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preface

THE ORDINARY audio amplifier seems a simple thing com-
pared to r.f. equipment. Yet the average radioman is frequently dismayed
at the results when he builds an amplifier. And when it comes to- devising
an effective equalizer system or volume expander, even the more experi-
enced builder can run into trouble. Audio circuit-design must follow
well-established rules. Trouble will result if it doesn’t.

In this book we have attempted to clarify some of the basic theory of
audio amplifiers so that the reader will be better able to design his own
or service commercial audio amplifiers. In addition, a number of prac-
tical amplifiers are described. Amateurs should find useful material since
practically all of the circuits may be adapted to serve as modulators for
low-power transmitters or as drivers for high-power modulators. There
is little to interest the amplifier engineer in this book. It was not written
for him.

The material is organized in two parts: The first section covers the
essential theory and design of audio amplifiers. Phono-pickup, tone-con-
trol and expander-compressor circuits have been given special attention,
since incorrect design in either will ruin an otherwise satisfactory ampli-
fier. The second section includes a number of proven amplifier circuits
which use either resistance-capacity, direct, or transformer coupling, or
a combination of the three. The recent entry of wire recorders into the
field of sound equipment has not been forgotten—we have included com-
plete information on constructing a steel-wire sound recorder and play-
back amplifier.

Theory and practical material have been interwoven wherever possible
so that the builder may learn from the equipment how and why certain
component values are used under specific conditions and what will be
the results of varying these values.

While most of the material is not new (it originally appeared in Rapio-
CrAFT or Rapio & TELEVISION magazines), it has been extensively re-
written, revised and corrected. The illustrations have also been revised
and corrected where necessary. And, more important, the material has
been organized in logical sequence to make a convenient reference book.

Chapter 1...Audio Theory and Design

FREQUENCY RESPoxsE

LET Us attempt to throw some light on the theory behind
the operation of the lowly speech amplifier found in so many types of
electronic equipment: radios, electric phonographs, public address ap-
paratus, electronic pianos and sound-on-film' projectors.

The primary purpose of such an amplifier is to properly amplify
feeble electrical impulses to a value where they will be able to operate
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Figs. | and 2—Left—Typical resistance-coupled amplifer stages, using triode and pent-
ode. Fig. 3—Right—General response curve of resistance-coupled amplifiers.

headphones, drive power amplifiers or operate metering or recording
devices. These very minute voltages may be the output of a microphone,
electric eye, phonograph pickup or other voltage-generating device.
Hence a speech amplifier is merely a voltage amplifier designed to
operate properly over audio frequency ranges. :
Speech amplifiers are designed to produce a sufficient amount of volt-
age amplification without distortion. In order to do this, it is necessary
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to select certain tubes and operating conditions as well as coupling
methods to satisfy our specifications.

From our knowledge of the different classes of amplification, we realize
that the class A amplifier will answer our needs most effectively, for
class A amplifiers are able to produce high gain without introducing
distortion to the extent where it will become objectionable.

To utilize the output of a vacuum-tube amplifier, the plate of the tube
must be connected to the high-voltage supply through some kind of plate
load. This load may be inductive or resistive.

Resistance-coupled amplifiers 3

Resistance-capacitance coupling is employed with triodes as well as
pentodes. Figs. 1 and 2 are actual circuit diagrams of single stages of
resistance-coupled amplification employing triode and pentode tubes
respectively. It will be noticed that there is a resistor in the plate circuit
of each tube. This is the plate resistor and is designated by the symbol,
R;. Also attached to the plate is a condenser which has its opposite end
attached to the grid resistor and the grid of the following tube. This
condenser C, is called the coupling condenser and serves to transfer the
alternating impulses to the grid of the following stage. The voltage passed
bv the coupling condenser is impressed across the grid resistor, R;. The
voltage drop across the cathode resistor, Ry, serves to make the cathode
positive with respect to the grid (or the grid negative with respect to
the cathode). The cathode resistor is usually bypassed by a condenser,
Cyx, placed in the circuit to bypass any alternating voltages around the
cathode resistor. This is done so that the only drop in voltage across Ry
will be due to the presence of direct current flowing through it.

One characteristic of resistance coupling is the way in which the gain
of the stage varies with the frequency. It is a simple matter to place a
resistance-coupled network in a circuit between two stages and call it a
resistance-coupled stage. This stage will have certain gain and frequency-
response characteristics which will differ from any other stage having
different values or tubes. The frequency-response characteristics of such
a stage are such that it will pass a broad band of frequencies but the
amplification will fall off sharply at the lower and higher frequencies.
The shape of the response curve of all resistance-coupled amplifiers is
the same and for this reason may be called the universal response curve
for resistance-coupled amplifiers. This curve is shown in Fig. 3.

