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CHAPTER 1
AMPLIFIER FUNDAMENTALS

1. Definition of Amplifier

A vacuum-tube amplifier is a device used to
increase to usable strength the power or voltage
of the signals developed in electronic circuits.
For example: The output of a microphone must
be amplified (fig. 1) before it can produce an
audible sound from a loudspeaker ; a radar echo
signal must be amplified to make it strong
encugh to operate an indicator. The output
signal, as in A, may have the same waveform
as the input, or it may have a different wave-
form as in B; but in either ease the amplitude
of the output is greater than that of the input
signal.

2. Principles of Operation of Amplifier

" An amplifier consists of one or more vacuum
tubes together with their associated circuits
(fig. 2). It works in accordance with the funda-
mental principles of vacuum-tube operation ex-
plained in TM 11-662.

cathode K and plate P of the tube. The
battery places the plate at a positive
voltage in respect to the cathode, and
causes a direct current, 4,, through the
tube and E;. The arrow indicates the
direction of electron flow.

(2) The bias battery, E., connected as

shown, places grid G at a negative
voltage in respect to the cathode.
Usnally, no current exists in the grid
circuit. The alternating gignal voltage,
e,, is applied to the grid across grid
resistor R, The grid signal causes
variations in the plate current, which
consists of a d-¢ (direct-current) com-
ponent caused by E),, and an a-c
{alternating-current) component
caused by e,. The a-¢c component of
the plate current develops an alternat-
ing voltage drop across E;, (in addition
to the d-c voltage drop). Thig alter-
nating voltage drop iz of greater

L

3% o
{outPUT}

+-=ii

Epp

T™ 6870-2

Figure 2. Simple amplifier stage.

a. Basic Amplifier Circuit.

{1) The heart of the amplifier stage is the
tube. The tube shown in figure 2 is a
triode. Power for the output ecircuit
is supplied by battery E,,, connected
in series with load resistor By between
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amplitude than e, and is the output
voltage. If load resistor R, were omit-
ted from the circuit, no useful output
voltage could be obtained. The grid
signal would cause the plate current
to vary, but the plate voltage would
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remain constant, since at every instant
it would be identical with E,,.

b. Additional Amplifier Stages. Often a
single stage will not nrovide sufficient amplifica-
tion of a very weak signal. It then becomes
necessary to connect two or more stages in
cascade, as shown in the block diagram of figure
3. The output voltage of one stage is used as
the input signal for the following stage, thus
providing a greater over-all amplification than
either stage could provide by itself. Several
methods of coupling between stages are avail-
able (par. 4d). The polarity of the signal is
reversed by each stage, as explained in para-

graph 6b.

waveform of the input signal (A of fig. 1). The
extent to which this is accomplished dependg
partly on the frequency response of the ampli-
fier. An amplifier that does not accomplish this
result is said to introduce distortion. For many
applications, the amplifier is designed purposely
to introduce a large degree of distortion, as in B.

d. Efficiency. Any additional a-c power in the
output not supplied by the input signal must
come from the d-c supply. However, a part of
the d-c power is wasted, in that it does not
appear as a useful output. The extent to which
this occurs is expressed as the effieiency of the
amplifier. In large radio transmitters, efficiency
may be an important consideration. In devices

STAGE |
INPUT

STAGE 2
QUTPUT

TME70-3

Figure 3. Two stages in cascade,

3. Amplifier Considerations

¢. Gain. Amplification is expressed by com-
paring the amplitudes of the output and input
voltages. The ratio of these two quantities ig
called the voltage gain, or simply the gain, of
the amplifier. The output voltage may, or may
not, deliver more power to the load than the
stage receives at its input.

b. Frequency Response. Most amplifiers pro-
vide substantially the same gain for signals of
slightly different freguencies. Over a band of
frequencies for which the gain is constant, the
responsge of an amplifier is said to be flat. For
signals of frequencies above and below this
band, the gain usually falls off more or less
sharply. It is of interest in amplifier application
to know over what range the reaponse is flat,
and how it may be expected to fall off beyond
this range. This characteristic is called the
frequency response of the amplifier,

¢. Distortion. It often is desired that the
amplifier reproduce in its output the exact

2

employing only small amounts of power, how-
ever, gain, frequency response, and distortion
are of more importance.

4. Classification of Amplifiers

Amplifiers may be classified according to
whether they are intended to provide increased
voltage or increased power, whether plate cur-
rent flows during the entire signal eycle or only
a part of it as determined by the d-c bias, ac-
cording to the frequency range over which flat
response may be expected, or according to the
coupling circuits used between stages or for
coupling to the load. The first three of these
bases of classification are discussed in this para-
graph; the fourth is covered in later para-
graphs.

a. Type of Service.

(1) Voltage amplifier. Voltage amplifiers
are used to supply amplified voltages
to the high-fmpedance grid circuits of
power amplifiers, to cathode-ray tubes,
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and to high-impedsance vacuum-tube

Cyoltmeters. A voliage amplifier is con-

cerrigd primarily with delivering large,
varying output voltages to its load cir-
cuit. Therefore, the load impedance
for a voltage amplifier isusually large,
to develop a large voltage across its
terminals. The ratio of output voltage

" {o input voltage is called the voltage
. gain of the amplifier.

(2)

Power-amplifier. A power amplifier is

used to deliver power to iis load eir-

cuit. Power amplification is the ratio
of output power to driving power—
that is, to the a-e power consumed in
the grid circuit. Power sensitivity de-
seribes the power amplification when
no grid power is consumed in the grid
circuits. Power sensitivity is the ratio

(3) Application of emplifier. The sound

system of figure 4 contains typical
applications of both types of amplifier.
The weak voltage developed in the
microphone is amplified by the voltage
amplifier. Sinee very little signal eur-
rent flows in the output circuit of a
voltage amplifier, the output of the
voltage amplifier has insufficient
power to eause an-audible sound from
the loudspeaker. Therefore, the volt-
age-amplifier output is applied to a
power amplifier. The output voltage
of the power amplifier may even be
less than its input voltage, but it de-
livers a much larger current. Thus,
since P = I°R, sufficient power is ob-
tained to produce sound of the re-
quired loudness.

of power output to the square of the
rms (root mean sguare) grid-signal
voltage. The }oad impedance for power
amplification is chosen to supply maxi-
mum power output at specified distor-
- tion and plate efficiency. Plate efficien-
¢y is the ratio of a-¢ power output fo
d-¢ plate power input. In amplifiers
designed for low distortion, the plate
efficiency is generally low, but high

b. D-C Bias. The grid bias determines oper-
ating conditions of an amplifier by controlling
the portion of the cycle during which plate cur-
rent flows. In figure 5, an a-c¢ signal voltage is
projected on the plate-current grid-voltage char-
acteristic curve, to show the waveform of plate
current resulting when different bias voltages
and different amplitudes of grid signal are used.

(1) In Closs A operation, grid bias and
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efficiency is possible where distortion
is permissible.

a-c grid voltages are adjusted so that
plate current in a given tube flows at

LCUDSPEAKER
VOLTAGE POWER
MIGROPHONE AMFLIFIER AMPLIFIER

™ G708

Figure 4. Sound.amplifier system.
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Figure 5. Classes of amplifier operation.

all times, as in A. To keep the distor-
tion low, the grid signal swing is kept
small, eonfining operation to the linear
part of the characteristic curve. This
also requires that d-c bias E.. be such
as to place the operating point near

(2)

(3)

4)

the middle of the straight part of the
curve, as shown. Voltage amplifiers
usually are operated under Class A
conditions to obtain low distortion.
Power output is small, and efficiency
relatively low (10 to 20 percent).

In Class B operation, the grid bias is
made approximately equal to the cut-
off value, which places the operating
point at the cut-off point in B. Thus
the plate current is close to 0 when no
exciting grid voltage is applied. The
plate current flows for approximately
half of each cyele when an a-e¢ grid
voltage iz applied. Class B power amp-
lifiers give larger power output than
Class A, better plate efficiency (50 to
60 percent), and a moderate ratio of
power amplification. Class B opera-
tion introduces high distortion which
is indicated by the difference between
the output and input waveforms. Dis-
tortion may be minimized by operating
two tubes in push-pull (paragraph
100). The grid circuit of a Class B
power amplifier usually consumes
power supplied by a driver power
amplifier.

In Class AB operation, the grid bias
is Jess than cut-off, but greater than
in Class A ; the a-c grid voltage is such
that plate current flows for appre-
ciably more than half but less than .
the entire electrical cycle. For low
signal levels these amplifiers have
characteristics similiar to those of
Class A, but produce somewhat more
distortion; at high signal levels they
operate like Class B power amplifiers
with medium plate efficiency.

In Class C operation, the grid bias is
appreciably greater than the cut-off
value, so that plate current flows for
less than half of each cycle. In C, plate
current flows from 20° to 160°. Class
C amplifiers are characterized by high
power output, high plate efficiency (60
to 70 percent), and very high distor-
tion. Distortion usually is reduced to
tolerable limits by using a parallel
tuned circuit as a load instead of a
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registor. Class C amplifiers require
moderate grid driving power. They
are used to obigin large power output
in the output stages of radio trans-
mitters.

(5) Whenever the grid signal exceeds the
bias, the grid is driven positive near
the positive peaks of the sigmal, as
shown by the shaded portion of the
grid cycle in C. Grid current flows
during this time, requiring additional
driving power. Such operation is in-
dieated by adding the number 2 to the
class letter designation; thus, class C2
of class AB2 indicates that grid cur-
rent flows during part of the cycle.
Class AB1 or Bl indicates that no grid
eurrent flows,

¢. Preguency Response. Amplifiers are clagsi-
fied also according to the frequency range over
which they operate. These ranges are o-f
(audio-frequency), r-f (radio-frequency), and
video-frequency. The response of an amplifier
is its gain at a particular frequency, or the
manner in which the gain varies over a range
of frequencies,

(1) A-T amplifiers are used io operate
loudspeakers or motorg. R-f amplifiers
are used in radio transmitters to raise
the power supplied to the antenna, and
in radio receivers to increase the
strength received by the antenna. Both
often employ tuned cireuits as loads,
in order to suppress the ocutpul over
all except the fairly narrow band of
frequencies it is desired to amplify.
Video-frequency amplifiers are de-
signed with gain characteristies which
are flat over a very wide frequency
range. Video amplifiers are also called
broad-band and wide-band amplifiers,
and are used when the entire fre-
quency range up to several megacycles
is desired in the output. Because a
signal consisting of repeated square
pulses containg very high harmonies,
video amplifiers are needed to give
accurate reproduction of the input
signal. For this reason they are known
also as pulse amplifiers.
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{2) Figure 6 compares the gain of a
narrow-band amplifier with that of a
broad-band amplifier. Note that the
broad-band amplifier is flat (a term
indieating constant gain) from 1 cycle
to 1,000,000 cycles, whereas the nar-
row-band amplifier is flat only from
200 cyeles to 5,000 cycles. The maxi-
mum gain of the narrow-band ampli-
fier is 400, however, and the maximum
gain of the wide-band amplifier is only
2. The considerable reduction in the
gain of the wide-band amplifier is the
penalty that is paid for the greater
bandwidth. This is discussed later, in
sections dealing with broad-band amp-

lifiers.
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Figure 6. Gain of typical narrow-band and broad-band
amplifier.

d. Coupling Methods. Four methods of cou-
pling an amplifier to a load, or to a following
stage, are available, They are (1) resistance
ecoupling, (2) transformer coupling, (8) im-
pedance coupling, and (4) direct coupling. The
advantages of each method will be discussed
later.

