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PREFACE

“Radio Electronics”’ and ¢ Electronic Engineering’’ have been written
as companion volumes, though written as independent textbooks.
Together they represent a revision and extension of the author’s ‘“Elec-
tron-tube Circuits.”” It has been necessary to include a certain amount
of material that is common to both books in order to ensure completeness
and continuity of text material. Moreover, the common material is the
same in each book, in the interests of economy of production. However,
the amount of duplicated material has been kept to a minimum, con-
sistent with the desire to have these books independent, and also to
provide a complete and continuous development.

While one of the main objectives of this book, as its title would indicate,
is a study of the important electronic aspects of radio, a much broader
scope is contemplated. That is, more than just an analysis of the ele-
ments of radio systems is undertaken. For this reason general system
block diagrams are discussed before any analysis is undertaken. Many
of the important aspects of communication-systems engineering are also
discussed in order to bring into focus some of the major factors that must
be considered in system synthesis. This accounts for the inclusion of
such topics as noise, signal/noise ratios, gain-bandwidth products, and
an introduction to information theory, with consideration of the rate of
transmission of information. Some of the systems discussed super-
ficially require specialized techniques in their operation, and a discussion
of these is deemed to be outside of the scope of this book. Therefore only
very limited discussion will be found of pulse-modulation systems.

Wherever possible, the analysis proceeds in two stages. An effort
is made first to present an explanation of the operation of the circuits
from a physical point of view. This is followed by fairly rigorous mathe-
matical analyses. Such mathematical analyses have a threefold objec-
tive: (1) To illustrate the techniques of analysis. Often, in fact, alter-
native developments have been included to demonstrate different methods
of analysis. (2) To deduce a solution which yields a description of the
operation of the circuit. (3) To examine the effects of the various
parameters on the operation of the circuit.

In all analyses considerable care has been taken to include the requisite
reference conditions for potential polarities, current directions, and
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vi PREFACE

transformer-winding sense. These are an essential part of any circuit
diagram, and without them the ultimate choice of a positive or negative
sign would require a major decision.

Much of the material in this book has been used in two courses in
radio at Syracuse University. The introductory chapters are essential
in the first course, as this provides the students with their first introduc-
tion to electronic devices and their circuit applications. A more theo-
retical course in physical electronics follows rather than precedes this
course.

The author wishes to acknowledge the helpful discussions with many of
his former colleagues at Syracuse University. He is particularly indebted
to Dr. Herbert Hellerman for his many helpful suggestions and for his
assistance in proofreading the entire text.

SAMUEL SEELY
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CHAPTER 1

INTRODUCTION TO COMMUNICATION SYSTEMS

1-1. Elements of Communication Systems. Communication systems
are concerned with the transmission and reception of intelligence. The
form and features of the systems depend upon the type of intelligence
being communicated. For example, telegraph transmission requires a
frequency band of only several cycles per second, whereas the frequency
band required for transmitting television intelligence is several mega-
cycles per second; consequently, the details of the systems will differ
markedly. However, despite the different waveforms and frequencies
that the intelligence may demand for its transmission, all communication

Intelligence Intelligence in £nergy modulated Intelligence in Intelligence
electrical form by intelligence suitable form to
actvate output device

Energy .
A
——7r source W  M—— Receiver Ouvtput ——

Fig. 1-1. The elements required of a complete communication system.

systems may be crudely represented by essentially the same blocks in their
schematic representations. These are illustrated graphically in Fig. 1-1.

In such a system, it is the function of the transducer to convert the
intelligence, whether it is voice or music as in radio, whether it is a
message for a telegraph system, whether it is voice for a telephone system,
or whether it is both aural and visual as in television, into such a form
as to be suitable for modulating an energy source. The modulated
energy source is in a form which will allow the energy to pass through the
transmitting medium. The modulated energy reaches a second trans-
ducer—the receiver—which extracts the intelligence therefrom and pro-
vides this intelligence in a suitable form for actuating the output device.

In the specific case of radiobroadcast transmission, the transducer is
the microphone, which converts the sound energy impinging on it into
an appropriate electrical form at low power level. The energy source is
a complicated device which includes amplifiers for raising the power level
of the audio signal at the microphone to a sufficient value to modulate a

1



2 RADIO ELECTRONICS [CHar. 1

high-power high-frequency signal, which is generated in an oscillator.
This modulated h-f “carrier” is fed to an antenna, from which radiation
of the energy into free space occurs.

At the receiver some of the radiated energy is absorbed by an antenna.
This energy is at very low power level, which is then amplified, and the
intelligence is extracted from the modulated signal. The extracted signal
is then applied to a loud-speaker, which is to reproduce the original signal.

From the foregoing discussion, the essentials of a communication
system are the following:

1. A means or medium for transferring energy from a transmitter to a
receiver.

2. A means for modulating the energy which will carry the intelligence
from the transmitter to the receiver.

3. A means for preparing the intelligence in a form suitable for perform-
ing the function under (2).

4. A means for extracting the intelligence from the transmitted energy.

5. A means for presenting the intelligence in proper form.

Certain aspects under these topics will be considered in this chapter.
This book will be concerned with details of many of the circuits required
in a number of communication systems.

1-2. Systems for Communication. In the example given above of a
communication system, it is stated that an h-f carrier is used. Actually,
however, three basic systems of communication exist. These are:

1. Noncarrier systems.

2. Carrier systems.

3. Suppressed-carrier systems.

A noncarrier system is one in which energy appears only with the
signal. In a carrier system, energy flows between the transmitter and
the receiver even when no signal appears. The carrier current is modi-
fied by the signal in a way which will permit the ultimate extraction of
the signal information. In the suppressed-carrier systems, no carrier
energy flows between the transmitter and the receiver. However, the
carrier originally existed in the system and was suppressed prior to
transmission. The carrier must be reintroduced at the receiver in order
to extract the signal information.

An example of a noncarrier system is found in simple telegraphy, in
which a dot is a short-duration square pulse, first with one polarity,
followed by the same duration square pulse, with reversed polarity.
That is, a dot is a single-cycle square wave of relatively short duration.
The dash is a single-cycle square wave of relatively long duration. A
space is a region of no current. In this type of telegraph system, the
complete signal consists of a series of square a-c waveform elements, the
average current being zero.
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1-3. Carrier Systems. A second method of telegraph communication
is one in which a dot is a current pulse of short duration, a dash is a
current pulse of long duration, and a region of no current is a space.
In this method, the average current is not zero, and the dot and the dash
may be considered to modulate the current. The essential aspects of the
noncarrier and carrier methods are illustrated graphically in Fig. 1-2.

A modulated a-c carrier system is used also, as well as the amplitude-
modulated d-c carrier system, for telegraphy. If the amplitude of the
a-c carrier is altered by the signal, the system is known as an amplitude-
modulated (a-m) system. If the frequency of the a-c carrier is altered
by the signal, the system is known as a frequency-modulated (f-m)
system. If the phase of the a-c carrier is altered by the signal, the system
is known as a phase-modulated (p-m) system.

i
Dot Dash

o_lof Dash _Dr _ ,_/ff__
Space
|_ L ] = t—>

Fig. 1-2. A noncarrier and carrier telegraph signal.

The need for a relatively h-f carrier, and this may be as low as 15 ke
(kilocycles per second) for telegraph communication, as high as 200
Mc (megacycles per second) for voice communication and 1,000 Mc
for television signals, is to be found in the frequency band which is
necessary for the amount of information that is being transmitted per
second, and also in the fact that an h-f carrier is essential for the trans-
mission by radiation of electromagnetic waves. A number of practical
considerations are also involved, an important one being the fact that the
antenna problem for both transmitter and receiver is simplified at the
higher frequencies.

Consider a waveform which may be represented analytically by the
expression

e = A cos (ot 4+ 6) (1-1)

where ¢ is the time. In amplitude modulation, the amplitude A is varied
in accordance with the modulating or signal information, while w and 6
remain constant. In frequency modulation, the frequency w is varied,
while both A and 6 remain constant. In phase modulation, the phase 6§
is varied relative to some arbitrary datum, while A and w remain constant.

The essential character of a modulated carrier may be illustrated
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graphically. This is done in Fig. 1-3, which shows an 1-f sqﬁare—wave
signal and the form of the a-m, f-m, and p-m waves.

1-4. Comparison of Modulation Systems. Amplitude modulation is
the oldest method of carrier transmission and is used almost exclusively
in radiotelephony and -telegraphy. Commercial radiobroadcast trans-
mission is predominately amplitude-modulated, although considerable
f-m broadcast activity exists. The sound channel of TV transmission is
of the f-m type. Also, frequency-shift keying is important for tele-
graphic work. This is an f-m system, with dots being pulses of equal

)

Signat

Amplitvde
modulation

Frequency
modulation

Phase
modulation

FiG. 1-3. The essential character of modulated carrier waves.

amplitude and duration which have been shifted in frequency by one
amount, and dashes being pulses of the same amplitude and duration
but which have been shifted in frequency by a different amount.

An important feature of a-m transmission is that the total frequency
spread around the carrier frequency, which arises because of the modula-
tion which is applied to the carrier, is twice the highest frequency in the
modulating signal, the spread extending from wpmm.x, the maximum
modulating frequency, above the carrier to an equal spread below the
carrier frequency. The frequency band above the carrier is called the
upper sidebands, and the frequency band below the carrier is called the
lower sidebands. For most commercial broadcasting, a total band spread
of 10 kc is allowed. Inherently, therefore, a-m transmission might be



Sec. 14} COMMUNICATION SYSTEMS S

called narrow-band transmission. Because of this, a-m transmission is
possible over a very wide range of carrier frequencies, and such trans-
mission is carried out commercially from several hundred kilocycles to
30 Mec.

In so far as the receiver is concerned, a consideration of fundamental
importance is the ratio of signal to noise at the output. The nature and
sources of noise will receive detailed consideration later in the text. It
will suffice here to note that random noise is of two classes. One class
is continuous and may be resolved into an infinite number of small
sinusoidal components at all frequencies. The other class consists of
occasional pulses of relatively short duration but of large amplitude.
These, too, can be resolved into sinusoidal components covering a range
of frequencies. Those components of noise from both sources which lie
within the pass band of the reciever contribute to noise output.

In an a-m receiver, the noise output results from the interaction of the
noise components with the desired carrier, thereby producing an 1-f vari-
ation of amplitude. The noise has the same character as the a-m signal.
It cannot be separated from the signal and remains as an undesired
signal. While it is possible to limit the effect of large pulse bursts of
noise, the random noise serves to limit the total allowable gain or sensi-
tivity of the receiver, and so the minimum desired signal that might be
received.

Frequency-modulated transmission has found considerable application,
both for radiobroadcasting and as the sound channel of TV receivers.
Phase modulation has found very little application, except as an inter-
mediate step in certain systems for producing f-m waves.

Frequency modulation differs from amplitude modulation, in addition
to the fundamental differences of character of modulation as illustrated
in Fig. 1-3, in the fact that, in order to include all the sideband energy due
to a complicated signal spectrum, such as that, for example, from an
orchestra, a frequency band of approximately 100 ke on each side of the
carrier is required. Because of this fact, frequency modulation is usually
confined to the high frequencies, from perhaps 50 Mc and higher, in order
to provide room for a number of f-m channels. Such frequencies are also
dictated by the receiver problem, since it would be extremely difficult to
design band-pass circuits of 200 k¢ bandwidth except at the higher
frequencies.

It is instructive to examine certain of the features of an f-m trans-
mitter. Since the amplitude of the carrier remains constant during
modulation, the transmitter can be adjusted to give its rated output
power, at which point the transmitter is operating at its optimum effi-
ciency. In an a-m transmitter, the peak power with full modulation
(100 per cent modulation) is four times the average value. Because of the
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essential differences in operation, a given transmitter will produce twice
the modulation power at the receiver when it is operated as an f-m
system.

In the f-m receiver, since the intelligence is carried in the frequency
deviation and not in amplitude variations, a limiter is used to remove
amplitude variations. Noise, which is amplitude-modulated, will sim-
ilarly be limited when the noise is near its peak. It will be shown later,
in fact, that those components of noise nearer to the carrier frequency
will produce less frequency modulation, and so less noise in the output.
When all factors are taken into account, the signal/noise ratio is about
30 db higher than with an a-m transmitter of the same peak power, when
" the deviation frequency is about 75 ke and the input signal/noise ratio is
fairly good.

If the signal/noise ratio at the receiver is fairly poor, then, because
of the wide receiver bandwidth of the f-m receiver, the extra noise poten-
tials will contribute to noise in the output. In such cases, a relatively
narrow-band f-m system is desirable and will yield a better signal/noise
ratio than an a-m receiver in the same situation.

