reaches a
second corner frequency at 166 kHz
{the first corner freguency of the
discrete section). From 166 kHz, the
slope is 12 dB per octave all the way
to unity gain at approximately 2 MHz.
Selection of the overall feedback
depends upon the maximum allowed
distortion. The open-loop distortion
at 20 kHz and 15 watts was approx-
imately 4 percent; to bring it down to
approximately 0.04 percent, 40 dB of
negative feedback is necessary. The
allowable distortion, then, deter-
mines the ratio of resistors RF and
Rs. If RFis selected to be 3000 ohms,
the value for Rg is calculated as
follows:
Open-loop gain Agy =64 dB

A; =40dB
Closed-loop gain AcL=24dB

Loop gain

ACL (dB) =20 ‘Og ACL
24=120 Iog ACL

AcpL=1012 = 1585

RE _ 3000
Re = ____.F =i
STAcL 1585

= 189 ohms
A standard value of 200 ohms was
selected, vielding a final closed-loop
gain of 23.5 dB.
The sensitivity of the amplifier
must now be checked; it is given by:
R
Ein= - E

n RF out

where Egyt is the voltage at rated
power. This equation yields:

200
in " 3000
which is acceptable.

It should be noted that the design
can be based on the desired sensitivi-
ty. In such a case, the open-ioop gain
and with it the loop gain must be ad-
justed to provide the desired distor-
tion. At this point, the horizontal line
at 23.5 dB denoting the closed-loop
gain is drawn into the diagram shown
in Fig. 2.

In determining the desirable roli-
off frequency of the overall feedback,

E x 12.65=0.843V




AN-6688

14

the phase diagram is plotted first. It
is obvious that the higher the roli-off
frequency, the better the rise time,
slew rate, and bandwidih. As a
general approximation, the phase
starts io change at one tenth of the
corner frequency, reaches 45° at the
corner frequency, and 90° at ten
times the corner freguency.
Therefore, the phase change (lag)
starts at 5 Hz and reaches —90° at
500 Hz. The next corner frequency is
at 166 kHz, which keeps the phase at
—90° until a frequency of 16.6 kHz is
reached. Above 16.6 kHz, the phase
changes toward - 180°, which it
would reach at 1.66 MHz if there were
no frequency compensation in the
feedback loop. Even in such a case,
the amplifier would be stable, with a
phase margin of approximately 22°.

The phase margin is the difference
between 180° and the actual phase at
zero-dB loop gain. Obviously, the
amplifier is stable only if the phase is
less than 180° at zero-dB loop gain.
The gain margin is given by the ac-
tual loop gain at 180° phase. In a
case without frequency compensa-
tion, the gain margin would be —130
dB and the amplifier would be siable.
To improve the phase margin, a fre-
guency of 350 kHz was selected as
the corner frequency of the feedback
network. This selection puts the AgL
iine roll-off above 350 kHz at 6 dB per
octave until it intersects the AQL
line. The expected closed-loop
response of the amplifier is given by
the AQL line. The phase response is
now modified because at 35 kHz the
feedback network starts to change
the direction of the phase change,
and the resultant phase is a constant
one at —104°. The change of the
phase begins again at approximately
80 kHz since the unity loop gain oc-
curs at 800 kHz, and the slope at the
Acy line is 12dB peroctave from that
point on. The phase margin is now
approximately 31.5°, which is not a
large margin, but enough to
guarantee stable operation.

The feedback capacitance can be
calculated as:

1 1

2mf Rp 2mx350x103x3 x 103

Cg =

=151 pF

A standard vaiue of 150 picofarads
was selected.

The Measurement of Fregquency
and Phase Response

The frequency response and the
phase response of the loop were
measured, as shown in Fig. 7. The
feedback loop was broken and the dc
feedback was provided by the
22-kilohm resistors while the ac feed-
back was eliminated by use of the
10-microfarad capacitor. The dc feed-
back is essential to prevent the out-
put of the amplifier from shifting
away from zero dc level. Without the
dc feedback, and because of the very
high dc gain of the integrated circuit,
the smallest error voltage would keep
the output of the amplifier at either
supply voltage.