5. Distortion in Amplifiers

a. Distortion and Harmonic Frequencies. As
already pointed out, whenever the output wave-
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form of an amplifier ‘differs from the input
waveform, the amplifieris said to have distoried
thegignal. The'waveform of any signal depends
onits harmonic content—the relative amplitude
and phase of the harmonic-frequency sine-wave
components of the signal. Any device that
changes the relative amplitude and phase of
these harmonic components distorts the signal.
Conversely, any device that adds new frequen-
cies not present in the input signal changes the
harmonic content and distorts the waveform.
Amplifiers distort waveforms in both ways.

b. Types of Distortion. Four types of distor-
tion may occur— (1) frequency distortion, (2)
phase distortion, (3) amplitude distortion, and
(4) intermodulation distortion. The first two
types oceur because the gain of an amplifier is
not the same for all frequencies. This variation
in gain is caused largely by the coupling cir-
cuits. Freguency and phase distortion cannot
occur when the signal is a pure sine wave, be-
eause only one freguency is present. In ampli-
tude distortion, the amplifier tube itself intro-
duces new frequencies, so that even a sine wave
input is distorted. Intermodulation distortion
introduces new frequencies, but occurs only
when more than a single frequency is present
in the input.

(1) Freguency distortion. This type of
distortion occurs when some compo-
nents of a complex signal are amplified
more than others. For example, figure
7 illustrates how frequency distortion
may alter a signal consisting of a
fundamental and its third harmenie.
If the fundamental of the signal falls
within the flat range of the amplifier
response curve, and the third har-

FUNDAMENTAL

m 3RD HARMONIC
P AMPLIFIER

(2)

monic falls far down the slope at the
high-frequeney end of the curve, the
fundamental is amplified, but the am-
plitude of the third harmonic may be
negligible in the output. The result is
an entirely different waveform in the
output. Frequency distortion usually
occurs where the amplifier gain falls
off—at both low frequencies and very
high frequencies. Within the flat
range of an amplifier, however, there
is no frequency distortion. Note that
no new frequencies are produced by
frequency distortion.

Phase distortion. When signals pass
through an amplifier they encounter
a delay, known as delay distortion or
phase distortion, which varies with
frequency. It is caused chiefly by the
reactive coupling circuits between
amplifier stages. When a single pure
sine wave is amplified, the delay, or
phase shift, does not affect the ampli-
fied waveshape, and consequently there
is no distortion. Similarly, when a
complex wave is amplified, the output
wave has the same shape as the input
wave if the phase of each is shifted
an amount proportional to each fre-
quency on its own gseale. In other
words, the relative phase angles of the
harmonies are not shifted in respect to
the fundamental where distortion does
not oceur. However, when complex
waveshapes are amplified, each ecompo-
nent frequency of the waveshape may
be shifted by an amount not propor-
tional to the frequency, so that the
output waveshape is not a faithful

FUNDAMENTAL

OUTPUT

>

INPUT

3RD HARMONIC

™ €70-4

Figure 7. Frequency distortion.
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(3)

representation of the input. In figure
8, a signal consisting of fundamental
and third harmonic is passed through
an amplifier producing phase distor-
tion. Since both frequency components
are amplified by identical ratios, their
relative amplitudes are unchanged;
the phase of the third harmonic, how-
ever, has been shifted by 90° in respect
to the fundamental. Sc shown, the
output waveform has been noticeably
changed. In practice, frequency dis-
tortion and phase distortion almost in-
variably occur together. They have
been separated in figures 7 and 8 to
clarify the prineiples involved. Only
one simple case is illustrafed, out of
the infinite variety of ways in which
phase distortion can occur. In video
amplifiers, special coupling circuits
are used to minimize phase distortion.

FUNDAMENTAL

3RD HARMONIC

even greater than is shown in B, figure
5. The output waveform resulting
from a sine-wave grid signal is shown
in A, figure 9. Below cut-off, the cur-
rent through the tube remains zero,
no matter how far the grid goes nega-
tive; above saturation, the plate cur-
rent eannot increase, no matter how
far positive the grid is driven. Such
amplitude distortion often is reguired
for producing special waveshapes used
in radar and other applications. The
new frequencies introduced by distor-
tion are represented in B. Amplitude
distortion can be produced in lesser
degree, even though the tube is not
driven beyond cut-off, if its character-
istic is curved. Even in such cases,
new frequencies are introduced,
especially the second harmonic of each
input frequency. Amplitude distortion

FUNDAMENTAL.

oUTPUT

A\VAW/,

| A S ; : 7 AMPLIFIER
INPUT

\Vj

3RD HARMONIC

M 870-5

Figure 8. Phase digtortion.

Amplitude distortion. If a vacuum-
tube amplifier iz operated on any non-
linear part of its characteristic, a
change in instantaneous grid voltage
results in a change in instantaneous
plate current which is not directly in

proportion. The resulting distortion is

amplitude distortion, or nonlineqr dis-
tortion. Harmonic components are

generated by the amplifier, and appesar
in the output in addition to those pres-

ent in the input. As an extreme

- example, consider a Class B2 ampli-
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fier, whose -grid-signal amplitude is

(4)

can be reduced greatly by operating
amplifier tubes within the linear re-
gion of their characteristics.

Intermodulation distortion. A complex
signal contains at least two frequency
components, If such a signal is applied
to an amplifier operating on any non-
linear part of its characteristic, inter-
modalation distortion results, Ampli-
tude distortion causes harmonic
components in the output waveshapes;
intermodulation distortion. causes, in
addition, sum and difference frequen-
cies of every pair of components of the

7 :
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Figure 9. Amplitude distortion.
input waveshape: - As an example, 40
figure 10 shows the two new frequen-
cies which appear when 60 cycles and
1,000 cycles are applied simultaneously [=
to an amplifier which produces inter- g
modulation distortion. Note that the <
two mnew frequencies have smaller
amplitudes than either original signal, E
and that they appear at 60 cycles 3 |, '
above and at 60 cycles below the 1,000- = 7~~~ ~§{~~— "7 77 *
cycle signal. The two new frequencies, &
940 cycles and 1,060 cycles, are not § 940~ 1060
harmonics of either 60 cyclesor 1,000 3 & L ¥ g
cycles. Harmonies of the two input —” FREQUENCT
frequencies would also be present as a 60~ 1000 ~ " 6707

result of amplitude distortion. In
sound-system amplifiers, intermodula-
tion distortion produces disagreeable,
harsh sounds in the loudspeaker.
Overloaded tubes and iron-core trans-
formers are nonlinear and cause inter-
modulation distortion. Intermodula-
tion distortion iz minimized by
operating apparatus on the most near-
1y linear portion of its characteristics.

Figure 10. Intermodulation distortion.

a load resistance or other impedance,
and the varying signal to be amplified
is applied to the grid. Grid bias is
provided either by a battery, as shown,
or by a method of self-bias, explained
in TM 11-662. When so connected,
the tube ig said to be operating under
dynamic conditions, because current

and all voltages are changing from one
instant to another: plate current, grid
voltage, voltage from plate to cathode,
and voltage drop across the load. Each
of the quantities that changes con-
tinnously in dymamic operation does
s0 by varying above and below some
middle value. Thus {fig. 11), the in-

6. Single-Stage Operation
a. Dynamie, Quiescent, and Static Condi-
tions.,

(1) In practical use, a single amplifier
stage is operated in a manner similar
to that illustrated in figure 2. A d-¢
voltage is applied to the plate through

8 AGO 42394



stantaneous voltage from cathode fo
orid e, varies above and below the d-e
grid-bias voltage, E,. This causes
a corresponding variation in plate cur-
rent 4,, as shown.

Ebb
‘ .t VOLTAGE
IbRL ACROSS
LOAD
€p
Epo S, W AR A
VOLTAGE
o FROM
+ b caTHODE
TO PLATE
0
VOLTAGE
— FROM
&g ®e cATHODE
),\ TO GRID
Ecc o, “r“—v
. /:\ _____
ip k)
]
b
o {
_'f-a t, te is ta
TIME
———lie

T™ 670-8

Figure 11. Voltage and current variations in Class A

(2)

(3)
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amplifier,

In figure 2, the plate current flowing
in load resistor E; causes a varying
voltage drop, i,R;. The instantaneous
voltage across the tube, e, is equal to
the difference between the plate-supply
voltage, K, and 7,R;. Since the latter
varies, so does e; (fig. 11).

Consider what would happen if the
signal voltage in figure 2 were short-
circuited. The grid-bias voltage, F.,
would appear as a steady voltage from
cathode to grid, as is shown in figure
11 between the instants ¢, and £;. The
plate current would not be cut off. A
direct plate current, designated I,
would flow. ¥ would produce a direet
voltage drop, I,;,Br, across the load,

(4)

b. Phase FRelotions.
namic conditions, the output voltage of an R-C

and place a direct voltage, E;,, across
the tube. These values—F.., I, and
E,—are known as the quiescent
palues of the erid voltage, plate cur-
rent, and plate voltage, respectively.
When the tube is operated with zero
signal, but otherwise is the same as in
figure 2, it is operating under quiescent
conditions. The quiescent values are
the values about which e, 7, and e,
vary when an alternafing voltage, ¢,
is applied to the grid in series with
E,, {(fig. 11). Each horizontal solid line
represents a quiescent value. Each
instantaneous value is seen to vary
above and below the broken-line ex-
tension of the solid line. The excur-
giong of the instantaneous plate
current and plate voltage about I,
and E,, are the a-¢ components of
these guantities. They are designated
i, and e,, as shown. It is to be noted
that the a-c component of the load
voltage is identical with e,, the a-c
component of the plate voltage.

Quiescent values and quiescent condi-
tions should not be confused with
static conditions. Static conditons pre-
vail when the plate-supply voltage is
connected directly to the plate, without
any intervening load impedance. Un-
der such conditions, varying the grid
voltage would vary the plate current,
but not the plate voltage. This is not
a practical method of operating a tube,
as no output voltage can be obtained.
1t is used by engineers to measure the
effect of changing the grid and plate
voltages separately, in steps. Such
measurements may be used to deter-
mine the tube coefficients, p (ampli-
fication factor), 7, (a-c plate resis-
tance), and g, (transconductance),
and to plot static plate-characteristic
curves, such as the curves ordinarily
shown in fube manuale and explained
in TM 11-662. These curves are useful
in desgigning amplifiers, but are not
needed for the present diseussion.

Operating under dy-
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amplifier stage is 1809 out of phase with its
input. (of opposite polarity), as in figure 11,
When the grid voltage decreases (becomes more
negative), the plate current also decreases. The
drop across the load resistor, therefore, de-
¢reases. But, with this decrease, more supply
voltage K, appears across the tube. Thus, a
decrease in e, causes an inerease in e,. There-
fore, as e, continuously decreases and increases
with the a-c signal, the a-c variations of e, are
180° out of phase with e, (of opposite polarity).
Note that the a-c component of the load voltage,
measured as a voltage rige from cathode to plate,
is identical with the a-c component of e,. This
alternating component of the voltage across R,
ig the desired output voltage. Thus the output
voltage is also 180° out of phase with the signal
voltage {of opposite polarity).

c. Amplification.

(1) Consider a tube operaled under static
conditions. A small increase in plate
voltage causes a corresponding in-
crease In plate current. If the grid
veoltage is decreased {(made more nega-
tive} by a small amount, the plate
current iz restored to its original

_ value. The change in grid voltage
required to accomplish this is, in gen-

- eral, much smaller than the change

in plate voltage causing the increase.

‘The ratio of these two changes—the

plate-voltage change and the grid-
voltage change—is defined as the amp-
lification factor, or u, of the tube. It
expresses the relative effect of changes
in plate and grid voltage to produce
corresponding changes in plate cur-
rent.

Since an a-¢ voltage is a continuously
varying voliage, the amplification fac-

(2)

S -1

K

tor also expresses how much greater
an a-c plate voltage would have to be,
as compared with the a-c grid signal,
to produce the same a-¢ component of
plate current. Such an a-c plate volt-
age Is not actually applied, but the
concept is important in understanding
the following paragraph.