Another fact which will be discussed later is that two f-m signals of
differing amplitude at the same carrier frequency will interfere less with
each other than will comparable a-m signals. In fact, if the desired
signal is about twice the amplitude of the interfering signal, the inter-
ference at the receiver output is very small.

1-6. Carrier Suppression. In an a-m system, even though most of
the radiated power is contained in the carrier, the intelligence is contained
only in the upper- and lower-frequency sidebands. In fact, the intelli-
gence is contained in each sideband. Clearly, therefore, if the carrier
were suppressed before amplification, the efficiency of the system could
be improved materially.

The problem of the receiver design becomes more complex for sup-
pressed-carrier reception than for ordinary amplitude modulation,
because, as will later be seen, it is necessary to reintroduce the carrier
before the intelligence can be extracted. While it is not difficult to
generate locally an h-f signal, the reintroduced carrier must maintain
the proper phase relation with respect to the sidebands if distortion is
to be avoided. While it would be possible to transmit a pilot carrier to
serve as a reference for controlling the locally produced carrier, this
would introduce considerable complications. Also, since the phase of the
locally generated carrier could not be controlled accurately enough for
such operation, suppressed-carrier transmission is not very practical.

1-6. Single-sideband Systems. A satisfactory method in which the
carrier is suppressed is possible if, at the same time, one of the sidebands
is also suppressed. Such a system is theoretically feasible, since, as
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mentioned in Sec. 1-5, the signal information is contained in each of the
sidebands, and, by later reintroducing the carrier, the signal information
may be extracted. Such single-sideband operation is very desirable, since
the total required band spread is half that when both sidebands are
transmitted.

The phase of the reintroduced carrier in the single-sideband suppressed-
carrier system must be fixed with respect to the transmitter datum;
otherwise, phase distortion of the output results. However, for teleph-
ony work, no difficulty arises, as the ear is not sensitive to phase changes
but does respond to frequency changes. As a result, if the frequency
of the reintroduced carrier is different from that of the suppressed carrier,
serious distortion may arise. However, it is possible to set the carrier
properly, and satisfactory operation is feasible. Such single-sideband
suppressed-carrier telephony is employed for long-distance (transoceanic)
transmission by commercial organizations, the added complexity of the
receiver being justified in view of the efficiency of the system.

1-7. Pulse Modulation. A number of p-m methods of transmission
have been developed during recent years. Such methods depend on the
fact that it is possible to reconstruct a given signal by sampling the wave
at periodic intervals, provided that the frequency of sampling is made
sufficiently high.

—

:Qg . rrr\W\F g Signal
le—Pulses
Time —>

F1g. 1-4. Pulse-amplitude modulation.

In the pulse-amplitude-modulation (PAM) method, short pulses of
r-f power are transmitted at regular intervals. The amplitude of each
pulse is proportional to the instantaneous amplitude of the signal. The
situation is illustrated graphically in Fig. 1-4. For speech confined to a
frequency spread of 5 ke, the sampling frequency must be not less than
10 ke. If the pulse duration at each sampling point is, say, 5 usec, this
means that the duty cycle is only 5 per cent, permitting a theogretical
20 simultaneous messages at a given carrier frequency without overlap or
interference. An adequate commutating means must be provided for
switching both transmitter and receiver to the different channels. If
the number of messages is small, then, for a given average power, the
peak power during transmission may be quite high. '
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In pulse-duration, or pulse-width, modulation, the amplitude of each
pulse is constant, but the width, or duration, of the pulse is made pro-
portional to the instantaneous amplitude of the signal. This scheme is
illustrated in Fig. 1-5. In such a method, the pulse duration might
have a mean value of 5 usec, the widths varying from 1 to 9 usec.

If the deviation of the pulse from its datum (no signal) position is made
proportional to the instantaneous amplitude of the signal, the system

Amplitude

L]

Pulses

Time —
F1G. 1-5. Pulse-duration, or pulse-width, modulation.

is the pulse-time, pulse-phase, or pulse-position modulation. This situ-
ation is illustrated in Fig. 1-6.

In pulse-code modulation (PCM), somewhat different factors must be
considered in a discussion of the method. In pulse-code modulation the
process is characterized by three steps: (1) the signal is sampled, as in all
pulse-modulation methods; (2) the pulse heights are ‘‘ quantized’’; and (3)

P

Amplitude

Pulses

Time —>
F1c. 1-6. Pulse-position modulation.

the quantized signal is converted into a sequence of coded pulses. The
term quantization as here used implies the selection of a particular
amplitude level to represent a range of amplitude variations. The
quantizing process thus selects the nearest amplitude level, instead of the
continuity of amplitudes that actually exists.

Suppose, for example, that a four-pulse group is available for coding
the amplitude level. The signal value at a given single point will be



Sec. 1-7] COMMUNICATION SYSTEMS 9

TABLE 1-1

BINARY CODE FOR FOUR-PULSE GROUPS IN PULSE-CODE
MODULATION (PCM)

Amplitude Amplitude
Code represented Code represented
0000 0 1000 8
0001 1 1001 9
0010 2 1010 10
0011 3 1011 11
0100 4 1100 12
0101 5 1101 13
0110 6 1110 14
0111 7 1111 15

coded as in Table 1-1. In this table the presence of a pulse is indicated
by a 1, and its absence is indicated by a 0. Clearly the four-pulse
groups can express all integral values from 0 to 15. Owing to this limi-
tation in amplitude levels available, when the pulse groups are recon-
verted into a signal there will be a discrepancy between it and the original.
This discrepancy is called ‘‘quantizing noise.” Evidently, the larger
the number of quantization levels available, the smaller will be the
relative distortion produced by the system.

Amplitude

> Code

Pulses

Time —=
F1a. 1-7. Pulse-code modulation (a typical code for several signal amplitudes only is
illustrated, and these do not have a realizable code pattern for the amplitudes shown).

As indicated above, the essential advantage of pulse-modulation sys-
tems is that time-division multiplexing is made possible, owing to the fact
that the duty cycle is relatively small. However, not all pulse methods
are equally favorable. The various systems will be examined in the light
of receiver signal/noise ratio.

For the pulse-amplitude system, the signal/noise ratio is worse than
with ordinary amplitude modulation, owing to the fact that the receiver
bandwidth must be considerably wider in the pulse-amplitude-modulation
receiver than for ordinary amplitude modulation. This broader band-
width is necessary in order to permit a reproduction of the pulses.

In the pulse-duration and pulse-position methods, since the amplitudes
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of the pulses are to remain constant, limiters can be used. Although
this may result in some loss of energy, the noise, which is amplitude-
modulated, will be removed. However, noise which appears on the
leading and trailing edges of the pulses will produce an effect on the over-
all signal/noise ratio. Consequently, by increasing the bandwidth of
the receiver, thereby permitting steeper sides to the pulses, the noise
in the output is reduced. This is offset to some extent by the fact that,
with a broader bandwidth, the input noise is increased. The net effect
is that the signal/noise ratio decreases with increasing bandwidths,
although an optimum bandwidth is dictated in such applications. If
impulse noise occurs, this might increase the effective duration, in pulse-
duration modulation, or it might alter the position in pulse-position
modulation, with a resultant production of noise.

An important feature of pulse-code modulation is that distortion and
noise must be very large before the presence or absence of a pulse cannot
be recognized. In fact, if it is possible to establish the existence of a
pulse combined with noise, it is theoretically possible to regenerate the
original pulse. This characteristic of pulse-code-modulation systems
makes their use in radio relay links particularly desirable. It is possible
for the regeneration process to be carried out at each relay station, thus
permitting a new signal to be available for retransmission.

1-8. System Block Diagram. As has probably been surmised, many
of the fundamental circuits and techniques are common to all communica-
tion systems, although certain of the system elements will be special to the
particular system. To serve as an introduction to the analytical dis-
cussion of circuits to follow, and also to indicate the general features of
certain of the more important systems of communication, block diagrams
of the essential elements incorporated in such systems will be given. It
should be emphasized that certain of the blocks which are illustrated
as separate entities might, in fact, be combined in achieving a given
operation.

a. A-M Systems. The essential elements of a simple broadcast trans-
mitter and of appropriate receivers are given below. The block diagram
of an a-m transmitting system is given in Fig. 1-8. Nothing is here said
concerning the power capacities of the various elements or stages. These
will vary according to the particular circuits or systems of operation used
and will be considered at the appropriate points in the text. The
frequencies which appear at various points in the circuit are indicated
on the diagram.

It will be observed that the a-m transmitter is a relatively simple
device, consisting essentially of an audio amplifier for raising the level
of the intelligence signal, a stable oscillator which establishes the carrier
frequency of the transmitter, a modulator in which the signal and the
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carrier are combined to produce a modulated carrier, and power amplifiers
for raising the power level of the modulated carrier before transmission.
Observe that the modulator serves to translate the signal information at
frequency w, as measured from the zero level to the information given
with reference to the carrier level, w..

The receiver for an a-m wave is shown in its simplest block form in
Fig. 1-9. In the receiver, the r-f potential induced in the antenna is
amplified from its usual low level of 5 uvolts to 1 mv to perhaps 1 to 30

Signal in
electrical form )
Modulating Radiator
Auvdio signal wm
amplifier .
Transducer QA;’ O‘Z:’/[::Jeal Z)a"_’sr High freq.
Modulator |—E—C—m—€ —M . power
amplifier
Oscillator Carrier we

FiG. 1-8. The elements of an a-m transmitting system.

volts. This amplification may all occur at the center frequency w. of
the transmitter, or it may be changed to some intermediate value w;
within the receiver. The amplified modulated r-f signal is then passed
through the demodulator, which extracts the signal from the modulated
wave. In essence, therefore, the demodulator, or detector, serves in the
inverse manner of the modulator. The demodulator may be considered
to translate the frequency level from the carrier level w, to the zero level,
so that the signal frequencies w, are specified with respect to the zero-
frequency level. The audio signal is then amplified sufficiently to oper-
ate the loud-speaker and usually provides about 3 to 30 watts output.

With frequency c/;a“nﬁq/h_q Wi, Witwm

Without frequency changing we,wetwm
High freq. w Audlio
. m “m Loud
On. O, potential Demoaulator Frequency
€+ 9c*Lm amplifier amplifier speaker

Fi1G. 1-9. The elements of an a-m receiver.

Two important different types of receivers are in widespread use, the
tuned radio-frequency (trf) and the superheterodyne types. The tuned
r-f receiver is illustrated in block form in Fig. 1-10, and the superhetero-
dyne receiver is illustrated in block form in Fig. 1-11.

The tuned r-f receiver shown in Fig. 1-10 performs in precisely the
manner of the general block diagram of Fig. 1-9. Tuning is accomplished
by changing the resonant frequency of the parallel LC circuits of each
stage, either by changing the capacitance or by changing the inductance.
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The superheterodyne receiver illustrated in Fig. 1-11 is more common
for normal broadcast reception. It comprises a single stage of tuned r-f
amplification, although this is often omitted in many receivers, the out-
put of which feeds into a mixer (and this is often referred to as the ‘‘first
detector’’). Also feeding into the mixer is the output from a local oscil-
lator. The frequencies which are centered about the carrier w. combine
with the local oscillator frequency wo, to produce a modulated carrier
which is now centered either around the frequency w, + wo or around

Tuned Avdlio
[3) %) w,
We r-f € _1 Demodutator m_{ frequency m
WEwp, o Wt W e
amplifier amplifier

F1G. 1-10. Block diagram of the tuned r-f receiver.

w. — wo, depending on choice, which is called the intermediate frequency
wi. The modulated i-f signal then passes through a fixed tuned amplifier,
the output from which feeds a detector, or demodulator, as before.