Fig. 4 shows the equivalent circuits for the resistance-coupled triode
amplifier stage. Fig. 4-a shows that the grid input voltage, E,, has the
same effect upon the changes of plate current as a generator having an
output voltage equal to uE; placed in series with the plate resistance
and the plate resistor. Two values of capacitance are seen in these figures
which do not actually appear in the amplifier circuit. These capacitances,
C, and C,, represent values which we cannot eliminate from the circuit.
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C, is the sum of the capacitance that exists between plate and cathode of
the tube plus the capacitance which exists between the wiring around the
plate of the tube. Cg is the input capacitance, which is a combination of
the effects of the grid-to-cathode capacitance and the grid-to-plate ca-
pacitance. The capacitance of circuit wiring at the grid of the following
tub® may be of such a value as to enter into the reactions of the stage.

As we have seen, the behavior of an amplifier varies with the fre-
quency; therefore its behavior for each frequency range must be studied
individually. The behavior of the stage at intermediate frequencies will
be discussed first since all -other calculations are made with respect to the
gain at intermediate frequencies. For a bird’s-eye view of the circuit as
seen by the intermediate frequencies, look at Fig. 4-b. In this circuit, the
coupling condenser has been replaced by an unbroken path. To under-
stand the phenomenon of the missing condenser, let us recall what we
know about the action of the condenser in an alternating current circuit.

R i TO GRID TO GRID
\AAAAALS
Rp Cec
5
: E 2 3 3
= = = =
== T B = = e
== = =z
Cp| RL P > Rg |Cg > Ct > Rg
o
m [ i
i = 8 k4
TO GRID
AAAAAAA TO GRID
LAAAAZ AL
o) Rp
< =
= =
= Eo = Eo
= =
Rl Rg Ry
>
-

..||_

b.) d.) =

Fig. 4—R-c amplifier circuit elements; {a) shows the equival.enf
circuit; (b) the effective circuit for intermediate frequencies;
(c) for higher frequencies; and (d) for low frequencies.

A condenser does not pass all frequencies with equal ease but gives
preference to higher frequencies. Coupling condensers for resistafn.ce-
coupled stages are selected to have very little reactance or opposition
to the flow of alternating currents in the intermediate range.

Let us take a signal covering all of the audio range and having a
voltage equal to E, and place it upon the grid of our amplifier tube. The
tube will amplify to a value pE,. This is the value of the signal when
it appears across the plate resistor, Ri. The middle or intermediate range
will see a clear path over to the grid of the following stage. Therefo::e
we may consider the grid resistors, Rg, to be in parallel with R;. This
will reduce the effective resistance of both resistors. (The law of parallel

resistors. )
In this case. the resultant resistance of R, and R, in parallel acts as
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the plate load of the tube. Since this resultant resistance is smaller than
either one of these values regarded separately, the output voltage will be
less than would appear across R, if it were not coupled to the grid
circuit of the following stage. For this reason, it is desirable to have the
values of R, and R; as large as practical. The value of R, cannot be
increased beyond a specific value because of the direct current losses
which would appear across it, making it necessary to employ unusually
high values of plate supply voltages. The resistance of R; should be
made as high as permissible. The amplification in the intermediate range
of frequencies s given by the following equation:

o Rl
Gain at intermediate frequencies = = pu , where p =
E Ry R,
Ri X R,
amplification factor of the tube'and Ry, = ——— = — csistance
R B

formed by R, and R, in parallel.

It is unfortunate that the high and low frequencies cannot see a clear
path, unhampered by the coupling condenser and the shunting capaci-
tances, as seen by the intermediate frequencies. For it would then be
possible to have a resistance-coupled amplifier with a straight-line fre-
quency-response curve.

Fig. 4-c is similar to the path as seen by the intermediate frequencies,
but we have a shunting capacitance C, which appears ‘across the output
side of the figure. This value, C,, is the resultant capacitance formed
from C, and Cq. The reactance of C, at high frequencies is low enough
to reduce the effective value of R; and therefore reduce the voltage de-
veloped at the output. This figure shows the circuit as seen by the high-
frequency signal when looking toward the grid of the following stage.

To calculate the degree of amplification at high frequencies, it is
necessary to consider the shunting effect of C.; all calculations will
be made by comparison with the gain for the intermediate frequencies.

Gain at high frequencies
The equation for this calculation is: =
S Gain at intermediate freq.

1

, where R, = equivalent resistance formed by

\/1 + (Req/xct)2

plate resistance, plate-load resistance, and grid resistance in parallel
1 1 1 il

(—=—+ — + o
Reo Rs R, R, S|
X.t = reactance of total shunting capacitance, C, (

)
6:2832>C T >AE)
(f = frequency in cycles and C, = capacitance in farads).

From these equations it is evident that the falling off of the high fre-
quencies is due to the presence of the shunting capacitance and the ex-
tent of the drop in amplification level is always determined by the ratio
of shunt reactance of the shunting capacitance to the equivalent resist-
ance. The extent of the decrease in gain at high frequencies is emphasized
by the fact that when the gain has fallen 29.3 percent from its value at
intermediate frequencies, the reactance of C, is then equal to the re-
sistance formed by R,, R, and R, in parallel.