7. Voltage Equivalent Circuit

The gain of an amplifier is Trequently a gues-
tion of primary interest. It can be calculated
more or less exactly, for any class of operation,
from the statie characteristic curves. The cal-
culation of gain is greatly facilitated by the use
of an equivalent circuif, however. Two types of
equivalent circuit may be used. The purpose of
this paragraph is to develop the constant-volt-
age equivalent circuit, and to explain the as-
sumptions on which it is based. The constant-
current eguivalent circuit is discussed in
paragraph 12,

a. It has been shown (fig. 11) that the plate
current of an amplifier tube is composed of &
d-c component, [,, and an a-c component, 4,.
The plate civeuit behaves as though it were
energized by a battery, which causes Iy, and an
a-c generator, which causes i,. Any circuit thus
energized by two or more voltage sources can
be analyzed by considering the effects of the
two sources separately, then adding up the re-
sults. Figure 12 shows how the plate circuit of
a simple amplifier stage may be represented by
two equivalent circaits.

b. In the d-c¢ circuit of figure 12, resistor R,
represents the d-c resistance of the tube
through which the quieseent plate current, I,
flows because of battery F,,. In the a-c cireuit,
7, is the a-c plate resistance of the tube. The

K
TM 670-15

Figure 12. D-c and a-¢ equivalent circuits of simple amplifier,

10

AGQ 4230A




a-c component. of plate current i, flows in both
the tube and E;. The generator that causes 4,
is such that the sum of I, and 4, in the equiva-
lent circuits will be the same as 4,, the varying
plate current that flows in the actual tube cir-
cuit., (The d-c ecirenit is now of no further
interest. It was introduced only to show that
the a-c components of current and voltage in
the plate circuit may be considered separately,
for purposes of calculation.)

¢. The generator of the alternating current
in figure 12 has vet to be identified. If it were
actnally an alternating voliage applied to the
plate of the tube, as represented in the equiva-
lent circuit, it would cause the a-c plate current
component, 4,. It follows from paragraph 6¢(2)
that this assumed generator voltage in the plate
circuit must be p times the grid signal, ¢,, which
actually produces 7, The a-c equivalent circuit
may, therefore, be drawn as in figure 13. It
should be understood that this is %ot an actual
circuit. It isa fictitious circuit having the same
alternating current as the actual cireuit. It is
a useful tool for computing amplifier gain, as
will be shown.

| o)
r"% R,

“Hes ()

+

&

K

TM 870-152

Figure 15. A-c¢ equivalent civeuit,

d. The equivalent plate generator has an in-
stantaneous voltage of —ue, (fig. 13). The
minus sign indicates the polarity reversal that
takes place between the plate and grid voltages
of the actual circuit. Thig is represented by
assigning polarities to the generator terminals
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as shown, with {he plate términal negative in
respect to the cathode terminal—just opposife
from their actual polarities. This indicates that
when the plate current iz in its positive half-
cycle, electrons are moving toward the positive
generator terminal. This occurs when the grid
voltage is in ifs positive half-cycle.

e. From the equivalent cireuit of figure 13,
the a-c plate current and the output voltage may
be calculated by the methods applicable to
simple series circuifs:

F I L T
o (7
. R;
tput volt — Ry, — L7 N,
output voltage = i,y wé, ( TP+RL)

This expression shows that the output voltage
is not simply p times the applied signal, as in
static, operation, but less than this value.

7. The equivalent circuit gives the exaet per-
formance of the vacuum-tube amplifier only if
certain assumptions hold true. These are (1)
that the plate resistance and amplification fac-
tor of the tube (7, and p) remain constant under
dynamic operating conditions, and (2) that
distortion generated by the tube is negligible.
In practice, both u and », do vary somewhat.
The variation usually is g0 small that published
tube constants may be used for designing an
amplifier, but performance should then be
checked in the laboratory. Distortion iy neghi-
gible only in a Class A amplifier, as its opera-
tion usually is confined to a fairly linear part
of the characteristic.

8. Summary

a. Voltage amplifiers are used to increase the
voltage of feeble signals. Power amplifiers are
used to supply power to a load such as a loud-
gpeaker or an antenna.

h. In Class A operation, plate current flows
at all times; in Class B operation, plate current
flows for approximately half of each cycle; in
Class C operation, plate current flows for less
than half of each cycle.

¢. Audio-frequency amplifiers operate from
about 50 cycles to 20,000 cycles; radio-fre-
gquency amplifiers operate from about 20,000
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eyeles up to many millions of cycles: and video-
frequency amplifiers operate from about 20
cycles to 5,000,000 cycles.

‘d. The four types of distortion which occur
in amplifiers are frequency, phase, amplitude,
and intermodulation distortion. Frequency dis-
tortion occurs when the gain of an amplifier is
different for signals of different frequency.
Phase distortion occurs when the reactive cou-
pling networks shift the phase of the signal
components in respect to each other. Amplitude
distortion results from operating on any non-
linear part of the tube characteristic, thereby
adding new frequency components to the signal.
Intermodulation distortion causes sum and-dif-
ference frequency components to appear in the
output of an amplifier when it is amplifying
two or more frequencies simultaneously.

‘¢. A tube operates under static conditions
when its load impedance is zero. An amplifier
operates under quiescent conditions when no
external signal is impressed on it. An amplifier
operates under dynamiic conditions when it has
an external signal impressed on its grid, and
its plate voltage changes because of the chang-
ing drop across the load resistor.

f. Amplifier operation is analyzed by means
of the constant-voltage equivalent cirenit or the
constant-current equivalent ecircuit, which
shows the a-c component of current and volt-
ages for a single-stage amplifier. The constant-

12

voltage equivalent circuit shows that the output
voltage of an amplifier is—
Zy,
€y == ——uy (Tmp T Zz,)

g. The networks with which amplifier stages
are coupled are known as resistance-capaci-
tance, impedance, transformer, and direct-
coupling circuits.

9. Review Questions

«. What is the purpose of an amplifier?

b. What is the difference between a voltage
amplifier and a power amplifier?

¢. What is the meaning of power sensitivity ?
Plate efficiency?

d. How are amplifiers generally classified?

e. Name four types of distortion and describe
each type.

f. Compare static, quiesecent, and dynamie
operating econditions.

g. What is the constant-voltage equivalent
cireuit? Why is it used?

h. What is a single-stage amplifier? A cas-
cade amplifier?

t. What is the theoretical maximum voltage
gain obtainable from a tube?

j. What is the phase relationship be-
tween applied grid-signal voltage and plate-load
voltage in an amplifier having a pure resistance
load?

#. Name three basic coupling methods.
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CHAPTER 2
NARROW-BAND AMPLIFIERS

Section I. R-C COUPLED AMPLIFIERS

10. Resistance-Capacitance Coupling

As pointed out earlier, four general methods
are gvailable for coupling the output of an
amplifier stage to a load or to a following stage.
They are (1) resistance coupling, or resistance-
capacitance coupling; (2) impedance coupling;
(3) transformer coupling; and (4) direct cou-
pling. The operating characteristics of each
method will be analyzed and discussed in this
chapter.

a. Adventages. Amplifier stages which are
coupled by combinations of resistances and ca-
pacitors are known as resistance-capacitance
coupled, or R-C coupled, amplifiers. Their out-
standing characteristics are high fidelity over
wide frequency ranges, relatively high gain,
low hum pickup from nearby a-c¢ fields, small
.space requirements, and low cost. A minor
disadvantage is the higher B-supply voltage
which is needed to compensate for the voltage
drop across the coupling resistor (load resistor)
in the plate cireunit of the tube.

b. Coupling Cireuit.

(1) Typical circuits of triode and pentode
amplifiers are shown in figure 14, to-
gether with the names of the various
circuit elements. It will be noted, in
A, that the elements of the triode cir-
cuit, within the broken line, comprise
a single stage practically identical
with that in figure 2. An exception is
the substitution of self-bias, provided
by B2 and C2 in figure 14, in place of
bias-battery E,, in figure 2. The cor-
responding parts of the pentode cir-
cuit are similarly inclosed in a broken
line in B.
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Figure 14. Typical B-C coupled amplifier.

{2) The elements oufside the broken-line
boxes are part of the coupling net-
works. (1 is the input coupling capa-
citor. It is inserted to prevent any
d-c component of the input signal from
appearing across the grid circuit. €3
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serves a similar purpose for the second
stage, blocking the d-c plate-supply
voltage of the first stage from the grid
of the second. Grid-leak resistors K1
and R4 serve two purposes. They pro-
vide from grid to ground a d-c path
through which electrong. striking a
grid may leak off to ground. Even
though no grid current flows, the
grid-leak resistors are needed to place
the grid at the same potential as the
lower end of the cathode-bias resistor,
thus producing the required bias volt-
age.

€. F%equency Characteristics.

14

(1) The frequency characteristics of any

amplifier largely depend on the output
impedance acrogs which the output
voltage is developed. In figure 12, this
output impedance was shown as con-
sisting only of the load resistor, Er.
Actually, it is a eomplex network (fig.
15). In this figure, E; and R, corre-
spond to B3 and R4 of figure 14, and
C, eorresponds to C3. C; represents
the distributed capacity of the cou-
pling network ; C, and €, are the inter-

 electrode capacities of the tubes.
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lent circuits for these ranges appear
in figure 16. Bach circuit is based on
one or more of the following assump-
tions: In the low-frequency range the
reactances of the small shunt capaci-
tance, C,, Cy, C,, are so high that they
are comparable to an open circuit and
are, therefore, negligible. The series
reactance of the large coupling capa-
citor C,, however, is appreciable at
low frequencies. C,, therefore, is
shown, in A, in the low-frequency
equivalent circuit. At high frequen-
cies, the reactances of the shunt ca-
pacities are comparable to the shunt
registors. The shunt capacities, C,, Gy,
and C,, therefore, are shown in the
equivalent eireuit, and their combined
effect as €, in C. Since the reactance
of coupling capacitor C, is equivalent
to a short circuit at high frequencies,
its effect iz negligible. For this reason,
€. does not appear in the high-fre-
guency equivalent circuit. Between the
low- and the high-frequency range lies
the middle-frequency range at which
both the series and shunt reactances
have negligible effects upon the fre-
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Figure 15. Qutput impedance of B-C coupled amplifier.

(2Y In order to determine the frequency

characteristics of an amplifier, it is
customary to divide the frequency
spectrum into three distinet regions
known as low-, middle-, and high-fre-
quency regions. The gsimplified equiva-

(3)

quency response. Therefore, in B, no
capacitors appear on the equivalent
circuit for the middle-frequency range.
At low frequencies, C. and R, act as
a-¢ voltage dividers, as in A, so that
only part of the voltage across K, ap-
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Figure 16. Low-, middle-, and high-frequeney equivalent cireuits of R-C coupled amplifier,

" pears across the output. At high fre-
quencies, the output terminals are
shunted by C,, as in €. Therefore, the

“output impedance has ifs highest
value, and the gain is greatfest, in the
midfrequency range. The response at
low and high frequencies is expressed
in terms of the midfrequency gain, Ay.

11. R-C Amplifier Voltage Gain

The voltage gain of an amplifier is the ratio
of the output voltage to the input voltage. At
middle frequencies, voltage gain A, of the R-C
coupled amplifier is derived from B of figure
16 as

[0 Zy

Ay = e, a4 (m)
The term Zj, refers to the load impedance, which
consists of Ry, in parallel with R,. Tt is helpful
to rearrange the gain equation into a form
which includes the g,, of the tube. Thig is done
by multiplying numerator and demoninator by
the same quantity, 7,. The value of the gain
equation remains unchanged by this operation.
Thus the voltage gain of the amplifier at mid-
frequency is

—n Ty 2y,

N ¥p Tp 4+ 241

The quantity p/r, represents g,. The fraction
45/ (ry + Z) is the equivalent resistance,
E,,, Tormed by the parallel combination, R, of
the dynamic plate resistance, r,, load resistor
Ry, and grid resistor B,. Therefore, the voltage
gain, 44, I8 given by
AM ==

A M

—4 mR eg
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12, Constant-Current Equivalent Circuit

a. The gain equation, Ay — —,K.,, leads
{0 a very useful revision of the constant-voltage
equivalent circuit. The output voltage, ¢, at
midfrequencies is A, times the grid-signal volt-
age, €, Or €, = —u8yley, 08 —(n €,/7,) /Ry
It is evident that quantity p e,/7, represents a
current since it consigts of a voltage, u e,
divided by a resistance, 7,. The amplifier output
voltage, ¢, thus is produced by a current, u
€,/ Ty, OF gne, flowing through R,, which con-
sists of three parallel impedances-—r,, B, and
R,

b. Figure 17 shows the equivalent civeuit
which represents these circuit conditions for
the R-C coupled amplifier in the low-, middle-,
and high-frequency regions. This eguivalent
circuit frequently is known as constant-current
equivalent circuit, because the generated cur-
rent, p €,/7,, OF g€, consists of the three fac-
tors, p €, and »,, which are assumed constant
when an amplifier cirenit i3 analyzed.