The essential differences between the tuned r-f and the superhetero-
dyne receivers are important. In the tuned r-f receiver, tuning and
amplification are effected at the incoming carrier-frequency level w..
Because of this requirement, the circuits used are best from tuning con-
siderations but are not optimum from selectivity considerations. In the
superheterodyne receiver, tuning is accomplished by adjusting the fre-
quency of the local oscillator. Each incoming signal is converted to the

Tuned Fixed 5

we we Mi wi wi Wm Audio | “m
- lixer o
wertop] 7 r i, AT frequency T Detector amplifier
amp. amp.

wo

Local
oscillator

Fig. 1-11. The elements of a superheterodyne receiver.

same intermediate frequency w;, and the i-f signal is amplified in high-
gain fixed tuned stages which have been chosen for optimum selectivity.
This is possible since the requirement of tunability has been removed as a
requirement of the amplifiers. The detector and audio amplifiers are
substantially the same in both receivers.

b. F-M Systems. An f-m transmitter in its most elementary form is
given in Fig. 1-12. The audio-frequency (a-f) amplifier and the h-f
power amplifiers are quite conventional. However, the high frequency
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used in f-m systems, as already noted, is usually considerably higher than
that for the a-m system. This requirement is made necessary by the
broad band of frequencies which is required to transmit all the intelligence
contained in the audio signal. Specifically, to cover the normal audio
spectrum to, say, 7,500 cps, the bandwidth required in the f-m system is
approximately 150 ke. To achieve a bandwidth of 150 ke without exces-
sive loading, the standard broadcast carrier level for f-m transmission
ranges from 88 to 108 Mc.

: Frequency High freq.
w, () w, w,
Transauvcer D—L a: U;}-/‘-;,_ ™ modulated " ; power s ':;e
& oscillator b‘;/n;s amplifier b a{ s

F1a. 1-12. The elements of an f-m transmitting system.

The f-m oscillator may take any one of a number of different forms.
A common form incorporates a ‘““‘reactance” tube as part of the oscillator
circuit. With such a device, the effective capacitance or the effective
inductance of the oscillator tank can be changed in a manner dictated
by the audio signal. In this way, the audio signal is converted into
changes in frequency. The f-m oscillator output is usually at a consider-
ably lower frequency than the ultimate station carrier, and the frequency
is multiplied to the necessary levels by means of frequency-multiplying
stages, before it is amplified to the high power level required for trans-
mission. Several of the other systems of producing f-m waves are too

I-f amp. . : ;
we| R-¥F |we . wj P\ wi | Discrim- |wm| Auvdio |wm
In p"% amp. (g Mixer | duf |, ;7;’; - [« inator amp.

Wo

Local
oscillator

Fic. 1-13. Block diagram of a typical f-m receiver.

complicated for simple discussion, and will be deferred until Chap. 14,
where they will be discussed in detail.

The basic circuit of an f-m receiver is somewhat similar to that of an a-m
receiver of the superheterodyne type. A block diagram is given in Fig.
1-13. The r-f amplifier, mixer, and beat-frequency oscillator are common
with those in an a-m superheterodyne receiver, except that the over-all
bandwidth is greater, as already discussed. The i-f amplifier is like that
in the a-m superheterodyne, although the last stage is operated at low
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potential to produce limiting action. This serves to eliminate any fluctu-
ations in the amplitude of the i-f carrier, no matter how produced. The
other outstanding difference is the circuit used to demodulate the f-m
carrier. The f-m discriminator serves to convert from frequency modu-
lation to amplitude modulation. The resulting amplitude modulation is
demodulated in a circuit that is peculiar to the f-m system.



CHAPTER 2

CHARACTERISTICS OF ELECTRON TUBES

2-1. Introduction. Before one undertakes a study of many of the
details of the communication systems that have been discussed rather
superficially in the previous chapter, it is desirable to examine the funda-
mental physical principles which govern the operation of the electron
tubes that are used in such systems.

There are two important questions that relate to such devices. One
relates to the actual source of the electrons and their liberation. The
second relates to the control of the electron beam. A brief discussion
of these matters will be included here.

EMISSION OF ELECTRONS

2-2. Source and Control of Electrons. According to modern theory,
all matter is electrical in nature. The atom, which is one of the funda-
mental building blocks of all matter, consists of a central core or nucleus
- which is positively charged and which carries nearly all the mass of the
atom. Enough negatively charged electrons surround the nucleus so
that the atom is electrically neutral in its normal state. Since all chem-
ical substances consist of groups of these atoms which are bound to each
other, then all matter, whether it is in the solid, the liquid, or the gas-
eous state, is a potential source of electrons. All three states of matter
do, in fact, serve as sources of electrons. A number of different proc-
esses serve to effect the release of electrons, those which are of importance
in electron tubes being (1) thermionic emission, (2) secondary emis-
sion, (3) photoelectric emission, (4) high field emission, and (5) ionization.
These processes will be considered in some detail in what follows.

With the release of the electrons, a means for their control must be
provided. Such control is effected by means of externally controlled elec-
tric fields or magnetic fields, or both. These fields perform one or both
of the following functions: (1) control of the number of electrons that
leave the region near the emitter; (2) control of the paths of the electrons
after they leave the emitter. Control method 1 is the more common, and
such a control method is incorporated in almost all electron tubes, except

those of the field-deflected variety. The cathode-ray tube is a very
15
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important example of a field-deflected tube. However, even in this lat-
ter case, a control of type 1 is incorporated to control the electron-tube
current, even though the subsequent motion is controlled by means of
electric or magnetic fields, or both.

2-3. Thermionic Emission. Consider matter in the metallic state.
Metals are most generally employed in the form of a wire or ribbon fila-
ment. If such a filament contains electrons and if these are relatively
free to move about in the metal (and this is the case since the application
of a small potential difference between the ends of the wire will result in a
current flow), it might be expected that some electrons might ‘‘leak”
out of the metal of their own accord. This does not occur, however.

Consider what happens to an electron as it seeks to escape from a metal.
The escaping, negatively charged electron will induce a positive charge
on the metal. There will then be a force of attraction between the
induced charge and the electron. Unless the escaping electron possesses
sufficient energy to carry it out of the region of influence of this image
force of attraction, it will be returned to the metal. The minimum
amount of energy that is required to release the electron against this
attractive force is known as the work function of the metal. This
requisite minimum amount of energy may be supplied by any one of a
number of different methods. One of the most important methods is to
heat the metal to a high temperature. In this way, some of the thermal
energy supplied to the metal is transferred from the lattice of the heated
metal crystals into kinetic energy of the electrons.

An explicit expression relating the thermionic-emission current density
and the temperature of the metal can be derived.!'* The expression so
derived has the form

Jo = AT T (2-1)
where A, is a constant for all metals and has the value of 120 X 10*
amp/(m?)(°K?) and b, is a constant that is characteristic of the metal.
The quantity b is related to the work function Ew of the metal by

bo = 11,600Ew °’K (2-2)

It has been found experimentally that Eq. (2-1) does represent the form
of the variation of current with temperature for most metals, although
the value obtained for 4, may differ materially from the theoretical value
of 120 X 10¢ amp/(m?) (°K?2).

It follows from Eq. (2-1) that metals that have a low work function
will provide copious emission at moderately low temperatures. Unfor-
tunately, however, the low-work-function metals melt in some cases and
boil in others, at the temperatures necessary for appreciable thermionic
emission. The important emitters in present-day use are pure-tungsten,

* Superior numbers refer to citations at the end of some chapters.
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thoriated-tungsten, and oxide-coated cathodes. The thermionic-emis-
sion constants of these emitters are contained in Table 2-1.

TABLE 2-1

THE IMPORTANT THERMIONIC EMITTERS AND THE
THERMIONIC-EMISSION CONSTANTS

Emitter Ao, amp/(m?)(°K?) | Ew, e-v
Tungsten.................... 60 X 10* 4.52
Thiorated-tungsten......... .. 3 X 10¢ 2.63
Oxide-coated................. 0.01 X 10¢ 1

Tungsten is used extensively for thermionic filaments despite its rela-
tively high work function. In fact, this material is particularly impor-
tant because it is virtually the only material that can be used successfully
as the filament in high-potential tubes. It is used in high-potential
X-ray tubes, in high-potential rectifier tubes, and in the large power-
amplifier tubes that are used in radio and communication applications.
It has the disadvantage that the cathode emission efficiency, defined as
the ratio of the emission current in milliamperes to the heating power in
watts, is small. Despite this, it can be operated at a sufficiently high
temperature, between 2600 and 2800°K, to provide an adequate emission.

It has been found that the application of a very thin layer of low-work-
function material on filaments of tungsten will materially reduce the
work function of the resulting surface. A thoriated-tungsten filament is
obtained by adding a small amount of thorium oxide to the tungsten
before it is drawn. Such filaments, when properly activated, will yield
an efficient emitter at about 1800°K. It is found desirable to carbonize
such an emitter, since the rate of evaporation of the thorium layer from
the filament is thus reduced by about a factor of 6. Thoriated-tungsten
filaments are limited in application to tubes that operate at intermediate
potentials, say 10,000 volts or less. Higher-potential tubes use pure-
tungsten filaments.

The oxide-coated cathode is very efficient (about twenty times as effi-
cient as tungsten) and provides a high emission current at the relatively
low temperature of 1000°K. It consists of a metal sleeve of konal (an
alloy of nickel, cobalt, iron, and titanium) or some other metal, which is
coated with the oxides of barium and strontium. These cathodes are
limited for a number of reasons to use in the lower potential tubes, say
about 1,000 volts or less, although they do operate satisfactorily at higher
potentials under pulsed conditions at relatively low-duty cycle. They
are used almost exclusively in receiving-type tubes and provide efficient
operation with long life.
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Curves showing the relative cathode efficiencies of tungsten, thoriated-
tungsten, and oxide-coated cathodes are illustrated in Fig. 2-1. It will
be seen that tungsten has a considerably lower efficiency than either of
the other two emitters.

The thermionic emitters in their practical form in electron tubes may
be of the directly heated, or filamentary, type or of the indirectly heated
type, and in the case of gas and vapor tubes the cathode may be of the

heat-shielded type. Typical fila-

*;2) mentary cathodes are illustrated in
S8 Fig. 2-2. These filamentary cath-
<6 odes may be of the pure-tungsten,
Eis thoriated-tungsten, or oxide-coated
e 12 type.

The indirectly heated cathode for
use In vacuum tubes is illustrated in
/ Fig. 2-3. The heater wire is con-
rsten tained in a ceramic insulator which
010 20 30 40 55 g s enclosed by the metal sleeve on

Per cent rated filament power which the oxide coating is placed. A

F1e. 2-1. Cathode efficiency curves of cathode assembly of this type has
an oxide-coated, a thoriated-tungsten, g,ch g high heat capacity that its

and & pure-tungsten flament. temperature does not change with
instantaneous variation in heater current when alternating current is used.

Heat-shielded cathodes, which can be used only in gas-filled electron
tubes for reasons to be discussed in Sec. 2-24, are designed in such a way
as to reduce the radiation of heat energy from the cathode. This mate-
rially increases the efficiency of the cathode. Several different types of
heat-shielded cathodes are illustrated in Fig. 2-4.

X AN

Fic. 2-2. Typical directly Frac. 2-3. Typical indirectly heated
heated cathodes. cathodes.

Cathode efficie
oON b ®S

2-4. Photoelectric Emission. The energy that is required to release
an electron from a metal surface may be supplied by illuminating the
surface with light. There are certain restrictions on the nature of the
surface and the frequency of the impinging light for such electron emis-
sion to take place. That is, electron emission is possible only if the fre-
quency of the impinging light exceeds a certain threshold value that
depends on the work function Ew of the surface according to the equation
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eEW
fc = T (2'3)

where e is the charge of the electron and h is Planck’s constant. The

R

Frc. 2-4. Different types of heat-shiclded cathodes. (General
Electric Co. and Lowry.)

corresponding threshold wavelength beyond which photoelectric emission
cannot take place is given by

ch 12,400 A
Ao = ¢eEw = Ew (2-4)
where A is the angstrom unit (107® c¢m) and c is the velocity of light
(=3 X 10 cm/sec). TFor response over the entire visible region, 4000
to 8000 A, the work function of the photosensitive surface must be less
than 1.54 volts.
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linear at the higher illuminations. However, the greater sensitivity of
the gas-filled cell is clearly evident.

2-5. Secondary Emission. It is possible for a particle, either an
electron or a positive ion, to strike a metallic surface and transfer all or a
part of its kinetic energy in this collision to one or more of the internal
electrons. If the energy of the incident particle is sufficiently high, some
of the internal electrons may be emitted. Several tubes have been
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F1G. 2-7. The volt-ampere characteristics of a type PJ-23 gas-filled phototube, with
light intensity as a parameter.
designed which incorporate secondary-emission surfaces as part of the
device, and highly sensitive phototubes have such auxiliary elements in
them. Frequently the secondary emission that exists is of a deleterious
nature. This matter will be discussed in explaining certain features of
the characteristics of tetrodes.

2-6. High Field Emission. The presence of a very strong electric field
at the surface of a metal will cause electron emission. Ordinarily the
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F16. 2-8. Photocurrent as a function of iHumination for a PJ-22 vacuum phototube
and a PJ-23 gas-filled cell.

field in the average electron tube is too small to induce such electron
emission. This process has been suggested to account for the electron
emission from a mercury-pool cathode in a mercury rectifier.