92CS-305i8

Fig. 7—Circuit used to measure frequency
and phase response (A| and ¢y ).

The component values in the RC
network involved in providing the dc
feedback were chosen so that the
measurement frequency would be
much higher than the corner frequen-
cy of the low-pass filter. The input
signal was injected through a
200-ohm resistor to simulate iden-
tical operaiing conditions. The out-
put signal was monitored across
another 200-ohm resistor, Rg. The
output voliage was measured afier
the high-pass filter (3.4 kHz corner
frequency). The filter makes the
measurement easier by eliminating
most of the low-frequency noise.

The loop gain is given by the ratio
of V2 over V4. The input voltage V1 is
kept constant and the frequency in-
creased until the gain is less than
unity. The phase response can be

T,
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measured in several different ways;
the most simple is by use of an
oscilloscope. There are two
oscilloscope methods: one involves
the use of horizontal plates as one in-
put and vertical plates as the other in-
put; the second method makes use of
a dual input in the alternating mode.
In both cases, it is essential to assure
that neither the oscilloscope nor the
connecting leads cause any errors,
which can easily occur at frequen-
cies as high as 1 MHz.

It is important to note that the loop
gain and the phase response should
be checked at various output levels.
The actual behavior of the amplifier
will be very close to that predicted if
all transistors are operating within
their linear range, that is, on the flat
portion of the gain-bandwidth curve.
Fig. 8 shows the actual loop-gain
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Fig. 8— Measured loop gain, Ay, and phase
response, ¢;.

response and the phase response of
the 20-watt ampilifier.

Measurements were begun at 20
kHz because of the noise and the
high gain limitations at low frequen-
cies. The low-frequency portion of
the curve is not important since it is
known that the operational amplifier
will guarantee stability and that the
phase shift can occur only between
zero and —90°, as there are no addi-
tional low-frequency nodes in the cir-
cuit. The loop response shows unity
gain at 660 kHz and a phase margin
of approximately 40°; these results
are better than predicted. The gain
margin is difficult to measure by in-
creasing the frequency until the
phase reaches 180 °; consequently an

alternate method was used. The
value of RF, Fig. 7, was lowered to
750 ohms and CfF changed to 610
picofarads to keep the 350-kHz cor-
ner frequency unchanged. The
changes in RF and CF increased the
overall feedback by 12 dB. Since
there were no signs of instability in
the square-wave response of the
amplifier, it was determined that the
gain margin was well above 12 dB.
Typical performance curves for the
20-watt amplifier are shown in Figs. 9
through 16; typical performance
characteristics are listed in Table |I.
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Figj. 12— 1-watt frequency response.

5V/div.

10ps/ div.

92Cs-31273

Fig. 13— 20-kHz square-wave response, 8-ohm
resistive load, 35 Vp_p, 49 microse-
cond period.

5V/div.
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Fig. 14— 20 kHz square-wave response, 8-ohm,
60° capacitive load.

92Cs-31272

Fig. 15— Transient intermodulation distortion,
input sine wave 15 kHz, square wave
3.25 kHz, no distortion at — 66 dB.

92Cs-30509

Fig. 16— Transient intermodulation distortion,
3.25 kHz notched out with twin-T filter,
no distortion at — 77 dB.

TABLE I — Typical Performance
Rated Power: 20 watts into an 8-ohm load (
Sensitivity: 0.85 volt at 20 watts \
Input Impedance: 10 kilohms
Hum and Noise Below Rated Power Output

Open Input: 97 dB
Shorted input: 98dB
Phase Shift: 0 or 1.5° at 20 Hz, —5° at
20 kHz
Slew Rate: 30V/us or 1.36 V/us/V
Rise Time: 1.3 microseconds
Damping Factor: 280 ((
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