¢. Assume, as 3 numerical illustration of the
merits of the constant-current equivalent cir-
cuit (fig. 17), that a certain pentode tube has
a p of B0O, an », of 100,000 ohmg, and therefore,
& fm = pn/7p = 5,000 umhos. This tube is to be
used as an amplifier with a load resistor of
4,000 ohms, It is required to find the midfre-
quency voltage gain of this amplifier using both
the constant-voltage equivalent eircuit and the
constant-current equivalent eircuit. Using the
constant-voltage equation, Ay = —u Z1/ (v, +
Zy), the gain is — (500 times 4,000)/ 104,000
== —19.2, Using the constant-current equation,
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Figure 17. Constant-current equivalent cirewits of R-C
coupled amplifier.

Ay — —guwke, it is necessary first to find R,
which in this case consists of #, in parallel with
Ry, or {100,000 times 4,000} divided by 104,000,
or 3,840 ohms. The gain 4, — -— (5,000 times
10-%) (3,840}, or —19.2, as before.

d. It usually is not necessary to calculate R,
with great accuracy when the load resistor is
much smaller than the plate resistance of the
tube (fig. 17). In the illustration just given,
the R, of 3,840 chms is practically egual to the
load resistor of 4,000 ohms. Hence, the mid~

16

frequency gain can be written as approximately
—nfr. Using this approximation, the gain
comes out to — (5,000 times 10%) (4,000) —
—20, which is in error by a negligible 4 percent.
This example shows the convenience of the con-
stant-current equivalent diagram, especially
when the plafe resistance is considerably larger
than the load resistance.

13. Elements Influencing Gain

a. Elements Influencing Gain at Midfrequen-
cies. The gain expression, 4 — —g,.R.,, shows
that a high-gain R-C amplifier uses a high —g,,
tube having a large dynamic plate resistance,
ag in pentodes, and large values of plate load
and grid resistors. The d-c operating conditions
of the tube control g,, and 7, directly (fig. 17).
The dynamic plate resistance, r,, is controlled
also by the size of load resistor R;, since Ry
determines the d-c potential applied to the plate.
R, usually is fixed for a given g¢,. The grid re-
sistor, K, is made as large ag possible to obtain
high gain at middle frequencies. Grid resistors
are usually limited to 1 megohm for many tube
types, in order to prevent excessive biasing as
a regult of rectified grid eurrent.

b. Elements Influencing Gain ot Low Fre-
quencies. Coupling capacitor €, and grid re-
sistor Kz form a voltage divider which reduces
voltage e, appearing across grid resistor B, (fig.
17). The voltage gain of the amplifier at low
frequencies is, therefore, lower than in the
middle-frequency range., The reactance of the
capacitor increases as frequency goes down,
since Xy — 14 » fC. It is essential to use a
large value of C, which offers negligible react-
ance at the lowest frequency that must be
amplified. Good low-frequency gain iz obtained
also by using a grid resistor, B,, which is much
larger than the reactance of €, at the lowest
required frequency. Often it is useful to con-
sider the product of R,C,, known as the time-
constant product. Good low-frequeney response
is obtained by using a large time-constant prod-
uct since R, and C. each must be large.

e. Elements Imfluencing Gain ot High Fre-
quencies.

{1) The load impedance of the tube at high
frequencies includes the parallel com-
bination of three capacitors: plate-to-
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cathode output eapacitance €, of the
tube, the distributed, or stray, capa-
citance, €y, and input capacitance C;
of either a following stage, or of a
load. The small series reactance of the
coupling capacitor, C,, is negligible at
high frequencies, as it is equivalent to
a short circuit (fig. 17). The voltage
gain of the amplifier at high frequen-
cies is reduced because the reactance
of C, reduces the total load impedance
of the tube as the frequency increases.
It is eszential to keep the total shunt-
ing ecapacitance, ., at a value which
offers negligible shunting reactance to
the load at the highest frequency
which must be amplified. The tube
interelectrode capacitances, C, and C,
(included in C,), are inherent in a
given tube type and cannot be altered.
The distributed capacitance, Cy, is held
t0 a minimum by using short leads, by
using high-quality low-capacitance
tube sockets, and by mounting all
coupling elements above the chassis
and away from it.

{2) Another method of reducing the
shunting effect on the load impedance
of the reactance of C, is to reduce the
value of shunting resistor RB,. This
extends the flat range at its end, but
greatly reduces the gain at all frequen-
cies, since R, is lower in the equation
A}L{ = "_ngeq-

{3) It often is useful to consider the prod-
uct of R,,C, the time-constant product
for high frequencies. Good high-fre-
guency response is obtained by using
a small high-frequency time-constant
product, since R,, and C, each must be
small.

14. Universal Response of R-C Coupled
Amplifier

It 18 possible to draw a single-frequency re-
sponse curve that applies to all R-C coupled
amplifiers (fig. 18). This curve helps to clarify
R-C coupled amplifier operationr and is known
as the universal response curve. It is based on
the assumptions made in developing the equiv-
alent circuits of figures 13, 16, and 17.
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Figure 18. Universal vesponse curve of R-C coupled
amplifier.

@. The high-frequency portion of the univer-
sal regponse curve (fig. 18) is developed as fol-
lows. The voltage gain of the R-C amplifier
drops to 70.7 percent of the midfrequency gain
at the high-frequency point, fn, where the re-
actance of shunt capacitor C; has the same value
as the resistance of B, At this frequency, the
resultant load impedance of the tube is 70.7 per-
cent of RE,,. The voltage appearing across grid
resistor R, at this frequency is .707, or 1/v/2,
times the voltage appearing across £, al mid-
frequency. The a-c power developed in R, ig pro-
portional to the square of the voltage impressed
across E,. Hence, the power developed in the
grid resistor at frequeney [y is one-half of the
power developed in E, at middle frequencies.
For this reason frequency fy is known ag the
high-frequency half-power point, or the upper
half-power point, or the upper half-power fre-
quency.

b. The frequency response of an R.C ampli-
fier is considered flat so long as it remains
within %4 of 1 percent of the maximumm- or
middle-frequency response. The boundaries of
flat response are located, therefore, at the fre-
guencies where the response is 99.5 percent of
middle-frequency response. The high-frequency
boundary of flat response in the R-C amplifier
lies at one-tenth of fr (fig. 18}, because at this
frequency the total load impedance iz 99.5 per-
cent of its maximwm, or middle-frequency,
value,
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~¢. The low-frequency portion of the universal
responge cuive is developed in the same manner
as the high-frequency portion. At the lower
half-power frequency, f,. (fig. 18}, the reactance
of .coupling capacitor C, has the magnitude of
R; plus the parallel combination of 7, and E;.
The parallel combination of 7, and R, fre-
quently is neglected beeause it usually is much
smaller in magnitude than R, At the half-
power frequency, f1, the voltage across grid re-
sistor R, is .707, or 1/7/ 2, times the middle-fre-
quency value. The power developed in R, at
frequenecy f is, therefore, one-half of the power
developed in Ry at middle frequencies. Hence
fr is called the low-frequency holf-power point,
or the lower-half-power potnt, or the lower half-
power frequency. The low-frequency boundary
of flat response lies at 10f,, because at this fre-
quency the voltage across R, iz 99.5 percent of
its maximum, or midfrequency, value.

d. Figure 18 shows that the middle-frequency
portion of the universal response curve extends
between 10f; and .1f4. It is drawn horizontal
or flat, because in this range the response varies
by less than 14 of 1 percent. The exact midfre-
quency is the geometric mean of the half-power

point frequencies fir = \/ frfa.

e. A numerical example will make these dis-
tinctions clear. A resistance-coupled amplifier
is flat between 100 and 10,000 cycles. Therefore,
gince 100 cycles corresponds to 10f;, 10 cycles
is the lower half-power frequency at which the
voltage gain iz .707 times the midfrequency
gain. Similarly, since 10,000 cycles eorresponds
to .1y, 100,000 cycles is the upper half-power
frequency at which the voltage gain is 707
f{imes the midfrequency gain., The exact mid-

frequency is / (10) (100,000), or 1,000 cycles.

f. Logarithmic scales often are used to plot
frequency and a-c voltage, because the response
of human senses is very nearly logarithmic. A
logarithmic plot of response shows a more real-
isti¢ picture of amplifier characteristics under
operating conditions. The exact midfrequency
is the average of the half-power poinfs taken
logarithmically. The output voltage of an R-C
coupled amplifier is expressed frequently in
db (decibels) relative to the midfreqgueney out-
put voltage. At the half-power points the re-
sponse ig said to be down to 8 db from midfre-
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quency response because the power delivered
to K, at the half-power points is one-half of the
power delivered at midfrequency. The db re-
sponse is plotted on linear ordinates, since db
is 10 times the logarithm of the power ratio.
So plotted, the universal response curve of fig-
ure 18 appears as in figure 19.

RELATIVE GAIN (DB}
L
<

1of, fu afy fy oy
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Figure 19. Decibel response curve.

15. Bandwidth

@ The bandwidth of an amplifier is defined
as the difference between its two half-power
frequencies. It thus is a measure of the fre-
quency range of the amplifier.

b. The flat range of the low-frequency por-
tion of the response curve is extended down-
ward by increasing the low-frequency time-con-
stant product, B,C, (fiz. 19). The coupling
capacitor is limited customarily to .1pf (micro-
farad), however, to minimize d-c leakage to the
grid eircuit of the following stage, and to avoid
excessive shunting capacitance to ground. Grid
registor, B, usually is made as large as tube
ratings permit. Thus, the low-frequency re-
sponse of an R-C coupled amplifier cannot be
improved beyond a certain point by uging this
method of coupling.

¢. The flat range of the high-frequency por-
tion of the response curve {fig. 19) is extended
upward by decreasing the time-constant prod-
uct, B, C,. Resistor E; is the only element which
is reduced in order to extend the high-frequency
response. The shunting capacitance, C,, cannot
be reduced below g fixed minimum value, after
the tube is chosen. K, determines the extent of
the low-frequency response, and it also cannot
be altered. The voltage gain of the B-C eoupled
amplifier thus is lowered as the high-frequency
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range is extended. Typical single-stage R-C
coupled amplifiers using pentode tubes have
voltage gaing up to 370 and a response range
whith is fiat between approximately 20 cycles
. and 5,000 cycles. However, the voltage gain
drops to unity as the high-frequency response
is extended into the megacycle range by re-
ducing the value of E;. Other methods of ex-
tending the bandwidth are discussed in the see-
tions on wide-band (video) amplifiers.

16. Effect of Bypass Capacitors on Low-
Frequency Response

In analyzing amplifier circuits it usually is
assumed that the power-supply feed lines, in-
cluding bypass capacitors as well as the power
supply itself, present no series impedance to
the signal variafions. A cathode bypass capaci-
tor is used, in the case of eathode bhias, to reduce
to a small value the a-c impedance between cath-
ode and ground. The cathode-bias circuit im-
pedance is, therefore, usually not shown in a-¢
equivalent circuits. The plate- and sereen-voli-
age supply circuits are bypassed in a similar
manner, and their impedances usuzlly are neg-
ligible. At very low frequencies, however, the
reactance of a bypass capacitor becomes appre-
ciable, and the very-low-frequency response of
an amplifier falls off more rapidly than when
the power-supply impedance is actually close
to zero. A method for minimizing the effects of
insufficient bypassing is discussed in chapter 3.

17. Response of Multistage Amplifier

The voltage gain of a multistage amplifier
is the product of the individual stage gains.

The individual stages of a cascade amplifier
must be flat over a much ‘wider range than the
entire amplifier chain. Assume, for example,
that a cascade amplifier econsgists of four iden-
tical R-C coupled stages. The midfrequency
gain of each stage is 10 at 5,000 cyeles, and the
half-power points of each stage are at 50 cycles
and at 500,000 cyeles. The over-all gain of the
amplifier at midfrequency is the product of the
individual gains, or 10,000. However, the over-
all gain drops to 2,500, or one-quarter of mid-
frequency gain, at 50 cyeles and 500,000 cycles,
the half-power point frequencies of the indivi-
dual stages.