2-7. Ionization. The process in which an atom loses an electron is
known as ionization. The atom that has lost the electron is called a
positive ton. The process of ionization may occur in several ways.

Electron Bombardment. Consider a free electron, which might have
been released from the envelope or from any of the electrodes within the
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tube by any of the processes discussed above. Suppose that this free
electron has acquired enough energy from an applied field so that, upon
collision with a neutral atom, it removes an electron. Following this
action, two electrons and a positive ion exist. Since there are now two
electrons available, both may collide with gas particles and thus induce
further ionization. Such a process as this may become cumulative, with
consequent large electron release. This process is very important and
accounts for the successful operation of gas- and vapor-filled rectifier
tubes. It is also the basis of the gas amplification in gas-filled phototubes.

Photoelectrec Emission. If the gas is exposed to light of the proper
frequency, then this radiant energy may be absorbed by the atom, with
resulting electron emission. This process is important in initiating cer-
tain discharges.

Positive-ion Bombardment. The collision between a positive ion and a
neutral gas particle may result in electron release, in much the same
manner as by electron bombardment. This process is very inefficient
and is usually insignificant in normal gas tubes.

Thermal Emission. If the temperature of the gas is high enough, some
electrons may become dislodged from the gas particles. However, the
gas temperature in electron tubes is generally low, and this process is
normally unimportant.

THE HIGH-VACUUM DIODE

2-8. The Potential Distribution between the Electrodes. Consider a
thermionic source situated in a vacuum. This cathode will emit elec-
trons, most of which have very little energy when they emerge. Those
electrons which first escape will diffuse throughout the space within the
envelope. An equilibrium condition will soon be reached when, because
of the mutual repulsion between electrons, the free electrons in the space
will prevent any additional electrons from leaving the cathode. The
equilibrium state will be reached when the space charge of the electron
cloud produces a strong enough electric field to prevent any subsequent
emission.

The inclusion of a collecting plate near the thermionic cathode will
allow the collection of electrons from the space charge when this plate is
maintained at a positive potential with respect to the cathode; the higher
the potential, the higher the current. Of course, if the thermionic emis-
sion is limited, then the maximum current possible is the temperature-
saturated value.

In addition to such a simple two-element device, which is the diode,
grids may be interposed between the cathode and plate. If a single grid
is interposed, the tube is a triode. If two grids are present, the tube is a



Sec. 2-8) CHARACTERISTICS OF ELECTRON TUBES 23

tetrode; three grids yield a pentode, etc. Details of the characteristics
and operation of such devices will be considered in some detail in the
following pages.

Consider a simple diode consisting of a plane cathode and a collecting
plate, or anode, which is parallel to it. It is supposed that the cathode
can be heated to any desired temperature and that the potential between
the cathode and anode may be set at any desired value. It is desired to
examine the potential distribution between the tube elements for various
cathode temperatures and fixed anode-cathode applied potential.

Suppose that the temperature of the cathode is high enough to allow
some electrons to be emitted. An electron space-charge cloud will be
formed in the envelope. The density of the electrons and the potential
at any point in the interelectrode

space are related by Poisson’s —
equation 7

a2V p

[z (25)

Cathode

where V is the potential in volts, p
is the magnitude of the electronic-
charge density in coulombs per cubic
meter, and ¢ = 107%/36x is the per- Z
mittivity of space. A study of this Fia. 2-9. The potential distribution be-
expression il yieldsigniicant (g pane parallletros for s
information.

It is supposed that the electrons that are emitted from the cathode
have zero initial velocities. Under these conditions, the general char-
acter of the results will have the forms illustrated in Fig. 2-9. At the
temperature T, which is too low for any emission, the potential distribu-
tion is a linear function of the distance from the cathode to the anode.
This follows from Eq. (2-5), since, for zero-charge density,

Anode
"-"".obj""""

l<_

¢V _ 0 or av _ const
dz? dr
This is the equation of a straight line.

At the higher temperature T'5, the charge density p is not zero. Clearly,
the anode-cathode potential, which is externally controlled, will be inde-
pendent of the temperature, and all curves must pass through the fixed
end points. Suppose that the potential distribution is somewhat as illus-
trated by the curve marked T,. All curves must be concave upward,
since Eq. (2-5), which may be interpreted as a measure of the curvature,
is positive. A positive curvature means that the change in slope dV/dx
between two adjacent points must be positive. Moreover, the curvature
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is greater for larger values of p, corresponding to the higher tempera-
tures. It is possible to justify that the maximum current that can be
drawn from the diode for a fixed plate potential and any temperature is
obtained under the condition of zero electric field at the surface of the
cathode. TUnder these optimum conditions,

Vo atz=0 (2-6)
This condition is valid under the assumption of zero initial velocities of
emission of the electrons.

2-9. Equations of Space Charge. An explicit relation between the
current, collected and the potential that is applied between the anode
and cathode is possible. In general, the current density is a measure
of the rate at which the electrons pass through unit area per unit time
in the direction of the field. If » denotes the drift velocity in meters
per second, N is the electron density in electrons per cubic meter, and e
is the electronic charge in coulombs, then the current density in amperes

per square meter is
J = Nev = pv 2-7)

Also, neglecting the initial velocity, the velocity of the electron at any
point in the interelectrode space is related to the potential through which
it has fallen by the following expression, which is based on the conserva-

tion of energy:

Limy? = eV (2-8)
By combining the foregoing expressions, there results
2 ="
a@v _ JV 2-9)

dx?  eo(2e/m)%

This is a differential equation in V as a function of . The solution of it
is given by
€ |,e V¥

J
For electrons, and in terms of the boundary conditions V = E, at the

anode, there results
¥4
J =233 X 10—6%— amp/m? (2-11)
This equation is known as the Langmuir-Childs, or three-halves-power,
law. Tt relates the current density, and so the current, with the applied
potential and the geometry of the tube. It shows that the space-charge
current is independent of the temperature and the work function of the
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cathode. Thus, no matter how many electrons a cathode may be able
to supply, the geometry of the tube and the applied potential will deter-
mine the maximum current that can be collected by the anode. If the
electron supply from the cathode is restricted, the current may be less
than the value predicted by Eq. (2-11). The conditions are somewhat
as represented graphically in Fig. 2-10.

For the case of a tube that possesses cylindrical symmetry, a similar
analysis is possible. The results

of such a calculation lead to the © ' Space charge
following expression for the current: " timmited
L E¥ ,
I, = 146 X 107% — — amp \, Termperature
Ta B { limited
(2-12)
where [ is the active length of the

tube and g% is a quantity that is €5
determined from the ratio r,/ri, the F6- 2-10. The volt-ampere characteris-

. . tics of a typical diode.
ratio of anode to cathode radius.

For ratios r,/r. of 8 or more, 32 may be taken as unity.

Attention is called to the fact that the plate current depends upon the
three-halves power of the plate potential both for the plane parallel and
also for a diode possessing cylindrical symmetry. This is a general
relationship, and it is possible to demonstrate that an expression of the
form I, = kEy* applies for any geometry, provided only that the same
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F1c. 2-11. Experimental results to verify the three-halves-power law for tubes with
oxide-coated, thoriated-tungsten, and pure-tungsten filaments.

restrictions as imposed in the above developments are true. The specific
value of the constant k that exists in this expression cannot be analytically
determined unless the geometry of the system is specified.

The dependence of the current on the potential for any tube may be
determined by plotting the results obtained experimentally on a loga-
rithmic scale. Theoretically one should find, if the expression I, = kE*
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is valid, that
' logio Iy = logio k + 35 logio Es (2-13)

The logarithmic plots for three commercial tubes are shown in Fig. 2-11.
The type 10 tube is a triode and was converted into a diode by connecting
grid and plate together. The other tubes are diodes. It will be observed
that the logarithmic plots are straight lines, although the slopes of these
lines are all slightly less than the theoretical 1.5.

2-10. Rating of Vacuum Diodes. The current and potential ratings of
a diode, i.e., the maximum current that the tube may carry and the maxi-
mum potential difference that may be applied between anode and cath-
ode, are influenced by a number of factors.

1. A limit is set to the tube current by the cathode efficiency of the
emitter. Thus, for a given input power to the filament, a maximum cur-
rent is specified.

2. There is a maximum temperature limit to which the glass envelope
of the tube may be safely allowed to rise. This is the temperature to
which the tube was raised during the outgassing process. This is about
400°C for soft glass and about 600°C for pyrex. For higher tempera-
tures, the gases adsorbed by the glass walls may be liberated. Owing
to this limitation, glass bulbs are seldom used for vacuum tubes of more
than about 1 kw capacity.

3. A very important limitation is set by the temperature to which the
anode may rise. In addition to the fraction of the heat radiated by the
cathode that is intercepted by the anode, the anode is also heated by
the energy carried by the anode current. The instantaneous power
carried by the anode current and supplied to the anode is given by e,
where ¢, is the anode-cathode potential and 1 is the anode current. The
temperature to which the anode rises will depend upon the area of the
anode and the material of its construction.

The most common metals used for anodes are nickel and iron for
receiving tubes and tantalum, molybdenum, and graphite for transmit-
ting tubes. The surfaces are often roughened or blackened in order to
increase the thermal emissivity. The anodes of many transmitting tubes
may be operated at a cherry-red heat without excessive gas emission.
To allow for forced cooling of the anode, cooling coils may be provided, or
the tube may be immersed in oil. The newer type of transmitting tubes
are frequently provided with radiator fins for forced-air cooling. Two
different types of transmitting tubes are illustrated in Fig. 2-12.

4. The potential limitation of a high-vacuum diode is also dependent
on the type of its construction. If the filament and anode leads are
brought out side by side through the same glass press, some conduction
may take place between these leads through the glass. This effect is
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THE TRIODE

2-11. The Grid. The introduction of a third element between the
cathode and plate of the diode by DeForest in 1907 was the start of
the extensive developments involving vacuum tubes. This new elec-
trode, called the control grid, consists of a wire mesh, or screen, which
surrounds the cathode and is situated close to it. The potential applied
to the grid in such a tube is usually several volts negative relative to the
cathode, whereas the plate is usually maintained several hundred volts
positive with respect to the cathode. Clearly, the electric field resulting
from the potential of the grid tends to maintain a large space-charge
cloud, whereas the field of the plate tends to reduce the space charge.
However, owing to its proximity to the cathode, a given potential on the
grid will exercise a greater effect on the space charge than the same poten-
tial on the plate. This would seem to imply that a proportionality should
exist between the relative effectiveness of the grid and plate potentials
on the space charge and that the plate current might be represented
approximately by the equation

. e 33
= k(e + 7 (2-14)

where e, is the plate-cathode potential, e. is the grid-cathode potential,
and the factor u is a measure of the relative grid-plate potential effective-
ness on the tube current. The factor u is known as the amplification
factor of the grid.

The validity of Eq. (2-14), which is simply a natural extension of the
three-halves-power space-charge equation of the diode, has been verified
experimentally for many triodes. No simple, rigorous theoretical deriva-
tion of this equation is possible, even for a triode of relatively simple
geometry. However, the value of the amplification factor ¢ can be cal-
culated with a fair degree of accuracy from equations that are based on
electrostatic considerations.

By maintaining the grid at some negative potential with respect to the
cathode, it will repel electrons and will, in part, neutralize the attractive
field of the anode, thus reducing the anode current. If the grid potential
is made positive, the electron stream will increase because of the com-
bined action of both the grid and the plate potentials. But, with a posi-
tive potential on the grid, some of the space charge will be attracted to
it, and a current in the grid will result. The grid structure must be
designed to dissipate the grid power if the grid potential is to be main-
tained positive; otherwise the grid structure may be seriously damaged.
Generally the grid is maintained negative, although positive-grid triodes
for power-amplifier applications are available.
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The variations of the plate and grid currents with variances of grid
potential are illustrated in Fig. 2-13. In this diagram, the plate poten-
tial is maintained constant. For sufficiently negative grid potential,
cutoff of the plate current occurs. As the grid potential is made less
negative, the plate current follows a smooth curve, the variation being
expressed analytically by Eq. (2-14). As the grid potential is made posi-
tive, grid current flows, the mag-
nitude of this current increasing
rapidly with increasing grid
potential.