Value of coupling condenser limits low frequencies

The coupling network, as seen by low frequencies (Fig. 4-d) reveals
that the shunting capacitances do not enter into the calculations but the
coupling condenser C. has quite a bit to say about the frequency-response
curve. The reactance of this condenser at low frequencies becomes so large
that this value will be effectively in series with the value of R, and the
consequent combination will form a voltage divider with the grid ot ihe
following stage connected at the tap between the reactance and grid
resistor.

All calculations of low-frequency gain must be made with reference to
the gain at intermediate frequencies. The following equation applies for
these calculations:

Gain at low frequencies 1
= , where X.. = re-
Gain at intermediate frequencies WAIREIEE (B /AR
1

) and R = resistance

actance of coupling condenser (
6:2832; X f X C,
formed by the combination of the grid resistor in series with the plate

R GRS
and load resistances in parallel (———).
R R,
(f = frequency in cycles and C. = capacitance of coupling condenser

in farads).

The observations formed from this equation may be stated as follows:
“The degree to which the signal falls off at low frequencies is dictated
by the ratio of the reactance of the coupling condenser to the resistance
formed by the combination of the grid-leak resistance in series with the
plate resistance and plate load resistance in parallel.”



[nternal Feedhaok Problems

THE DEGREE to which the falling off at low frequencies takes
place in a resistance-coupled amplifier may be seen by feeding a voltage
of fixed amplitude but varying frequency through the coupling condenser.
At the critical frequency, which makes the reactance of the condenser
equal to the resistance of R, in series with R, and R; in parallel,
the voltage at the ouzput will have only 70.7 percent of the amplitude at
intermediate frequencies. This frequency is known as the nominal low-
frequency cut-off and is designated as f;. It will be noted from the
universal amplification curve (Fig. 3) that signals having frequencies
equal to multiples and submultiples of f, have definite relationships to
the intermediate-frequency gain. This is because the reactance varies in-
versely as the frequency. It is therefore conclusive that the voltage drop
across the coupling condenser is inversely proportional to the frequency.
[t may be well to mention that this curve applies to all resistance-coupled
amplifiers regardless of the frequencies being passed; thus this curve
may be used to compute response curves for audio or video amplifiers.

There is also a point on the curve where the high-freqency gain drops
to 70.7 percent of the intermediate-frequency value. This frequency is
called the nominal high-frequency cut-off. It is that frequency which
makes the reactance of the shunting capacitances equal to the resistance
formed by the parallel combination of the plate resistance, plate-load
resistance and the grid-leak resistance. It will be seen from the curve that,
as with the low frequencies, the multiple and submultiple frequencies of
the nominal high-frequency cut-off frequency have the same relationships
as in the low-frequency ranges.

If you wish to prepare your own universal curve for use on specific
circuits, the nominal cut-off frequencies may be calculated from the
equations below.

Low-frequency cut-off = 1/6.28 X C, X R

High-frequency cut-off = 1/6.28 X C; X Req

Throughout most of this discussion we have taken the triode tube for
most of our calculations. It should be noted that the same equations may
be applied to the pentode tube with the exception of the equation for
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finding the gain of a pentode stage at intermediate frequencies. The
equation which applies in this instance is:

o

E,

by plate resistance, plate-load resistance and grid resistance in parallel.

Gain = = Gm X Req, where Ryy = equivalent resistance formed

Interesting to note is the fact that when a given value of coupling con-
denser has been selected, the grid resistor for good low-frequency re-
sponse should be as large as practical; while a low value of grid resistor
is most desirable for good high-frequency response. This apparent con-
tradiction may be overcome by selecting the circuit constants so that the
grid resistor is small enough to counteract the shunting effect of the
interelectrode and shunting capacitances, while the coupling condenser
is made large enough to pass the lowest frequency without noticeable
attenuation.

The input capacitances of a tube will depend upon the gain of that
tube in a particular circuit. The total shunting input capacitance is
equal to:

Cioput = Cys + (M + 1) Cyp, where [
Cgc = grid-to-cathode capacitance,
Cgp = grid-to-plate capacitance and
M = voltage gain of the stage. To
the input shunting -capacitances
should be added the output capaci-
tances of the tube preceding the
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Another factor which may make its presence felt in the amplifier is
insufficient value of cathode bypass condenser, Cy. It makes its presence
felt by causing an undue reduction in the low-frequency response. It is
this condenser which is used to bypass the audio voltages present on the
cathode around the biasing resistor. If the reactance of C, is high when
compared to the value of Ry, at the lowest frequency, there will be an
additional voltage drop across Ry due to the presence of the audio
voltage appearing across it. This voltage has the effect of reducing the
amplification of the low frequencies. This unnecessary reduction of the
bass notes may be prevented by employing a cathode bypass condenser
sufficiently large to have a very small reactance at the lowest frequencies
to be amplified.

Those who have the occasion to build or use a high-gain amplifier will
at some time run into internal feedback, which will be manifested in
the form of uncontrolled oscillations and motorboating, caused by re-
generation within the circuits. This problem is most common when a
common plate-voltage supply is used. The final stage of the amplifier
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