18. Pentodes Versus Triodes

Pentodes generally are preferred over triodes
as vacuum tubes in R-C coupled amplifier stages.
The plate resistance of a pentode permits
greater midfrequency gain. This is seen from
the gain expression Ay — —gnR., in which a
high value of », contributes to high values of
both g,, and .. The total shunting capacitance,
C,, is lower for a pentode because the dynamie
input capacitance of a pentode is considerably
lower than the dynamic input capacitance of a
triode. The high-frequency boundary of the
flat frequency-response region is, therefore,
higher in an R-C amplifier using a pentode
than in one using a triode. A pentode ampli-
fler requires a screen-voltage supply and an
adequate bypass capacitor. This is a minor
complication, considering the benefits of a
greater gain and greater bandwidth obtained
with the pentode.

Section Ii. IMPEDANCE-COUPLED AMPLIFIERS

19. Impedance Coupling

o, Advaentages. One disadvantage of the B-C
coupled amplifier is that the midfrequency gain
is limited by the size of the plate load resistor,
E;. Alarge plate load resistor produces a large
d-¢ voltage drop between the plate-power sup-
ply and the plate of the amplifier tube, thus re-
ducing the plate current which in turn lowers
the g, of the tube. A reduction of g, lowers
the midfrequency gain, Ay, as is seen from the
equation Ay = —g, .. It is possible {o mini-
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mize this large voltage drop produced by the
load resistor by replacing R; with an iron-core
inductor (fiz. 20) having an extremely large
value of induetance and a negligibly small value
of resigstance. Amplifier circuits using this
method of coupling are known as impedance-
coupled amplifiers.

b. Anelysis. The operation of impedance-
coupled ampiifiers is analyzed in the same man-
ner as the operation of R-C coupled amplifiers,
since the circuits are quite similar. Thus, the
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Figure 20, I'mpedance-coupled amplifier.

frequency spectrum over which impedanee-cou-
pled amplifiers operate is again divided into
three convenient ranges—low, middle, and high
frequency. Impedance-coupled circuits are used
chiefly for narrow-band amplifiers because their
response drops rapidly at both low and high fre-
guencies,

c. Midfrequency Response.

(1) The gain of an impedance-coupled am-
plifier in the midfrequency range is
A, = —guZe, Where Z,, consists of
the parallel combination of plate re-
sistance 7,, load impedance Z,, and
grid resistor B,. The reactance of a
large-value inductor, I, is generally
very high compared with either R, or
75 Therefore, the shunting effect of
L is considered negligible at middle
frequencies. This assumption simpli-
fies the gain equation at midfrequen-
cies to Ay — —g,R., where B, con-
sists of the parallel combination of
plate resistance r, and grid resistor
E,.

{2) A numerical example will elarify
these statements. Assume that it is
desired to find the voltage gain at
1,000 cycles of an impedance-coupled
amplifier using a triode with a p of
20, a dynamic plate resistance of
10,000 ohms, a 500-henry load indue-
tor, and a l-megohm grid leak. It
simplifies matters to determine first
whether the reactance of the inductor
may be neglected compared with the
parallel combination of r, and R,. At
1,000 cycles, X == 2rf;, — 3.14 meg-

20

ohms ; however, 7, in parallel with B,
is approximately 10,000 ohms; conse-
guently, the shunting influence of the
inductor is negligible, since its react-
ance is more than 100 times as large .
as rp. The gain in the middle region of
frequencies is, therefore, Ay — —guntp.
The guantity g,.r, is equal to u. Thus,
the gain of the impedanee-coupled am-
plifier at midfrequencies is the same
as the p of the tube.

(8) Typical inductance values of inductor
L He between 50 henrys and 1,000 hen-
rys. The d-c resistance of the inductor
windings is usually less than 1,000
ohms.

d. Low-Frequency Gain.

(1) The gain of the impedance-coupled
amplifier drops sharply at low fre-
quencies. This is because the react-
ance of the inductor, L, becomes
smaller as the frequency is reduced,
thus increasing its shunting effect.
This effect is in addition to that of the
coupling capacitor, C.,.

{2) In order to maintain a fairly uniform
response down to relatively low fre-
quencies, it is important to use a large
value of inductor and a tube having a
small dynamic plate resistance, such
as a triode. This type of impedance-
coupled amplifier is uneconomical for
low-frequency applications because of
the high cost of large-value iron-core
inductors having small distributed ca-
pacitances and low losses.

e. High-Frequency Gain. The gain of the im-
pedance-coupled amplifier drops at high fre-
quencies because the relatively large inductor
needed for good low-frequenecy response gen-
erally has an unavoidable large distributed ca-
pacitance which shunts the load impedance at
high frequencies. Thig distributed eapacitance
i8 80 much greater than the interelectrode ca-
pacitance of the following tube that the latter
is negligible by comparison. The shunting ef-
fect of the inductance itself is entirely negli-
gible above the middle range of frequencies. The
response curves of impedance-coupled and of
R-C coupled amplifiers are very similar in the
high-frequency range,

AGO 4238A



20. Double Impedance Coupling

Inductors sometimes are used to replace both
load resistor B, and grid resistor E, in order to
accentuate the low-frequency response of the
amplifier. Amplifiers which use both a plate
inductor and a grid inductor are known as
double impedunce-coupled amplifiers. A reso-
nant peak occurs in thé low-frequency range
at the series-resonant frequency of the grid in-
duetor and the coupling capacitor. This method
of peaking the low-frequency response is un-
economical because it requires a second induc-
tor, and it is undesirable from an operating
viewpoint because of the wide phase-angle fluc-
tuations which take place in the vicinity of
series resonance.

21. Tuned-Impedance Coupling

A very high voltage gain is obtained at one
frequency by using a shunting capacitor, C, to
tune the load inductance to antiresonance (fig.
21). This method of tuned-impedance coupling
is employed at low frequencies for amplifying
only one frequency, as required for sending tele-
graph code signals or control signals for servo
systems. In high-frequency applications, tuned-
impedance coupling is used in radio-frequency

amplifiers. At antiresonance, the impedance of
the tuned-load circuit is very high compared
with r, and R,. Consequently, the gain of the
tuned-impedance amplifier at antiresonance is
very nearly equal to —g,./,,, where R, is the
parallel eombination of v, and E,. Thus, pent-
odes are preferred in tuned-impedance-coypled
amplifiers because of their inherent high plate
resistance which makes E.,, of the gain equa-
tion, large. Tuned-impedance-coupled ampli-
fiers are discussed in connection with radio-
frequency amplifier circuits.

C¢
I
i TO GRID OF
NEXT TUBE.
- .-
.
L %Rg 8q
&g T
-]
fTa
g =
T™M 670=40

Figure 21. Tuned-impedance-coupled amplifier.

Section 11l. TRANSFORMER-COUPLED AMPLIFIERS

22, Transformer Coupling

a. Amplifier circuits using transformers as
coupling elements are called transformer-cou-
pled amplifiers. Figure 22 shows the circuit of
a typical amplifier using both transformer cou-
pling elements and R-C coupling elements. It
is seen that transformers function either as
voltage transformers or as power transformers.

b. As shown in figure 22, the first stage of
the amplifier uses a voltage transformer known
as an input transformer in order to step up the
feeble signal voltage of a microphone or 3 tele-
phone transmission line. Input transformers
usually have a large step-up turns ratio.

¢. The output of the second voltage amplifier
stage is coupled fo the grid of the power ampli-
fier stage by a voltage transformer identified
as an interstage transformer, Typical inter-
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stage transformers usually have a step-up turns
ratio of one to three.

d. The output of the power amplifier stage
is eoupled with an output transformer to a load
resistor, which is used (fiz. 22) to represent,
for example, a loudspeaker. Output trans-
formers are power transformers since they de-
liver the relatively high power drawn by the
load. Output transformers generally have step-
down ratios, because in reducing the output
voltages developed by the power-amplifier stage
they increase the current to the larger values
required by the load.

e. The analysis of any of the types of cou-
pling transformer mentioned above is facili-
tated by an equivalent cirenit that makes use
of a theoretical transformer. The properties of
this ideal transformer will be considered first,
and the ideal transformer concept then will be
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Figure 22. Typical multistage audio amplifier.

applied to explain the performance of actual
transformers,

23. ldeal Transformer

a. Definition and Purpose. An ideal trans-
former is a theoretical transformer which has
no losses whatever—that is, it consumes no
power. Of course, such a transformer does not
exist, but its ideal characteristics are set up
for the purpose of simplifying the analysis of
practical transformers. (The ideal transformer
is very nearly attainable in practice.) The use
of an ideal transformer in an equivalent circuit
permits the representation of the appreciable
losses of an actual transformer as though they
took place in a simple circuit which is entirely
separate from the transformer itself.

b. Characteristics. It follows from the defini-
tion of the ideal transformer that the load con-
nected to ifs secondary terminals (fig. 23) re-
ceives -all the power delivered to the primary
terminals by the generator. The input power,
P, is equal to I, and the output power, P,, is
equal to E,1,. Since the input and output pow-
ers are equal, it follows that K./, is equal to
E};Ig.

e. Turns Batio. The ratio of the primary to
the secondary voltage of an ideal transformer
is the same as the ratio of the primary to the
secondary turns; that is—
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Figure 28, Ideal-transformer impedances.

If an ideal transformer in an eguivalent cir-
cuit is to serve only fo isclate the secondary
from the primary circuit, it has a turns ratio
of one to one {(also written 1:1). Tf, however,
the secondary voltage is lower than the voltage
applied to the primary, the transformer has a
step-down turns ratio; and if the secondary
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voltage is higher than the primary voltage, the
transformer has a step-up turns ratio.

d. Current Ratio. Since the product of &
times- 7 is constant on both sides of the ideal
transformer—FE.I;, equaling F.l,, as shown
above—if the voltage is stepped up, the current
is stepped down, and vice versa. Thus, the
eurrent ratio is the inverse of the voltage ratio;
that is,

I, JOf
1, T E,

e. Reflected I'mpedance. The ratio of the
primary voltage and current, &,/I,, is known
as the reflected impedance of the secondary as
seen in the primary. It is nof equal to the actual
secondary impedance. A numerical example
will make this relation clear. Assume that in
the transformer of A, fizure 23, the 6-ohm load
resigtor, K;, has 6 volls impressed across it
() and, therefore, 1 ampere flowing through
it (I;). Let the step-down turns ratio of the
transformer, N,/N,, be represented by . It
has a value of 20:1. The generator, therefore,
is supplying the primary terminals of this ideal
transformer with 20 times 6 volts, or 120 volis
at 1/20 ampere, or 50 milliamperes. The gen-
erator thus operates into, or sees, an impedance
which is calculated by Ohm’s law as 120 volts
divided by 50 milliamperes, or 2,400 chms.
Therefore, the impedance seen by the generator
is 202 times, or 400 times, as great as the 6-ohm
load impedance. The 2,400-chm impedance
seen by the generator is known as the impedance
reflected by the load into the primary, or briefly,
the reflecied impedance. Stated generally, the
reflected impedance seen by the generator is
equal to the square of the turns ratio, multi-
plied by the actual secondaryv impedance:

(N2, = n*Z,

Na

The example shows that the reflected impedance
is larger than the load impedance because it is
reflected across the larger number of turns of
the {ransformer. In the siep-up transformer
shown in B, figure 23, the reflected impedance
seen by the generator is smaller than the load
impedance because it is reflected across the
smaller winding of the transformer.

Z, —
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24, Practical Output Transformer

a. An output trensformer is used to couple
the last stage of an amplifier to a load such as
a loudspeaker. Practical output transformers
differ from ideal transformers in that the prac-
tical units necessarily have a finite winding re-
sistance resulting from the wire used in the pri-
mary and secondary windings. In practical
transformers, the losses caused by eddy cur-
rents and hysteresis are generally negligible,
because they are very small compared with the
winding resistance losses,

b. The fact that typical output transformer
efficiencies range between 80 percent and 95
percent, instead of being the theoretical 100 per-
cent of the ideal transformer, introduces only
a small error when computing reflected imped-
ances. The efficiency, therefore, is assumed as
100 percent when calculating reflected imped-
ances, and the output transformer is treated as
if it were an ideal transformer.