For positive grid potentials,
and with the consequent grid cur-
rent, Eq. (2-14) no longer repre-
§ents th(.e plate current, althou‘gh Grid valts éc
it does give a good representatl.on Fiag. 2-13. Total space, plate, and grid cur-
of the total space current. With rent in a triode, as a function of grid
increasing grid potentials, the grid potential, with fixed plate potential.
current increases, and the plate current decreases.

2-12. Triode Parameters. In view of Eq. (2-14), the dependence of
the plate current on the plate and the grid potentials may be represented
functionally by the expression

% = flesec) (2-15)

Of course the plate current also depends upon the heater temperature,
but as the heater current is usually maintained at rated value (this is

Zs

Zg

Current

éc

22

€c
F1c. 2-14. The plate characteristics Fic. 2-15. The transfer character-
of a triode. istics of a triode.

such as to provide perhaps five to ten times the normal required current),
this term usually does not enter into the functional relationship. If Eq.
(2-15) is plotted on a three-dimensional system of axes, a space diagram
representing the function f(i,e5,ec) = 0 is obtained. The projections of
these surfaces on the three coordinate planes give three families of char-
acteristic curves. These curves are given in Figs. 2-14 to 2-16.
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The curves of Fig. 2-14 are known as the plate characteristics since they
show the variation of the plate current with plate potential for various
values of grid bias. The main effect of making the grid more negative is
to shift the curves to the right, without changing the slopes appreciably.
This is in accord with what would be expected from consideration of
Eq. (2-14).

If the grid potential is made the independent variable, the mutual, or
transfer, characteristics of Fig. 2-15 result. The effect of making the plate
potential less positive is to shift the curves to the right, the slopes again
remaining substantially unchanged.

The simultaneous variation of both the plate and the grid potentials
so that the plate current remains con-
stant gives rise to a third group of char-
acteristics illustrated in Fig. 2-16. These
show the relative effects of the plate and
grid potentials on the plate current of the
tube. But from the discussion of Sec.
2-11 it is the amplification factor that

6 lates these two effects. Consequentl
relate S q v,
Fie. 2-16. The constant-current the amplification factor is defined as the
characteristics of a triode. . . .
ratio of the change in plate potential to
the change in grid potential for a constant plate current. Mathemati-
cally, u is given by the relation

R -
w= (ae)“ (2-16)

The negative sign takes account of the fact that a decreasing grid poten-
tial must accompany an increasing plate potential if the plate current is
to remain unchanged.

Consider the variation in the plate current. This is obtained by
expanding Eq. (2-15) in a Taylor’s expansion. But it is here assumed
that the variation is small and that it is adequately represented by the
first two terms of the expansion. Subject to this limitation, the expres-

sion has the form
. (90 A% .
Afy = (661,)& Aey + <~86c>Eb Ae, (2-17)

This expression indicates simply that changes both in the plate potential
Ae, and in the grid potential Ae, will cause changes in the plate current.

The quantity (de,/d1)k. expresses the ratio of an increment of plate
potential to the corresponding increment of plate current, for constant
E.. This ratio has the units of resistance, is known as the plate resistance
of the tube, and is designated by the symbol r,. Clearly, r, is the inverse

€c
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slope of the plate characteristics of Fig. 2-14 and has been so indicated
there.

The quantity (87/de.)r,, which gives the ratio of an increment of plate
current to the corresponding increment of grid potential for constant
plate potential E,, has units of conductance. It is known as the plate-
grid transconductance, or mutual conductance, and is designated by the
symbol ¢,.. The mutual conductance g,, is the slope of the mutual-, or
transfer-, characteristic curves of Fig. 2-15.

To summarize, the triode coefficients have the forms

(%) =r, plate resistance

v/ B

(g“) = g»  mutual conductance (2-18)
€c/ By

- (geb) =y amplification factor
€ /)T

It is easy to show that u is related to », and g.. by the expression
H = Tpdm (2-19)
This is obtained by setting A¢, = 0 in Eq. (2-17) and then using the
definitions of Eq. (2-18).
The variations of these parameters for a fixed value of plate potential
for the 6C5 tube are shown in Fig.

2-17. It is noticed that the plate fg L 22}-

resistance varies over rather wide €S20 19 3000 2
limits, being very high at zero plate £%gl- £ §
current, and approaches a constant = = €
value at the higher plate currents. y20 2000 3
The transconductance varies from a % §
very small value at zero plate cur- S 10 1000 &
rent and tends toward a constant 2 2
value at the higher plate currents. a 0 £
The amplification factor remains -0 0 0 2

reasonably constant over a wide Plate current, ma
range of currents, although it falls gf“z %-(1;?, gﬂﬁfa;?rze?ifcﬁ}, ;P’O?“Sl;’tz
off rapidly at the low currents. ,rrent.
The corresponding values for other
values of E, may differ numerically, but the general variations will be
similar.

High-power triodes are used extensively in transmitters. The grid of
such a tube is driven positive with respect to the cathode during part
of the cycle, and the current is cut off during part of the cycle. The

characteristics of importance of such tubes are the plate curves and the
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F1G. 2-19. The constant-current characteristics of the power triode of Fig. 2-18.
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constant-current curves. The variations over normal operating limits
are as illustrated in Figs. 2-18 and 2-19 for a type 889A tube.

MULTIELECTRODE TUBES

2-13. Tetrodes. In the tetrode a fourth electrode is interposed
between the grid and the plate. This new electrode is known as the
screen grid, or grid 2, in order to distinguish it from the ‘““control” grid
of the triode. Physically, it almost entirely encloses the plate. Because
of its design and disposition, the screen grid affords very complete elec-
trostatic shielding between the plate and the control grid. This shield-
ing is such that the grid-plate capacitance is reduced by a factor of about
1,000 or more. However, the screen mesh does not interfere appreciably
with the electron flow. The reduction of the grid-plate capacitance isa
very important improvement over the triode, and this matter will be
considered in some detail in Chap. 5.

Because of the electrostatic shielding of the plate by the screen, the
potential of the plate has almost no effect in producing an electric field
at the cathode. Since the total space current is determined almost
wholly by the field near the cathode surface, the plate exerts little or no
effect on the total space charge drawn from the cathode. There is,
therefore, a significant difference between the triode and the tetrode. In
a triode, the plate performs two distinct functions, that of controlling the
total space current, and that of collecting the plate current. In a tet-
rode, the plate serves only to collect those electrons which have passed
through the screen.

The passive character of the plate makes the tetrode a much better
potential amplifier than the triode. This follows from the fact that in the
triode with a resistance load an increase in load current is accompanied
by a decreased plate-cathode potential, which results in a decreased space
current. In the tetrode, the decreased plate-cathode potential still exists,
but owing to the secondary role of the plate the space current is not mate-
rially affected.

The disposition of the cathode and the control grid is nearly the same
in both the tetrode and the triode, and therefore the grid-plate trans-
conductance is nearly the same in both tubes. Also, the plate resistance
of the tetrode is considerably higher than that of the triode. This fol-
lows from the fact that the plate potential has very little effect on the
plate current. Thus, with the high plate resistance and with a g., that is
about the same as for the triode, the tetrode amplification factor is very
high.

2-14. Tetrode Characteristics. In the tetrode with fixed control-grid
and screen-grid potentials, the total space current is practically constant.
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Hence, that portion of the space current which is not collected by the
plate must be collected by the screen; where the plate current is large,
the screen current must be small, and vice versa. The general character
of the results is illustrated in Fig. 2-20.

Although the plate potential does not affect the total space current to a
very great extent (although a slight effect is noted in the curve at the
lower plate potentials), it does determine the division of the space current
between plate and screen. At zero
plate potential, few of the electrons ¢
have sufficient energy to reach the
anode, and the plate current should
be small. As the plate potential is
increased, a rapid rise occurs in the
plate current, with a corresponding
reduction of the screen current.

When the plate potential is larger FIIGt 2-20. Curves of total space current,
plate current, and screen current in a

than the screen potential, the plate tetrode.

collects almost the entire space cur-

rent and the screen current approaches zero or a very small value.

An inspection of the curves of Fig. 2-20 shows that the plate current
rises very rapidly with increasing plate potential, but this increase is fol-
lowed by a region of plate-potential variation in which the plate current
decreases with increasing plate potential. This region is one of negative
plate resistance, since an increasing plate potential is accompanied by a
decreasing plate current. The kinks, or folds, in the curves are caused
by the emission of electrons from the plate by the process of secondary
emission. This results from the impact of the primary electrons with the
plate. That is, secondary electrons will be released from the anode, and
if this is the electrode with the highest positive potential, the electrons
will be collected by the anode, without any noticeable effect. If, how-
ever, secondary electrons are liberated from the anode, and if these elec-
trons are collected by some other electrode, then the anode current will
decrease, whereas the current to the collecting electrode will increase.
It is this latter situation which exists in the tetrode when the plate poten-
tial is low and the screen is at a high potential.

When the plate potential is higher than the screen potential, the sec-
ondary electrons from the plate are drawn back, without appreciable
effect. If under these potential conditions secondary electrons are lib-
erated from the screen, these will be collected by the anode. The cor-
responding plate current will be greater than that in the absence of sec-
ondary emission from the screen.

2-16. Transfer Characteristics. Since the plate of a tetrode has no
appreciable influence on the space current, it is expected that the cath-

is
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ode, the control grid, and the screen grid should possess characteristics
not unlike those of a triode. This is actually the case, as illustrated in
Fig. 2-21. These curves show the effect of variations of plate potential
on plate current, for fixed E.,. Because of the slight influence of the
plate, the transfer curves are bunched together. These curves should
be compared with those of the triode in

% E4,-200  Fig. 2-15, where the transfer curves are
_ 50 widely separated.
Ez frved P, The transfer curves become separated
100 for plate potentials below the screen pot-
/ ential, and this is the region of operation
which is generally avoided in practice.
In fact, the transfer characteristic for

Eo _
Fic. 2-21. The transfer character- E, = 100 volts aCtual.ly falls below that
istics of a tetrode, for a fixed 10T Eb = 50volts. This anomalous behav-
screen potential, and with the ior is directly the result of the secondary-
plate potential as a parameter. emission effects discussed above.

2-16. Tube Parameters. It is expected, on the basis of the foregoing
discussion, that the plate current may be expressed as a function of the

potential of the various electrodes by an expression of the form
ib = f(eb,ec,,ecg) (2—20)

where e.; is the potential of the first, or control, grid, e.. is the potential of
the second, or screen, grid, and e, is the potential of the plate, all with
respect to the cathode. This functional relationship is just a natural
extension of that which applies for triodes. In fact, an approximate
explicit form of the dependence is possible. This form, which is an
extension of Eq. (2-14), may be written as

. 2 €c2 %

w=klea +— +— (2-21)
23! K2

where u; and u. are the control-grid and screen-grid amplification factors,

respectively.
The variation in the plate current, second- and higher-order terms in

the Taylor expansion being neglected, is given by

) kT L (62’,,)
A = | — Ae Ae, Ae, 2-22
% <aeb>E,,,E,, b+ (aeu)Eb,Ec, 1+ 0ecr) Bk ( )

Generally, the screen potential is maintained constant at some appro-
priate value, and hence Ae., = 0. The third term in the expansion may
be omitted under these conditions. The partial-differential coefficients
appearing in this expression furnish the basis for the definitions of the
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tube parameters. These are

<g:ﬁ> =r, plate resistance
b/ Ec\,Eeco
<62”> = gn mutual conductance (2-23)
dec Ey Ecp
- (ae”> =, amplification factor
aecl Iy E.q

The two subscripts associated with each term indicate the parameters
that are maintained constant during the partial differentiation. It can
be shown that here too the relation p = 7,9 is valid. Nominal values
for the various parameters that appear in this relationship are r, = 10°
to 2 X 108 ohms, g, = 500 to 3,000 umhos, and x = 100 to 1,200.

2-17. Pentodes. Although the insertion of the screen grid between the
control grid and the anode in a triode serves to isolate the plate circuit
from the grid circuit, the range of

operation of the tube is limited owing ‘6 Tetrode

to the effects of secondary emission. Pentode

This limitation results from the fact

that, if the plate-potential swing is E,-fixed

made too large, the instantaneous

plate potential may extend into the %

region of rapidly falling plate current, Fic.2-22. The characteristics of a tube
with a resulting marked distortion in  When connected as a tetrode and as a
the output. pentode.

The kinks, or folds, that appear in the plate-characteristic curves and
that limit the range of operation of the tetrode may be removed by
inserting a coarse suppressor-grid structure between the screen grid and
the plate of the tetrode. Tubes that are provided with this extra grid are
known as pentodes. The suppressor grid must be maintained at a lower
potential than the instantaneous potential reached by the plate at any
time in its potential excursions. Usually the suppressor is connected to
the cathode, either externally or internally. Now since both the screen
and the anode are positive with respect to the suppressor grid, secondary
electrons from either electrode will be returned to the emitting electrode.
The main electron stream will not be materially affected by the presence
of the suppressor grid. The effects of the insertion of the suppressor grid
are shown graphically in Fig. 2-22.

The pentode has displaced the tetrode in radio-frequency (r-f) poten-
tial amplifiers, because it permits a somewhat higher potential amplifica-
tion at moderate values of plate potential. Likewise it permits a greater
plate-potential excursion without distortion. Power tetrodes are used
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extensively in high-power tuned amplifiers for reasons to be discussed in
Chap. 10.

The transfer curves of a pentode are shown in Fig. 2-23. It is noted
that the curves are almost independent of the plate potential.

2-18. Remote-cutoff Tubes. If in a pentode the grid-cathode spacing,
the spacing between grid wires, or the diameter of the grid wires is not
uniform along the entire length of the control-grid structure, the various
portions of the grid will possess different degrees of electrostatic control
over the plate current. That is, one portion of the grid may cause elec-
tron-flow cutoff, whereas an appreciable current might pass through a
more widely spaced section of the grid. As a result, the plate-current
control by the grid is considerably less effective than in a conventional
pentode. The general character of the results is illustrated in Fig. 2-24.

%

Z,
6 Ey=400

Ey=50
Ee,~constant /

ec ec
F16. 2-23. The transfer curves F16. 2-24. The transfer curves of a
of a pentode for fixed screen 6SJ7 sharp-cutoff pentode and a
potential and with the plate 6SK7 remote-cutoff pentode.

potential as a parameter.

Owing to its construction, a given grid-potential increment results in a
plate-current change that is a function of the bias. This means that the
mutual conductance is a function of the bias. For this reason, these
tubes are called variable-mu tubes. They are also known as remote-cut-
off and supercontrol tubes. They have applications in radio receivers and
may be used in frequency-modulation (f-m) transmitters. Some appli-
cations will be considered in later chapters.

2-19. Hexodes, Heptodes. A number of special-purpose tubes con-
taining more grid elements than the pentode are used extensively. These
tubes possess a wide variety of characteristics, depending upon the grids
to which fixed potentials are applied and those to which signals might be
applied. These tubes are used extensively as converters in superhetero-
dyne receivers and find f-m transmitter and other applications. More
will be said about these applications at a later point in the text.

2-20. Beam Power Tubes. The suppressor grid is introduced into the
pentode in order to extend the range of operation of these tubes beyond
that of the tetrode. These tubes are quite satisfactory over wide limits,
and the range of operation is limited when the instantaneous plate poten-
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aligned with a spiral turn of the control grid. This serves to keep
the screen current small and hence leaves the plate current virtually
unchanged. Other features are the flattened cathode, the beam-form-
ing side plates (maintained at zero potential), the shape of the plate, the
curvature of the grids, and the spacing of the various elements. As a
result of these design characteristics, the electrons flow between the grid
wires toward the plate in sheets, or beams.

The region between the screen and the plate possesses features which
are somewhat analogous to those which exist in the space-charge-limited
diode. That is, there is a flow of charge between two electrodes. How-
ever, the electrons, when they enter this region do so with an appreciable
velocity. For such a case as this, the considerations of Sec. 2-9 would
have to be modified to take account of the initial velocity. If this is
done, it is found that a potential minimum will exist in the region between
the two electrodes. This potential minimum acts as a virtual suppressor
grid, and any secondary electrons that are emitted from either the plate
or the screen are returned to the emitting electrode.

The actual potential distribution in the screen-plate region will depend
on the instantaneous plate potential and the plate current, for a constant
screen potential. The resulting variable suppressor action proves to be
superior to that possible with a mechanical grid structure, as illustrated.

GAS TUBES

2-21. Electrical Discharge in Gases. There are two important classes
of discharge in gases that play roles in electron tubes. One of these is
the glow discharge, and the second is the arc discharge. The glow dis-
charge utilizes a cold cathode and is characterized by a fairly high tube
drop and a low current-carrying capacity. The potential drop across the
tube over the operating range is fairly constant and independent of the
current. The arc discharge is characterized by a low potential drop and
a high current capacity. For an arc tube with a thermionic cathode, the
temperature-limited cathode emission may be drawn with a tube drop
approximately equal to the ionization potential of the gas. For a mer-
cury-pool cathode, extremely high current densities exist (of the order of
5 X 10% amp/m?), with high total currents possible and a tube drop
approximately equal to the ionization potential of the mercury atom.

Consider a gas tube which consists of a cold cathode and a collecting
anode, between which is connected a source of potential through a cur-
rent-limiting resistance, and an indicating ammeter. The volt-ampere
characteristic of such a tube has the form illustrated in Fig. 2-27. This
curve shows that breakdown occurs at a potential which is somewhat
higher than the maintaining potential but that there is a region where
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the tube drop remains substantially constant over an appreciable range
of currents. Visually, the discharge is characterized by a colored lumi-
nous region, the color being a function of the gas present in the tube.

It is desired to explain the mechanism of operation of these tubes.
Consider, therefore, that a free electron exists within the tube; such an
electron might have been released by ionization due to collision between
a gas molecule and a cosmic ray or by photoelectric emission. With the
application of the potential between the electrodes, the electron will drift
toward the anode. If the field is large enough, the electron may acquire
enough energy to ionize a molecule when it collides with it. Now two
electrons will be present, the original one and also the electron that has
been liberated by the process of ionization, and a positive ion. The two
electrons and the positive ion will move in the applied field, the electrons
moving toward the anode, and the positive ion toward the cathode. If
the field is large enough, the resulting cumulative ionization may continue
until breakdown occurs. Once break-

down occurs, the potential distribution 77

within the tube is markedly modified, Maintaining
and most of the region of the discharge potential
becomes virtually equipotential or force-

free, containing as many positive as neg- Breakaown
ative charges. Thisisthe plasma of the potential
discharge. Almost the entire potential / e

change occurs in the very narrow region
near the cathode. Normal values for
cathode-fall potential range between
about 59 volts (a potassium surface and helium gas) and 350 volts. The
presence of a low-work-function coating on the cathode will result in a
low cathode fall with any gas. Also, the use of one of the inert gases
(helium, neon, argon, etc.) results in a low cathode fall with any cathode
material. The cathode fall adjusts itself to such a value that each posi-
tive ion, when it falls through this field, will release an electron from the
cathode by secondary emission. The positive ion combines with this
electron and thus becomes neutralized.

Another feature of a normal glow discharge is that the current density
at the cathode remains sensibly constant. For higher currents, a greater
portion of the cathode is covered with glow, the area of the glow on the
cathode increasing directly with the magnitude of the current. Once
the cathode is completely covered with glow, any further current through
the tube depends on an excess of secondary emission from the cathode
over that required to neutralize the positive ions. This is accompanied
by a rising cathode fall. This is the ‘“abnormal” glow and is generally
of small practical importance.

Fra. 2-27. Volt-ampere characteristic
of a glow discharge.
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The dividing line between an arc and a glow discharge is rather indis-
tinct. The arc discharge allows for the passage of large currents at low
potential, the current density at the cathode being high. Nevertheless
each discharge has associated with it the cathode fall, the plasma, and
the anode fall (which is of minor significance in both types of discharge).
The discharges differ in respect to the mechanism by which the electrons
are supplied from the cathode. In the glow discharge, as discussed, the
electrons are emitted from the cathode by the process of secondary
emission resulting from positive-ion bombardment of the cathode. In
the arc discharge, the emission of the electrons from the cathode occurs
through the operation of a supplementary mechanism other than by
positive-ion bombardment. In the thermionic arc, the electrons are
supplied by a cathode that is heated to a high temperature, either by the
discharge or externally by means of an auxiliary heating circuit. The
mechanism for electron release is not fully understood in the arcs that
employ a mercury-pool cathode or an arc between metal surfaces. How-
ever, in these discharges the primary function of the gas is to supply a
sufficient positive-ion density to neutralize the electron space charge.
Because of this, the normal potential drop across an arc tube will be of
the order of the ionization potential of the gas.

2-22. Glow Tube. A glow tube is a cold-
cathode gas-discharge tube which operates in
the normal glow-discharge region. The poten-
\.\Starting probe tja] drop across the tube over the operating
Y Arode range is fairly constant and independent of the
current. When the tube is connected in a cir-
Frc. 2.28. Flectrode struc- .cuit, a current-limiting resistance mu§t be used
ture in a VR tube. if serious damage to the tube is to be

avoided.

One commercial type of tube consists of a central anode wire which is
coaxial with a cylindrical cathode, as illustrated in Fig. 2-28. The elec-
trodes are of nickel, the inner surface of the cathode being oxide-coated.
The cathode fall is sometimes lowered by sputtering some misch metal (an
alloy of cerium, lanthanum, and didymium) on the cathode. The gases
that are commonly used are neon, argon, and helium. The tubes con-
taining neon or helium usually contain a small amount of argon. The
presence of the argon lowers the starting potential. These tubes are
available with normal output potentials of 75, 90, 105, and 150 volts and
bear the designations OA3/VR-75, OB3/VR-90, etc. The normal maxi-
mum current is 30 ma. The starting probe that is attached to the cath-
ode, as illustrated in Fig. 2-28, serves to lower the breakdown potential
of the tube.

Glow lamps are also available for pilot, marker, and test-lamp service.
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of the cathode, will occur. Under these circumstances the cathode fall
increases. The tube drop should not be permitted to exceed the dis-
integration potential of the cathode (about 22 volts for a mercury diode
with either oxide-coated or thoriated-tungsten cathodes); otherwise the
cathode may be seriously damaged by the positive-ion bombardment.

Two typical commercial mercury-vapor-filled diodes are illustrated in
Fig. 2-32.

2-26. High-pressure Gas Diodes. Diodes are available which contain
argon or a mixture of argon and mercury at a pressure of about 5 cm,
The cathodes in such tubes consist of a short, heavy thoriated-tungsten
or oxide-coated filament and are located close to heavy graphite anodes.
These tubes, which are known as tungar or rectigon tubes, are used exten-
sively in chargers for storage batteries.

The presence of the fairly high-pressure gas serves a twofold purpose.
One is to provide the positive ions for reducing the space charge. The
second is to prevent the evaporation of the thorium or the coating from
the filament. This second factor is extremely important since the fila-
ment is operated at higher than normal temperature in order to provide
the large currents from such a simple cathode structure. The high-pres-
sure gas in such a tube imposes a limitation on these tubes, and they are
limited to low-potential operation.

2-26. The Thyratron. The thyratron is a three- - Anode
electrode tube which comprises the cathode, the
anode, and a massive grid structure between them.
The grid structure is so designed as to provide
almost complete electrostatic shielding between the
cathode and the anode. In such a tube as this, the
initiation of the arc is controlled by controlling the
potential of the grid. The grid usually consists of
a cylindrical structure which surrounds both the
anode and the cathode, a baffle or a series of baffles
containing small holes being inserted between the Fic. 2-33. The elec-
anode and the cathode. The electrode structure of trode structure of a
such a tube isillustrated in Fig. 2-33. The shielding negative-control thy-
by the grid is so complete that the application of a ratron.
small grid potential before conduction is started is adequate to overcome
the field at the cathode resulting from the application of a large anode
potential.

Once the arc has been initiated, the grid loses complete control over
the arc. Grid control is reestablished only when the anode potential is
reduced to a value less than that necessary to maintain the arc. Once
the arc has been extinguished by lowering the plate potential, the grid
once more becomes the controlling factor which determines when conduc-

-Grid

-Carthode
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tion will again be initiated. That is, if the grid potential is more positive
than that necessary for the controlling action to prevail, conduction will
take place; if more negative, no conduction will occur. The curve that
relates the grid ignition potential with the potential of the anode for
conduction just to begin is known as the critical grid curve. In fact, a
knowledge of this static curve is all that is required to determine com-
pletely the behavior of a thyratron in a circuit.

Typical starting-characteristic curves of mercury-vapor thyratrons are
given in Fig. 2-34. Two distinct types of characteristics are illustrated,
viz., those in which the grid potential must always be positive, and those

FG-21A Negative control |FG-33 Positive control tube

80°50°40° 30° Tube 80° 50° 30°
1000 Pt S
fl ¢
3,800
L

© 600
: N\
o 200 N
a g
0
-0 -8 6 -4 -2 0 2 4 6 8 10 12
D-c grid potential at start of discharge

FiG. 2-34. Critical grid characteristics of a positive- and a negative-control thyratron
for different temperatures.

in which the grid is generally negative, except for very low plate poten-
tials. The physical distinction between these positive- and negative-con-
trol tubes lies essentially in the more complete shielding by the grid in
positive control tubes.