¢. The terminals of actual transformers usu-
ally are stamped with numbers that refer to the
impedances between which the transformer is
designed to operate, not to the transformer-
turns ratio. An output transformer intended
to have characteristics approaching thosze of
the ideal transformer represented in figure 23
would be marked as shown in A, figure 24,
Transformers sometimes are made with tapped
windings, so that several different impedance
ratios are possible. Thus, the transformer in B
couzld be used as an output transformer supply-
ing either a 6-ohm load or a 15-chm load. The
load would be connected to the correspondingly
numbered terminals; in either case, the imped-
ance reflected into the primary would be 2,400
ohms,

d. Output transformers often are incorrectly
referred to as impedance-matching trans-
formers. An output transformer does not nec-
essarily match impedances. It serves primarily
to present to the power-ampiifier tube that value

of load impedance which is required for obtain-

ing the maximum undistorted power output.
To meet this requirement, the reflected imped-
ance which appears across the power-amplifier
tuhe gsually is not equal to the internal dynamic
plate resistance of the tube; hence, a mismatch
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Figure 24. Output-transformer terminal morkings.

exists between the Internal-plate resistance of
the tube and the reflected-load impedance.

25. Interstage Transformer

. Advantages. Transformers used to couple
successive stages of an amplifier generally are
known as inferstage transformers. Interstage-
transformer coupling is superior to other cou-
pling means in some respects. The step-up
ratio of the transformer permits the amplifier
voltage gain to exceed the tube p; a lower plate-
supply voltage is required, since the d-c drop in
the transformer primary is so small that almost
the full power-supply voltage is applied to the
plate of the tube; the circuit is adapted readily
to push-pull operation which results in a sub-
stantial reduction in even-harmonic distortion.

b. Disadvantages. Disadvantages of inter-
stage-transformer coupling are as follows: The
first cost of a transformer is considerably
higher than the cost of R-C coupling elements;
the transformer freguency-response character-
istic extends over a relatively narrow band and
is less uniform than with other coupling means;
stray a-c fields induce undesirable stray voltages
in the transformer; and, finally, interstage-
transformer coupling reguires an amplifier tube
having a low dynamic plate resistance, such as

24

a triode, in order to maintain at least a reason-
ably uniform response.

¢. Freguency Characteristies. The response
curve of figure 25 shows the distinguishing
characteristics of a typical transformer-coupled
amplifier response. These are a relatively uni-
form midfrequency response, a gradual roll-off
at low frequencies, and at higher frequencies a
sharper decay in response which is sometimes
preceded by a resonant peak.
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Figure 25. Response curve of typical transformier-
coupled stage.

26. Equivalent Circuit of Interstage
Transformer

In analyzing an interstage transformer-coy-
pled amplifier, it is desirable to have the largest
practical step-up ratio, and at the same time.to
maintain low losses at all frequencies.

¢. In the equivalent circuit of the frans-
former, shown in B, figure 26, the losses and the
step-up are represented by separate circuit sec-
tions: the equivalent T section and the ideal
transformer. In the equivalent T are shown the
components which cause all of the losses in the
actual transformer; the ideal transformer is
used to show only the step-up ratio. Considered
together, the two units comprise an equivalent
circuit which represents guite accurately the
electrical cireuit of the interstage transformer
at all frequencies. The proof of its accuracy
iz lengthy and complicated and is, therefore,
omitted from this manual.
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Figure 26, Simplified equivalent cireuit of interstage transformer.

b. The shunt arm of the T network conlains
an inductor, L,, whose magnitude is almost ex-
actly equal to the primary inductance of the
transformer. The left-hand series arm of the
T contains a resistor, B,,, which represents the
d-c winding resistance of the transformer pri-
mary. The right-hand series arm of the T con-
tains two elements. One is B,,/ng, the second-
ary-winding d-c resistance as it appears re-
flected through a transformer turns ratio: the
other is the reflected secondary leakage induc-
tor, L;. ILeakage inductance represents that
portion of the total magnetic flux of a trans-
former which does not link both the primary
and the secondary windings. In the interstage
transformer the largest leakage flux occurs on
the side of the largest number of turns—
namely, on the secondary side of the trans-
former. This leakage inductance is unawvoid-
able, because it is physically difficult to couple
perfectly a relatively large winding to a small
core. The primary leakage flux is so small in
the inferstage transformer that it is generally
neglected, and therefore, it is not shown in the
T circuit. Capacitor C represents, in one lump,
all the capacitances inherent in a transformer,
including the capacitance between primary and
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secondary and the capacitances between turns
of the windings. The output terminals of the
equivalent T feed the input of the ideal infer-
stage transformer.

¢. Figure 26 shows that the output voltage
of the T is —e,/n, since it appears on the pri-
mary of the ideal step-up transformer. The
minus sign signifies a phase shift of 180°
(polarity reversal) in the ideal transformer.
The performance of the interstage transformer
is analyvzed in a manner similar to that of the
R.C coupled amplifier, by investigating the re-
sponse characteristics at low, middle, and high
frequencies.

27. Response of Transformer-Coupled
Amplifier

a. Middle-Frequency Gain.

(1) The effects of all elements of the
eguivalent T are negligible in the mid-
dle-frequency range of the interstage
transformer. A numerical example
will elarify this statement. The equiv-
alent T of B, figure 27, shows numer-
ical values for the reactances at 1,000
cyeles of the typical interstage trans-
former-coupled amplifier stage shown
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in A. It is seen that the impedances
of the series arms are negligibly small
compared with the shunt reactances
of L and €. The effects of the shunt
reactances of L, and C, in turn, are
also negligible at 1,000 cycles because
they are mmuch greater in magnitude
than the 10,000-ohm internal imped-
ance, r,, of the generator. Thus, the
equivalent circuit of the transformer-
coupled amplifier is reduced to a sim-
ple circuit (A, fig. 28), in which all
the losses of the T are neglected, and
the equivalent generator voltage ap-
pears as -—pue, across the primary ter-
minals of the ideal transformer, mak-
ing —ug;, = —=€,/M.
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Figure 27. Transformer reactance values at 1,000 eps.

(2) The midfrequency gain, A4,, is found
by multiplying both sides of this equa-
tion by =, giving ure, — e, and then
dividing both-sides by ¢,. The midfre-
guency gain therefore ig—

This shows that the midfrequency
voltage gain of the interstage trans-
former-coupled amplifier is n times
as great as the u of the tube, where n
is the transformer step-up ratio. For
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example, assume that a 6C5 tube is
used in a one-stage amplifier with a
one-to-three step-up transformer. The
w of the 6C5 tube is 20. The midfre-
quency gain of the amplifier ig, there-
fore, un or (20) (3) — 60. Therefore,
if a 1-volt gignal is applied to the grid
of the tube, a 60-volt output appears
at the secondary terminals of the
transformer.

(8) The polarity of the cutpui voltage of
the transformer-coupled amplifier is
the same ag the polarity of the input
voltage applied to the grid of the tube,
because the tube and the transformer
each contributes a polarity reversal,
making the net change zero.

b. Low-Frequency Gain.

(1) The shunt inductive reactance of the
primary, L, (A, fig. 27), is not negli-
gible at low frequencies, because it
drops rapidly as the frequency of the
applied signal is reduced. L, is, there-
fore, shown on the low-frequency
equivalent eireuit of B, figure 28. The
shunt capacitive reactance of C (A,
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(2)

(3)

fig. 27). is negligible, however, because
it is even larger at low freguencies
than. at midfrequencies. Thus, since
the eurrent through C is negligibly
small, the output of the equivalent T
is practically an open circuit at Tow
frequencies. For this reason, it is per-
missible, at low frequencies, to replace
the second series arm of the T by a
ghort eircuit (B, fig. 28), since the
negligible capacitor current produces
a negligible drop in the series ele-
ments, Ly and R,,/%2, 'The combina-
tion of R;, K4, and L, acts as a volt-
age divider connector across the equiv-
alent generator, —pue,.

A good low-frequency response is ob-
tained by minimizing the voltage drops
in 7, and R,,. These requirements
compel the use of a triode having a
low plate resistance and a transformer
having negligible d-¢ losses.

The permissible range of values of in-
ductance and resistance of the primary
winding of a transformer are limited
by the gain requirements at high and
low fregquencies. A small primary in-
ductance reduces the low-frequency re-
sponse, and a very large primary in-
ductance reduces the high-frequency
response,

¢. High-Frequency Guin.

(1)
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The shunt reactance of the primary
induetance I, (A, fig. 27) rises with
frequency (X, = 2rfL) and, there-
fore, at high frequencies has negligible
effect as compared with the plate re-
gistance, 7,. For example, the react-
ance of primary L, is 125,600 ohms at
1,000 ¢ps, as shown in the illustration
(B, fig. 27). As the frequency is in-
creased to 10 ke, the reactance of pri-
mary L, rises to 1,256,000 ochms. How-
ever, the reactance of C, which de-
creases with frequency (Xy — 14+fC),
is only 25,150 ohms at 10 ke (kilo-
cycles). This is no longer negligible,
compared with »,. Thus, the high-fre-
quency equivalent circuit reduces to
a series circuit consisting of 7,, R,

(2)

(3)

(4)

Bes/n2; inductor-Ly, and eapdcitor ¢
(C, fig. 28).

At the high-frequency end of the re-
sponse curve, the voltage across
rizses as L;, and ¢ become series reso-
nant. This rise depends ¢n the @ of
the circuit. For example; in the cireuit
shown in B, figure 27, the resonant
frequency of L; and C is 20 kilocyeles .
and the Q at resonance is, therefore,
X (2«fL — 6.28 times 20,000 times
1) divided by the total series resist-
ance, or 12,560 divided by 12,000 (the
sum of 10,000 plus 1,000 plus 1,000),
which equals 1.046. The voltage across
C at resonance thus rises to 1.045 times
the midfrequency value, and slightly
higher just below resonance. Note the
rise in the curve of figure 25.

Above resonance, the response drops
rapidly as the reactance of X, riges
and the reactance of C drops. The use
of a pentode with its inherent large
dynamic plate resistance lowers the Q
of the circuit at the series-resonant
frequency; hence, the high-frequency
response drops rapidly and there is no
peak in {he response curve of the pent-
ode transformer-coupled amplifier.

This discussion demonstrates that the
high-frequency response of s trans-
former-coupled amplifier using an in-
terstage transformer drops off as the
value of C is increased, since the re-
sulting lower resonant frequency low-
ers the effective @ and causes the re-
sponse curve to decay at a lower fre-
quency. A small value of ecapacitance
C is required to obtain a good high-
frequency response. Since C is con-
trolled by the size of the windings, a
small primary winding is desirable for
good high-frequency response. This
requirement conflicts with the reguire-
ments of a large value of primary ‘ifi-
ductance for good low-freguency re-
sponse. A one-to-three step-up ratio
transformer usually is chosen as a
compromise.
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28. Response of Qutput Transformer

a. The equivalent cireuit of the output trans-
former: shown in figure 29 differs from the
-egquivalent cireuit of the interstage transformer
primarily because the output transformer is
usually a step-down transformer. It differs also
in. that the leakage inductance appears chiefly
on the primary side because of the larger pri-
mary-winding inductance. The capacitances
are neglected and not shown because their re-
actances appear .as small values of C divided
by n?, shunting the output of the T. For ex-
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Figure 28, Equivalent circuit of amplifier using
oulput transformer.

ample, the turns ratio of a typical output trans-
former is 30 to 1, and a capacitor, C, appears
in the equivalent T as divided by 302 or 900,
resuliing in a negligibly small reflected capaci-
tance.

b. The resonant peak obtained with the in-
terstage transformer is, therefore, absent in the
output transformer, and the response curve is
symmetrical on both sides of the midfrequency.
Its response curve is identical with that of the
R-C coupled amplifier shown in figure 18.

e. A good low-frequency response is obtained
by using a large value of primary inductance,
L,, whereas a good high-frequency response is
obtained by using a small leakage inductance,
L;. These two requirements conflict, since a
large primary inductance produces a large leak-
age inductance which in turn reduces the high-
frequency response. Compromises are made in
the manufacture of output transformers in or-
der to provide good responge characteristics at
both low and high frequencies.