In the negative-control tube, where the shielding is far less complete
than in the positive-control type, the effect of the plate potential is clearly
seen; the higher the plate potential, the more negative must the grid
potential be in order to prevent conduction from taking place. For low
plate potentials, positive grid potentials must be applied before ioniza-
tion, and hence conduction, can begin. If the plate potential is reduced
still more, even below the potential necessary for ionization, breakdown
can still be obtained by making the grid sufficiently positive. Now, how-
ever, the function of the tube may be destroyed, since the arc may take
place between the cathode and the grid, with very little current to the
plate. The thyratron will be converted into a gas diode under these con-
ditions, the plate acting as a dummy electrode, the cylindrical grid now
serving as the anode. It is because of this that a high current-limiting
resistance is connected in the grid circuit, as it is unwise to draw a large
grid current.
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In addition to the mercury-vapor- and gas-filled thyratrons of moder-
ate current capacity, small argon-filled low-current-capacity tubes are
available. The shielding between the cathode and the anode is not so
complete in these tubes as in the higher-current units. Also, the critical
grid curve is independent of temperature, since the number of gas

molecules in the glass enveloperemains 120

constant. A typical critical grid curve

for an 884 is given in Fig. 2-35. N ;jg_
2-27. Shield-grid Thyratrons. Be- N 200'%

fore breakdown of the tube occurs, the

-+—
current to the grid of a thyratron such | 160 5
as the FG-27A is a few tenths of a mi- N 182(()) §S
croampere. Although this current is b 0 =

entirely negligible for many applica- 0
tions, it will cause trouble in circuits -40-36 32-28-24 -20 -I6 =12 -8 -4 0
that require very high grid imped- Grid Potential o
ances. This is especially true in cir- Fic. 2-35. Critical grid characteristic
. of an 884 argon-filled thyratron.
cuits that employ phototubes. For
this reason, a fourth electrode, or shield grid, has been added to the
thyratron. Such a shield-grid thyratron structure is illustrated in Fig.
2-36. The massive cylindrical shield-grid structure encloses the cathode,
control grid, and anode. Owing to the shielding, the grid current is
reduced to a small fraction of its original value, the preignition current
being of the order of 10~ pa.
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Fi1g. 2-36. Electrode structure of the F1c. 2-37. Control characteristics of an
FG-98 shield-grid thyratron. FG-98 shield-grid thyratron.

The critical grid starting characteristics of such a tube are shown in
Fig. 2-37. It will be observed that these characteristics are functions of
the shield-grid potential.

2-28. The Ignitron. The ignitron is a mercury-pool-cathode diode
which is provided with a third electrode for initiating the discharge
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between the cathode and anode. The third electrode, or igniter rod, is
made of a suitable refractory material (such as silicon carbide, boron car-
bide, and carborundum) which projects into the mercury-pool cathode.
Such a tube is illustrated in Fig. 2-38.

With an a-c potential applied between the cathode and the anode of
the pool-cathode diode, the arc would be extinguished once each alternate
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Fic. 2-38. Section view of a water-cooled metal ignitron. (General Electric Co.)

half cycle, provided that the arc could be initiated regularly. The appli-
cation of a potential to the igniter rod at the appropriate point in the
cycle will permit the regular ignition of the arc.

There is a fundamental difference between the control action in a
thyratron and that of the igniter rod in an ignitron. In thyratrons, the
grid prevents the formation of an arc, whereas the igniter initiates the
arc. In the former case the electrons already exist in the tube, owing
to the presence of an externally heated cathode, but the grid electrostati-
cally prevents the electrons from flowing to the anode until a critical
potential is reached. In the ignitron, the tube is in a nonconducting
state until the igniter circuit is energized, when conduction is forced.
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2-29. Tube Ratings—Current, Voltage, Temperature. Gas- and
vapor-filled tubes are given average rather than rms current ratings.
This rating specifies the maximum current that the tube may carry con-
tinuously without excessive heating of any of the parts. The time over
which the average is to be taken is also specified by the manufacturer.
That the average current is important in such a tube follows from the
fact that the instantaneous power to the plate of the tube is given by the
product of the instantaneous anode current and the instantaneous tube
potential. Since the potential is substantially constant and independent
of the tube current, the average power is the product of the tube drop
and the average tube current. The tubes are also given peak-current
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Fic. 2-39. Peak inverse potential and tube drop of an 866 diode as a function of
temperature.

ratings, these ratings specifying the maximum current that the tubes
should be permitted to reach in each conducting cycle.

Such tubes are also given peak-inverse-potential ratings. This is the
largest safe instantaneous negative potential that may be applied to the
tube without the possibility of conduction in the inverse direction arising
because of breakdown of the gas in the tube. This potential is also
referred to as the flash-back potential. The variation of the inverse peak
potential with temperature for an 866 diode is shown in Fig. 2-39.

The maximum peak forward potential is a quantity that is significant
only for thyratrons. It specifies the largest positive potential that may
be applied to the anode before the grid loses its arc-initiating ability.
That is, for potentials higher than this, a glow discharge may occur
between anode and grid, which will immediately initiate the cathode-
anode arc.

The condensed-mercury temperature limits are specified for the safe
and efficient operation of mercury-vapor tubes. The range usually
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extends from about 30 to 80°C. The upper temperature limit is deter-
mined by the allowable peak inverse potential. The lower limit is set
by the allowable tube drop, which increases with decreasing tempera-
ture and which may cause serious cathode disintegration, as well as a
decreased efficiency.

2-30. Deionization and Ionization Times. The ionization time of a
tube specifies the time required for conduction to be established once the
potentials have been applied. It seldom exceeds 10 usec and is approxi-
mately 0.01 usec for the 884 thyratron.

The deionization time is a measure of the minimum time that is
required after removal of the anode potential before the grid of a thyra-
tron again regains control. It represents the time that is required for the
positive ions to diffuse away from the grid and recombine with electrons
to form neutral molecules. The deionization time depends on many
factors, such as gas pressure, electrode spacing, and exposed areas. For
commercial tubes that are operated under rated conditions, it varies
between 100 and 1,000 usec. This is considerably longer than the ioniza-
tion time and may offer a serious limitation to the use of such tubes in
many applications.
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PROBLEMS

2-1. A tungsten filament, 0.0085 in. diameter, 311{¢ in. long, is operated at
2650°K. What is the temperature-limited current? If the temperature is
increased by 50°K, by what percentage does the emission current increase?

2-2. The filament of an FP-400 tungsten-filament tube is 1.25 in. long and
0.005 in. in diameter. If the total emission current is 30 ma, at what temperature
is the filament operating?

2-3. A simple inverted-V oxide-coated cathode is made of tungsten ribbon
0.125 by 0.020 in. and is 1.4 in. long. It is maintained at a temperature of
1100°K. What is the thermionic-emission current?

2-4. An oxide-coated emitter is operating at 1100°K. Calculate the relative
thermionic-emission current if by has the value 12,000; the value 11,000.

2-5. At what temperature will a thoriated-tungsten filament give as much
current as a tungsten filament of the same dimensions which is maintained at
2650°K?

2-6. At what temperature will an oxide-coated cathode give the same emission
as a thoriated-tungsten filament of the same physical dimensions which is main-
tained at 1750°K?

2-T7. Monochromatic light of wavelength 5893 A falls on the following surfaces:

a. Cesium, with a work function 1.8 volts.
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b. Platinum, with a work function 5.3 volts.

Is photoelectric emission possible in both cases? Explain.

2-8. A PJ-22 vacuum photocell is to be used to sound an alarm when the light
at a given region of a room falls below 40 ft-c or increases above 120 ft-c. What
are the corresponding photocurrents? A collecting potential of 45 volts is used.

2-9. Plot 7, vs. e of the 6H6 diode (see Appendix B) on log paper. From this
plot, determine the quantities £ and n in the expression 7, = kej.

2-10. The anode current in a type 5U4G diode with 54 volts applied between
the plate and cathode is 200 ma. What is the required potential for a current of
100 ma? The tube operates under space-charge conditions.

2-11. Suppose that the FP-400 tube is operating under rated filament power
input (see Prob. 2-2). The operating temperature is 2700°K, and the anode
diameter is 0.50 in.

a. Calculate the saturation current.

b. At what potential will the current become temperature-saturated?

2-12. Plot 7, vs. e, + pe. on log paper of the 6J5 triode (see Appendix B).
From this curve, find the quantities £ and » in the expression 7, = k(e, + ue.)".

2-13. The 6J5 triode is operated with E, = 135 volts. Determine and plot
curves of u, g, and r, as a function of e..

2-14. The rating of a certain triode is given by the expression

2 = 130 X 107%(e. + 0.125¢)"-%8
- With E, = —20 volts, E, = 350 volts, find I, rp, gm, u-

2-15. The plate and grid characteristics of a type 851 power triode are given in
Appendix B. Plot 7, = %, + . vs. e, + ue. on log paper, and find the quantities
k and 7 in the expression 2, = k(e, + pec)™.

2-16. The current in a 6J5 triode for which p = 20 and which is operating with
E. = —8 volts, E, = 250 volts is 8.7 ma. Estimate the current when E, = 200
volts and E, = —6 volts.

2-17. A 6J5 triode for which u = 20 is operating with E, = 250 volts. What
grid potential is required to reduce the current to zero?

2-18. Evaluate the value of u, g, and r,, of the 6SJ7 pentode for E, = —3 volts,
E.. = 100 volts, E, = 150 volts.

2-19. Evaluate the values of u, gn, 75, of the 6SK7 supercontrol pentode for
E... = 100 volts, E, = 250 volts, with E, = —1 volts; with E. = —10 volts.

2-20. Plot a curve of g, vs. E.; of a 6SK7 with E ., = 100 volts, E, = 250 volts.

2-21. Use the plate characteristics of the 6SJ7 and the 6SK7 pentodes to con-
struct mutual characteristics on the same sheet, with E, = 200 volts for each
tube. Determine the maximum and minimum values of ¢, for each tube in the
range of your sketch.

2-22. Plot a curve of g, vs. E3 of a 6.7 with E..; = —6 volts, E.., = 150 volts.

2-23. Refer to Sec. 2-15 for a discussion of secondary emission caused by elec-
tron impact. What happens to the secondary electrons that are produced by
the impact of the primary current on the anode in a diode? In a triode?

2-24. The mercury-condensation temperature in a General Electric type FG-
57A thyratron is 40°C. If the volume of the tube is 300 cm?, calculate the mass
of the mercury vapor in the tube.

2-25. a. An 0A4G cold-cathode triode is used in the circuit shown, with
E,,; = 80 volts, Eyy = 120 volts. Determine the largest value of R for which
the current will transfer to the main anode, for no input pulse.
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b. Determine the value of the load resistance to limit the load current to the
rated maximum of 25 ma.

Plote

Control

electrode
Input Load
pulse
IL 1
+) I+
By Epp2

2-26. A VR-105 regulator tube is incorporated in the circuit shown to maintain
a constant output potential. The supply potential remains constant at 250 volts,
but the load fluctuates between 40 and 60 ma. Find the value of R so that the
load potential is steady at 105 volts. Assume that the normal operating range
of the tube is 5 to 40 ma.

R

Supply Ry

2-27. Suppose that the plate supply potential to a circuit containing a thyra-
tron is sinusoidal. If the rms value of the potential is 220 volts, draw a sketch
showing the supply potential and the corresponding critical grid curve for (a) a
negative-control tube; (b) a positive-control tube.



CHAPTER 3

RECTIFIERS AND FILTERS

RECTIFIERS

3-1. Volt-ampere Relation; Plate Resistance. Some of the important
basic characteristics of the vacuum diode were discussed in Secs. 2-8 to
2-10. As noted, space charge limits the flow of current in a vacuum
diode, at least to the point where temperature saturation occurs. Ordi-
narily, however, the vacuum diode is operated under space-charge con-
ditions, and the volt-ampere curve over the range of operation follows
an approximate three-halves-power law. That is, over the range of oper-
ation when the plate is positive with respect to the cathode, the three-
halves-power law specifies the approximate relation between the plate
current and the plate potential. Of course, when the plate is negative
with respect to the cathode, electrons are repelled by the plate and no
plate current exists. Clearly, the relation between the potential across
the tube and the current through it is nonlinear, whence the vacuum diode
is fundamentally a nonlinear element.