Section IV. DIRECT-COUPLED AMPLIFIERS

29. Direct-Coupled Amplifier

&.- Basic Circuit. Vacuum-tube eirenits whose
coupling networks consist of resistive elements
and direct connections are known as direect-
coupled amplifiers and d-¢ amplifiers. Figure
30 shows the basic circuit of a d-c amplifier con-
sisting of two stages connected in cascade. The
chief difference between this method of coupling
and R-C coupling is the direct connection be-
tween the plate of V1 and the grid of V2, which
eliminates the coupling capacitor used in R-C
coupling.

Vi .
€o2
PUT
Rug Bopr=-Bgp
B ¢
o O 0 ¢ =
-+ -+

T 670-44

Figure 80. Basie d-¢ amplifier cireuit.

28

b. Response., Since the reactance of the cou-
pling capacitor is primarily respongible for poor
low-frequency response in R-C amplifiers, its
omission in direct-coupled amplifiers results in a
perfect low-frequency response. The direct-
coupled cireuit of figure 30 amplifies any voltage
applied to its input terminals, since a change in
grid voltage e, results in an amplified change in
output voltages e,; and e,;;. Consequently, the
applied signal voltage may be a direct voltage or
it may be a varying voltage. The response of
the d-c amplifier ig, therefore, the same for slow
variations, or signals of very low freguencies,
ag it is for nonvarying signals, or signals whose
frequency is 0 cps {cycle per second). Thus, a
direct-coupled amplifier is suitable for measur-
ing and amplifying both d-¢ and a-c signals. In
the high-frequency range, however, the response
of d-c¢ amplifiers drops off for the same reasons
as in R-C coupled amplifiers; this is because of
the appreciable shunt reactances which are
formed by the interelectrode capacitances of
the vacuum tobes, and the stray and distributed
capacitances of the resistive coupling elements.
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c. Applications. D-c¢ amplifier circuits are
used in-vacuum-tube voltmeters, oscilloscope de-
flection amplifiers, and servomechanism ampli-
fiers. The amplifier load may be some sort of
mechanical device such as a relay, a counter, or
a meter.

30. Operation of D-C Amplifier
o. Power-Supply Requirements,

(1) In the coupling circuits previously
“congidered the coupling device isolates
the d-¢ voltage in the plate cireunit from
the d-e¢ voltage in the grid circuits,
allowing only the a-¢ components of
the amplifier-stage output to pass
through the coupling deviece. Thus, in
the resistance-capacitance and impe-
dance-coupled amplifiers, the coupling
capacitor prevents the B-supply volt-
age from reaching the grid of a suc-
ceeding stage. In the transformer-

(3)

directly to the grid of the next tube
without any infervening capacitor.
transformer, or other coupling device.
The plate of a tube requires a positive
potential in respect fo its, cathode;
however, the grid of the following tube
requires a negative potential in respect
to its cathode. This conflicting require-
ment may be met by connecting a buck-
ing battery in series with the grid-
cathode circuit of the second tube (A,
fig. 31). This provides the grid with
the correct operating potential in re-
spect to its cathode.

A more practical system for supplying
the proper voltages to a d-¢ amplifier is
discussed in paragraph 31. The buck-
ing batteries shown in figure 31 are
introduced merely to emphasize the
power-supply problem to be overcome.
They are not employed in practice.

coupled amplifier, there is no direct b. Quiescent Operation (fig. 31).

conuection between the primary and 1)
secondary windings, again isolating
the B-supply voltage. In both cases,
only the variations in voltage or cur-
rent which constitutes the signal are
passed on to the suceeeding stage.
(2) In the direct-coupled amplifier, how-
ever, the plate of one tube is connected

vi

In A, the plate-supply voltage of V1
is 300 volts. The quiescent plate cur-
rent is such that the drop across lead
resigtor R, is 100 volts. This places
the V1 plate at 200 volts above ground
potential. However, the V2 cathode is
at ground potential, and the V2 grid
must be 8 volts below this. The differ-

vz

8v 200V BV 200V
e F gy ) — g [ =
] '—f—'l._ i -—1—(_ i
<
+ RLUZ 100V Rz joov l
Rg ~8y +200v P+ 4 - 8Y +200v P+ Oé”f“T
- + + 0=
]V = 300V —_ 300V i
. i- =
.
QUIESGENT OPERATION A
v
f208 Vi 200V
Ay g by +
-»—1———!__ i —] - 1}
Ry 102V RLaS 6OV o
ouTe
~198Y * i ~BV-2V ov + 1 £~ 40V
= so0v == 300V
1 1
DYNAMIC OPERATION B
™ 67025

Figure 31, D-c amplifier.

AGO 42394

29



~ence: of 208 volts between the V1 plate

- and the' V2 grid is provided by the two
~hueking: batteries shown—a 200-volt

(2)

hattery to overcome the V1 plate volt-
age, and an 8-volt battery to provide
the required bias on V2.

The output voltage of V2 is also 200
volts above ground, but another 200-
volt bucking battery in series with the
output lead reduces this potential to
Zero.

¢. Dynamnic Operation.

30

(1)

Assume, now, that .1-volt positive d-c
signal is applied to the grid of V1 by
closing switch 8, in B. This increases
the plate current of V1 and thus re-

duces the plate potential from its qui-

escent value of 200 volts to 198 volts,
a negative change of 2 volts. The buck-
ing batteries hold the V2 grid at a con-
stant 208 wvolts below the V1 plate.
Hence, the V2 grid potential must also
change by 2 wvolts, going from its
quiescent value of —8 volts to —10

- volts.

(2)

(3)

If the voltage gain of the second stage
is the same as the voltage gain of the
first stage, namely 20, then a 2-volt
negative change in ifs grid voltage
produces a 40-volt positive change in
its plate voltage. Thus, the plate volt-
age of V2 rises from its guiescent
value of 200 volts to 240 volis, since
the plate current drops as the grid is
made more negative. This change in
the V2-plate voltage is the output F..
Its value is +40 volts. These changes
in voltages are shown clearly in B,

This numerical example shows that a
direct-coupled amplifier amplifies di-
rect-voltage signals and varying sig-
nals, and that the output voltage of a
two-stage direct-coupled amplifier is
in phase with the input voltage. How-
ever, the phase shift in a one-stage d-¢
amplifier is 1807, since the plate volt-
age of a tube drops as the grid voltage
is increased. It is very important to
note that the phase shift in the d-¢
amplifier remaing at a constant value,
that is, 180° and 360° (or 0°), in the

frequency range where the shunt re-
actances of the circuit capacitances are
negligible.

d. Over-All Characteristics. In the preceding
example, a direct-coupled amplifier finds appli-
eation for amplifying d-c signals, slowly vary-
ing signals, and a-c signals. Unfortunately, the
d-c amplifier shown is quite unstable because it
does not distinguish between a drift in battery
potentials and a change in inpuf signals. The
1.volt change in grid voltage can well be caused
by a slight drift in bias-battery voltage or in
filament temperature. Thus, a false large output
voltage is obtained as the amplifier operating
conditions vary slightly. This disadvantage is
compensated to some extent by using consider-
ably more complex circuits. Another great dis-
advantage of the circuit of figure 31 is the large
number of batteries reqguired. This problem is
solved by a direct-coupled circuit called a Loftin-
White amplifier.

31. Loftin-White D-C Amplifier
(fig. 32)

The Loftin-White eircuit reduces to one bat-
tery or power supply the large number of bat-
teries required by the d-c amplifier of the pre-
ceding discussion.

a. Power-Supply Voltages. Use of a voltage
divider to supply the various plate and bias
voltages required is illustrated in the figure.
It is asgsumed in this example that each tube is
operating Class A with 8 volts d-¢ hias, a qui-
escent voltage of 200 volts between plate and
cathode, and a 100-volt drop in each plate-load
registor, Bz and R;s. The voltage distribution
ig traced most easily from the negative end of
the voltage divider, point A. The point of low-
est potential is the grid of the first tube, V1. It
is connected through grid resistor E, to point
A. The proper grid bias is obtained by con-
necting the cathode of tube V1 to point B on
the voltage divider, so that the required voltage
drop of 8 volts is produced between points B
and A when the proper current flows through
the voltage divider, The plate of tube V1 is con-
nected through R;; to point D, which is 308
volts above point A. The 100-volt drop across
R, reduces the V1 plate voltage to 208 volts.
This ig the potential to ground for both the
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plate of V1 and the grid of V2. The cathode of
V2 is connected to point C, 216 volts above
point A. This places the V2 cathode 8 volts
positive in respect to the V2 grid. Thus, the
grid of V2 is 8 volts negative in respect fo its
cathode, as required. The plate load resistor is
connected to point E, 516 volts above ground,
and 300 volts above the V2 cathode. Thus, the
quiescent plate-to-cathode potential of tube V2
is 200 volts, since the plate potential is 416 volts
and the cathode potential is 216 volts.

+ 46V

8v 200V
4 T
R zg 0oV
+2I6V +_l_

OUTPUT

B4
56V
T™M 670 -286

Figure 32. Practical divect-coupled amplifier,

" b, Over-all Characteristics.

{1) The entire circuit of the Loftin-White
d-c amplifier is a complex resistance
network which requires very careful
adjustment of cathode- and plate-volt-
age taps for proper operation.

{2) A power supply is required which is
approximately twice the supply volt-
age for a single stage. Thus, the cath-
ode of the second stage is electrically
at a high potential of 216 volts above
ground, which is a breakdown hazard
in tubes having close spacing between
cathode and heater elements. This type
of d-c amplifier thus is limited to two
stages because the cathodes of sue-
cessive stages must be raised to succes-
gively higher potentials and the plate-
supply voltage must be increased as
stages are added. For example, the
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total plate supply voltage for a three-
stage amplifier of this type would be
724 volts, and the eathode of the third
stage would be connected to a 424-volt
tap.

(3) When the tube voltages are adjusted
properly for Class A operation, how-
ever, the circuit serves as a practically
distortionless amplifier, the frequency
response of which is uniform starting
at 0 cycle up to relatively high fre-
quencies. The circuit is effective as a
low-frequency amplifier because the
impedances of the coupling elements
do not vary with frequency.

(4) Battery power supplies are preferred
for this type of d-c amplifier. If a
rectifier power supply is used, ifs out-
put must be entirely free from ripple
voltages. Otherwise, the ripples-appear
in both the grid and plate circuits and
are amplified by the successive stages
to a disturbing level.

32. D-CVacuum-Tube Voltmeter

¢. One important application of direct-cou-
pled amplifiers is the direct-current or direct-
voltage vacuum-tube voltmeter. Figure 33 shows
such a circuit, which contains only resistors and
direct connections. The direet voltage to be
measured is applied through terminals 1 and 2
to the voltage divider made up of resistors R1,
varied by the voltage-range switch, so that sev-
eral ranges of voltage can be measured. Re-
sistor B4 serves primarily as a protective re-
sistor to prevent damage to the meter if too high
a voltage is applied to the grid.

b. A milliammeter, M, is inserted in the plate
circuit as shown (fig. 33). Shunted across it i
a zero-adjustment potentiometer, RS, and a
bucking battery, E,. Their purpose is fo cagse
the meter to read zero when no voltage is ap-
plied to input terminals 1-2. Without R5 and
FE,, the quiescent plate current, I,,, would flow
through meter M. R5, however, is adjusted so
that E, causes a current, I,, equal in magnitude
to I, to flow through M in the opposite direc-
tion. The net current through M iz thus zero.
An alternative way of looking at this balancing
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Figure 33. D-¢ amplifier used as vacuuwm-~tube voltmeter.

of the quiescent plate current is as follows: The
halancing elements, R5 and E,, place across the
meter a voltage equal and opposite to the drop
across. M that would be caused by the quiescent
plate current flowing through it; all the qui-
escent current, therefore, flows through R5 and
£, and none of it through the meter.

¢. When a positive direct voltage is applied to
the input, the meter, M, shows only the result-
ing change in plate current. The meter reading
is proportional to the applied voltage, which is
read directly on a suitably calibrated scale. As
a practical example, assume that a 1-volt charge
in grid voltage produces a change in plate cur-
rent of 1 ma (miliampere), causing meter M
to deflect full scale. Thus, this d-¢ vacuum-tube
volitmeter has a range of 1 volt, and the meter
scale. would be so calibrated.

d. The range of the meter is extended from 1
volt to 100 volts by a simple voltage divider,
'R1, R2, and R3, having a total resistance of 10
megohms (fig. 38). The divider has taps at 10
megohms, 1 megohm, and .1 megohm, which are
selected by the voltagerange switch. With the
range switch in the 100 position, only 1/100 of
the applied voltage appears across R3 because
E3 is .1 megohm, or 1/100 of the total divider
resistance of 10 megohms. Thus, 100 volts ap-
plied to d-c input terminals 1-2 appear as 1
volf across E3. The actual d-c input voltage is
equal to the meter reading times 100. For ex-
ample, if the scale switch is on 100 and the
meter reads .72 volt, the d-¢ input voltage is 72
voits, or 100 times .72. In a similar manner, the
d-¢ input voltage is divided by 10 when the volt-
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age-range switch is in the 10 position, as shown, .
because k3 is 14, of 1 megohm, or E2 plus RE3.

e. A disadvantage of this d-c voltmeter is its
poor stability of calibration. The plate current
of the tube varies in a gomewhat unpredietable
manner with variations in filament temperature,
battery potentials, age of the tube, and with
variations in resistance of the coupling element
with temperature variations. These variations
are especially evident when it is attempted to
read small voltages accurately. Many complex
circuits have been devised for reducing this
instability in d-e¢ amplifiers. One method con-
sists of converting the direct voltage into an
alternating voltage by interrupting it with a
simple chopper. The resulting pulsations are
more readily amplified, and are measured on
an a-c vacuum-tube voltmeter,

33. Balanced D-C Amplifier

Another important use of a d-c amplifier is
to measure the difference between two d-¢ volt-
ages. This is done by means of a bridge circuit
with two direct-coupled amplifier tubes serving
as the two legs of the bridge (fig. 84). This
cirenit is known as a balanced d-c amplifier.

a. Meter M reads zero as long as no signal is
applied between terminals 1 and 2, or between
terminals 2 and 3, provided tubes V1 and V2
are matched properly so that the IR drops
across K1 and R2 are identical.

b. Assume that a positive gignal, applied be-
iween terminals 1 and 2 (fig. 34), increases the
plate current in V1 so that the voltage drop
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Fignire 84. Balanced d-e amplifier.

across R1 rises from a quiescent value of 200
volts to 210 volts. Since the drop across K2 re-
maing at its quiescent value of 200 volts, meter
M.reads 10 volts, which is the difference between
the two drops across B1 and B2, Meter M may
be a zero-center instrument so that the direction
of signal unbalance may be read directly and
without changing any connections.

¢. In the same manner, it is possible to com-
pare two direct voltages, if one is applied be-
tween points 2 and 1, and the other is applied
between peoints 2 and 3 (fig. 34). If the two
applied voltages are equal, they produce equal
IR-drops in resistors B1 and K2, and the bridge
remains balanced. Meter M then reads zero—
the difference between the two voltages. If,
however, one of the applied voltages iz greater
than the other, the bridge is unbalanced and the
meter indicates the difference between the volt-
age drops which appear across the plate-lead
resigtors. The direction of meter deflection
shows which voltage is greater, since the cur-
rent flowing through the meter is proportional
to the difference between the two applied volt-
ages.

34. Summary

a. The constant-current equivalent cireuit
shows that the output voltage of an amplifier
is —gmesZ oy

b. Resistance-capacitance coupled amplifiers
are characterized by a constant gain of —g¢,. B,
in the middle-frequency range and a gradual
roll-off of gain at low and high frequencies. A
good low-frequency response is obtained by
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using a large R, and C,. A good high-frequeney
response is obtained by using small values of
E; and C,. The lower half-power point fre-
quency, fi, is where the reactance of coupling
capacitance C, equals R, plus the parallel com-
bination of r, and E,. The upper half-power
frequency, fu, is where the reactance of the total
shunting capacitance, C,, equals R,,. The flat-
or middle-frequency range of an R-C coupled
amplifier stage extends from 10f; to .1fy. Pen-
todes have a high gain at middle frequencies,
and their high-frequency response drops off
less sharply than that of triodes,

¢. In impedance-coupled -amplifiers, the load
resistance, B, is replaced by an inductor, thus
producing a greater midfrequency gain for a
given plate-supply voltage. However, the gain
drops rapidly at low frequencies unless a large
inductor is used in conjunction with a tube
having a low plate resistance, such 43 a triode.
The gain falls off at high frequencies because
of the stray and distributed capacitances of the
windings of the inductor.-g_lmpedanceg eotipling
generally is suited to amplification of a single
frequency or of a narrow band of frequencies.

d. Transformers are used as input-, inter-
stage-, and output-coupling elements. The ihput
and interstage types of transformers have sim-
ilar characteristics. Interstage transformers
usually have a one-to-three step-up ratio,
whereas input transformers have a much higher
step-up ratio. The gain of a transformer-
coupled amplifier at middle frequencies is un,
and falls off at low frequencies. The gain gen-
erally reaches a peak near the high frequency
where the leakage inductance is in series reso-
nance with the total capacitance. Beyond series
regonance, the response drops off guickly.

e. An output transformer is used to frans-
form a low-impedance load to the proper value
of impedance required by the plate circuit of a
power amplifier. The efficiency of output trans-
formers usually exceeds 80 percent. The load
impedance, seen in the primary of the output
transformer, is usually larger than the load
impedance and has the value n2R; (Where » is
the turns ratio and R1 is the output losd). The
frequeney-response curve of practical oufput
transformers is similar to that of R-C coupled
amplifiers.

Note. See figure 23 for sample problem.
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...f. Direet-coupled amplifiers, or d-c amplifiers,
use coupling networks which consist of direct
_ connections or resistors. They have a flat fre-
quency. response from 0 cycie up to relatively
high frequencies. Direct-coupled amplifiers are
inherently unstable. The phase shift of direct-
coupled. amplifiers is 180° per stage, and is
independent of frequency up fo relatively high
frequencies. Multistage direct-coupled ampli-
fiers require large batteries or relatively high-
voltage power supplies which are free of ripple.

35. Review Questions

.. In an R-C coupled amplifier, what elements
control the response at middle, low, and high
frequencieg?

b. What is the gain of a single-stage R-C
amplifier at middie frequencies?

¢. At the low-frequeney half-power point,
what is the magnitude of the reactance of the
coupling capacitor?

d. At the high-frequency half-power point,
what is the magnitude of the reactance of the
total shunting capacitance?

_e. Assume that a single-stage R-C amplifier
has half-power points at 10 cyeles and at 100,-
000 cycles. Between what frequencies is the
amplifier response curve flat?

- f. In the amplifier of Review Question 18,
what is the exact midfrequency?

g. Why does the gain of an R-C amplifier
decréase as the bandwidth is increased?

h. Why is the bandwidth of a cascade ampli-
fier narrower than the bandwidth of any one
stage?

i. Why are pentodes generally preferred over
triodes in R-C amplifiers?

4. What is the advantage of impedance cou-
pling as compared with resistance-capacitance
coupling?

k. What elements and factors control the
response of an impedance-coupled amplifier at
low and at high frequencies?

I. What is the voltage gain of the impedance-
coupled amplifier?

m. What are the advantages and disadvan-
tages of double-impedance coupling? Tuned-
impedance coupling?
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#. What is the difference between a power
transformer and a voltage transformer?

o. Name and briefly describe the use of three
types of audio transformers.

Pp. Which of the three types of aundio trans-
formers usually are step-up transformers and
which usually are step-down transformers?

g. What iz an ideal transformer? Does it
exist?

7, Assume that an ideal output transformer
with a turns ratio of 20:1 has a 5-ohm load
resistor connected across its secondary termi-
nals. What is the impedance reflected across
the primary terminals?

s. Each of the two primary terminals of a
commereial output fransformer is marked
5,000; each of the two secondary terminals is
marked .5. What is the approximate turns
ratio of the transformer?

t. What are the advantages and disadvan-
tages of interstage transformers?

%. Why ig it permissible to use a T network
to represent a transformer?

v. What is the voltage gain of a transformer-
coupled amplifier in the middle range of fre- .
quencies?

w. What elements control the response of the
transformer-coupled amplifier at low and at
high freqguencies?

z. How is the voltage gain of a transformer-
coupled amplifier improved at low frequencies?

Y. Why are triodes preferable to pentodes in
transformer coupling?

z. How does the response of a pentode trans-
former-coupled amplifier differ from a triode
transformer-coupled amplifier at low, middle,
and high frequencies?

aa. Why does the frequency-response curve
of an output transformer differ from that of an
input transformer?

ab. What is a d-¢ amplifier?

ee. What is the distinguishing characteristic
of a d-c amplifier?

ad. Why is the response of a d-c ampliﬁer
flat from 0 cycle?

ae., What factors limit the high-frequency
response of a d-¢ amplifier?
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af. What are some uses of d-c amplifiers?

ag. Is a direct-coupled amplifier reliable as
an amplifier of d-c? Why?

ah. What are the advantages and disadvan-
tages of d-c amplifiers?

ai. What is the purpose of the Loftin-White
d-c amplifier?
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aj. Referring to figure 32, explain the oper-
ation of the Loftin-White amplifier.

ak. Why is a d-c amplifier best operated from
batteries?

al. Describe two methods for measuring small
values of d-¢ voltages.

ari. Name and describe a d-c circuit used to
compare two d-c voltages.
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CHAPTER 3
WIDE-BAND AMPLIFIERS

36. Need for Wide-Band Pass

o. The amplifiers discussed in chapter 2
usually are known as narrow-band amplifiers
because their gain is uniform for only a rela-
tively small frequency range. For example, the
range of uniform gain of some high-quality
audio amplifiers extends from 100 cycles to
10,000 eycles. Of course, such amplifiers can
pass signals lying in the frequency ranges below
100 cycles and considerably above 10,000 eycles;
however, all signals outside the range of uni-
form, or flat, frequency response are subject to
frequency and phase distortion caused by the
reactive coupling networks and stray capaci-
tance,

b. Uniform gain over a very wide range of
frequencies is required in many electronic appli-
cations which must amplify nonsinusoidal sig-
nals. For example, the sawtooth voltages used
in oscilloscope sweep cireuits are eonsidered
nonsinusoidal waveforms which consist of a
fundamental component and a large number of
harmonics, All the components of the sawtooth
signal must be amplified with uniform gain if

the sawtooth signal applied to the amplifier
input i to be reproduced faithfully at the out-
put. Rectangular pulses also require broad-
band amplifiers for faithful amplification (fig.
35). Television and radar circuits use pulses
which may last for periods between about 1
microsecond and 14, second.

¢. Experiment shows that amplifiers for such
pulses must have a uniform gain from about 34,
of the lowest pulse-repetition frequency to about
16 times the highest pulse frequency if they are
to be reproduced faithfully. The freguency of
pulses occurring 14, second apart is 10 cps; and
that of pulses 1 microsecond apart is 1 mega-
cycle. The flat range of the amplifier, therefore,
extends from 1 cycle to 10 megacycles. An am-
plifier having such a wide frequency range is
known as a wide bandpass amplifier. It might
also be called a pulse amplifier,

37. Coupling Circuits for Wide-Band
Amplification

Although transformer and impedance con-
pling may be used successfully in an audio am-

H ﬂ NARROW- ﬂ A I ! i
BAND .
INPUT AMPLIFIER ouTPUT [+HARMONIGS »]
LOST
I A I
BAND
INPUT AMPLIFIER QUTPUT fe—HARMONICS |
NOT LOST
TM 670- 4%

Figure 356, Waveforms in narrow- and wide-band amplifier.
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