The volt-ampere curve is a static curve and gives the relationship
between the instantaneous potential across the device and the instantane-
ous current through it. The slope at any point of the curve is an important
quantity, although the reciprocal of the slope, which is known as the
plate resistance, is generally preferred. By definition, the plate resistance
is given by the relationship

Tp = 7+ (3—1)

Note that the plate resistance is not a constant and is, in fact, different
for every point on the curve. The plate resistance is infinite in the back-
ward direction when the plate potential is negative with respect to the
cathode; it possesses the varying value r, in the forward direction. In
practice r, has meaning only for alternating or varying currents.

The gas diode has been discussed in Secs. 2-24 and 2-25. The influence
of the gas is there shown to cause the volt-ampere characteristic of the
gas diode to be materially different from that of the vacuum diode. The
gas diode also possesses an effective infinite resistance in the backward

S3
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direction. In the forward direction there is a substantially constant
potential drop across the tube, independent of the tube current.

Both the vacuum diode and the gas diode, by virtue of their nonlinear
volt-ampere characteristics, possess the ability to convert an a-c current
into a current which contains a d-¢ component in addition to a-¢ com-
ponents. In fact, any electrical device which has a high resistance to
current in one direction and a low resistance to current in the opposite
direction will effect rectification. An ideal rectifier would be one with
zero resistance in the forward direction and an infinite resistance in the
backward direction. No known device meets the conditions of the ideal
rectifying element. A number of devices do possess nonlinear character-
istics, and many have been adapted as rectifying elements. The impor-
tant ones in widespread use are the high-vacuum thermionic diodes, gas-
filled and vapor-filled thermionic diodes, pool-cathode mercury arcs,
certain crystals which have been incorporated into diodes, and a number
of metallic semiconducting contact rectifiers.

The discussion in this chapter will be limited to circuits which employ
the vacuum diode and the gas diode as rectifiers. Attention is called
to the fact that the resulting operation in a circuit of these elements is
slightly different, owing to the different volt-ampere characteristics.

3-2. Single-phase Half-wave Vacuum Rectifier. The basic circuit
for half-wave rectification is shown in Fig. 3-1. It is assumed that the
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4

F1aG. 3-1. A simple half-wave rectifier circuit.

load is a pure resistance. Also, it is supposed that the power transformer
is ideal, with negligible resistance and leakage reactance.
An application of Kirchhoff’s potential law to the load circuit yields

e = e + R (3-2)

where e is the instantaneous value of the applied potential, e, is the
instantaneous potential across the diode when the instantaneous current is
7, and R; is the load resistance. This one equation is not sufficient for
the determination of the two unknown quantities 7, and e, that appear
in the expression. Here, as for triodes and multielectrode tubes, a second
relation is contained in the static plate characteristic of the tube. Con-
sequently a solution is effected by drawing the load line on the plate
characteristic.
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There is one significant difference between the solution of the diode as
a rectifier and that for the other tubes as amplifiers. With the rectifier,
an a-c source supplies the power to the circuit. A vacuum tube as an
amplifier converts direct current from the plate supply into alternating
current.

The dynamic characteristic of the rectifier circuit is obtained in a some-
what different manner from the corresponding curve for an amplifier.
The procedure is illustrated in Fig. 3-2. For an applied potential e, the
current is the intersection of the load line with the static characteristic,
say point A. That is, for the particular circuit, the application of the
potential e results in a current 74. This is one point on the dynamic curve
and is drawn vertically above e in the diagram. The slope of the load
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F1G. 3-2. The static and dynamic characteristics of a rectifier.

line does not vary, although the intersection with the e, axis varies with e.
Thus, when the applied potential has the value ¢’, the corresponding cur-
rentisi4.. The resulting curve so generated is the dynamic characteristic.

If the static characteristic of the tube were linear, the dynamic charac-
teristic would also be linear. Note from the construction, however, that
there is considerably less curvature in the dynamic curve than there is in
the static characteristic. It will be assumed in what follows that the
dynamic curve is linear.

To find the waveshape of the current in the output circuit, the pro-
cedure followed is that illustrated in Fig. 3-3. This procedure is very
much like that used to find the waveshape in a general amplifier circuit;
in fact, the situation here is quite like that of a class B amplifier (see Sec.
8-6), except that cutoff of the tube exists at zero input.

If it is assumed that the relation

€y, = ?:pr (3—3)

is valid during conduction, and this supposes that the static characteristic
is linear, then from Eq. (3-2) it follows that

e =e + R = w(r, + R;) = E, sin ot (3-4)
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or
ib'—_"Ef’r“pSinwt:ImSinwt whenOSthr
=0 when 7 < wt < 27 (3-5)
En
where I, = Rt

The d-c power supplied to the load is defined as the product of the read-
ing of a d-c ammeter in the load circuit and a d-c voltmeter across the
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F1g. 3-3. The method of obtaining the output-current waveform from the dynamic
characteristic.

load. Thus
Pd-c = Ed—c[d-c (3‘6)
Clearly, the reading of the d-c ammeter is represented by
2% g
Id..,=i/ z‘,,da=l/1msinada=£" 3-7)
2 0 2m 0 L
and so
1\ ER
— 72 =(= mibl .
P = 1= () 6, 5 39

The power supplied to the circuit from the a-c source, and this is the
power that would be read by a wattmeter with its current coil in the line
and with the potential coil across the source, is given by the integral

. 27
pi= L / ¢iy da (3-9)
27 Jo
This becomes, by Eqs. (3-3) and (3-4),
2%
p= L / i2(ry + R)) da (3-10)
21!‘ 0

which may be written in the form

Pi=It,(r, + R) (3-11)
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where the rms current has the value

I =\/l/2' i2da=\/—1— "Isinfada = I* (312)
o 2r 0 b 2m 0 n 2

The efficiency of rectification is defined by the relation

Pd—e I}-ch
"R " TG, Ry X 0%
which becomes
Id*,) 100
"\l -13
! < I) T /R (3-13)
By combining this with Eqgs. (12-6) and (12-11), there results
_(I./r\* 100 _  40.6
" (I,,./2> TRy -l W) - (3-14)

This indicates that the theoretical maximum efficiency of the single-phase
half-wave rectifier is 40.6 per cent. But it may be shown that maximum
power output occurs when R; = r,, with a corresponding theoretical
plate-circuit efficiency of 20.3 per cent.

There are several features of such a rectifier circuit that warrant special
attention. Refer to Fig. 3-1, which shows the complete wiring diagram
of the rectifier. On the inverse cycle, i.e., on that part of the cycle during
which the tube is not conducting, the maximum potential across the
rectifier tube is equal to the transformer maximum value. That is, the
peak inverse potential across the tube is equal to the transformer maxi-
mum value.

Note also from the diagram that with the negative terminal of the out-
put connected to ground the full transformer potential exists between the
primary and the secondary windings of the filament heating transformer.
This requires that the transformer insulation must be adequate to with-
stand this potential without rupture. Evidently if the positive terminal
is grounded, then the transformer need not have a high insulation
strength.

3-3. Ripple Factor. Although it is the object of a rectifier to convert
a-c into d-c current, the simple circuit considered does not achieve this.
Nor, in fact, do any of the more complicated rectifier circuits, either
single-phase or polyphase, accomplish this exactly. What is achieved is
a unidirectional current, periodically fluctuating components still remain-
ing in the output. Filters are ordinarily used in rectifier systems in order
to help decrease these fluctuating components, and these will receive
detailed consideration below. A measure of the fluctuating components
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is given by the ripple factor r, which is defined as

rms value of a-c components of wave
avg or d-c value of wave

and which may be written as

r = l,d‘ = E‘—' (3-15)

where I, and E’_, denote the rms values of the a-c components only.
An analytical expression for the ripple factor is readily possible. It is
noted that the instantaneous a-c component of the current is given by

=1 — I,
But by definition

2r 2r
I = \/%r / (G = L) da = \/Qir f @ — 2lae + I2.) dee
0 0

This expression is readily interpreted. The first term of the integrand
when evaluated yields the square of the rms value of the total wave I2,,.
The second term yields

1 2r
ol 2¢l4.da = 21%,

Tke rms ripple current then becomes
Iy = VI — 2R + I3, = V1%, — I,
By combining these results with Eq. (3-15)

— Iers - I_g:c _ J Lrms ’ 3
r = )—]d-c = <Td:> 1 (3—1();

This expression is independent of the current waveshape and applies in
general, since the development was not confined to a particular wave-
shape. In the case of the half-wave single-phase rectifier the ratio

Imo 1.2 7 _
=1 =5 = 157

and hence
r=4/1.57* —1 = 1.21 (3-17)

This shows that the rms value of the ripple potential exceeds the d-c
potential of the output. This merely tends to show that a single-phase
half-wave rectifier without filter is a relatively poor device for converting
a-c into d-¢ potential.

3-4. Single-phase Full-wave Rectifier. The circuit of the single-
phase full-wave rectifier, given in Fig. 3-4, bears some resemblapce
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to a push-pull circuit. Actually the circuit comprises two half-wave
circuits which are so connected that conduction takes place through
one tube during one half of the total power cycle and through the other
tube during the second half of the power cycle. The output current

¥ 1 +
A-c input } e 12 l e

- :
e
| e

Fr1a. 3-4. Schematic wiring diagram of a single-phase full-wave rectifier.

through the load has the form illustrated in Fig. 3-5, where the portions
of the wave marked 1 flow through tube T'1 and the portions of the wave
marked 2 flow through tube T2.
The d-c and rms values of the load current are found from Eqgs. (3-7)
and (3-12) to be

A\ o
™
[ L (3-18)
l l l rms — T =
N %
; l ’ : | where I, is the peak value of the cur-
= || | : rent wave. The d-c output power is
¥4 = 2 } 1 : 2 : then )
2 ELR,
Pyo = I2.R = (2) —rL
wt ‘ e (""> (rp + R)?
Fig. 3-5. The transformer potential : (3-19)

and output load current in a single-

phase full-wave rectifier. By comparing this expression with

Eq. (3-8) it is seen that the power
delivered to the load is higher by a factor of 4 in the full-wave case.
However, the power depends on the circuit parameters in the same way
as for the half-wave circuit.

The input power from the a-c source is readily found to have the same
form as Eq. (3-11), viz.,

Pl‘ = Irzma(rp + Rl) (3_20)
The efficiency of rectification is

81.2

T TE R @20
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This expression shows a theoretical maximum that is twice that of the
half-wave rectifier.
The ripple factor is readily found when it is noted that

L _ In/V2 _ gy

Id-e 2Im/1r

r=+/1112 — 1 = 0.482 (3-22)

Thus the ripple factor has dropped from 1.21 in the half-wave rectifier to
0.482 in the present case. What has been accomplished in the full-wave
rectifier, therefore, is that the rectification process has become more
efficient, with a higher percentage of the power supplied to the circuit
being converted into the desired d-c power, and with a consequent smaller
fraction remaining in a-c form, which, while producing heating of the
load, does not contribute to the desired d-c power.

A study of Fig. 3-4 indicates that when one tube is conducting, say
T1, then tube T2 is in the nonconducting state. Except for the tube drop
47y in T'1, the peak inverse potential across T2 is 2E,,, or twice the trans-
former maximum potential measured to the mid-point, or the full trans-
former potential. The potential stress between windings of the filament
transformer is seen to be the full d-¢ potential, if the negative is grounded,
and is sensibly zero, if the positive is
grounded.

3-6. Circuits with Gas Diodes. Gas
diodes may be used in the half-wave and
full-wave circuits discussed above. Owing
to their different plate characteristics, the
results are somewhat different. For these
tubes a sensibly constant potential appears
F1g. 3-6. The applied potential across the tube when the tube is conduct-
and the current waveshapein a i, byt conduction does not begin until
half-wave rectifier circuit using ) )

a gas diode. the applied potential exceeds the break-

down potential of the tube. The tube will
consequently conduct for less than 180 deg in each cycle. The situation
is illustrated in Fig. 3-6.

The equation of the potential across the load during conduction is
obtained by applying Kirchhoff’s law to the plate circuit,

From Eq. (3-16),

e =Ry = E,.sina — E, (3-23)
and the corresponding expression for the current is
§y = E, sina — E, (3-24)
R

where E, is the constant tube drop during conduction.
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The d-c¢ plate current is found by taking the average value of the
instantaneous current and is

1 /"’"E,,.sina — E,

= ). 7 da (3-25)

I d-o
where a, is the angle at which the tube fires and . is the angle at which
conduction ceases. Ordinarily the applied plate potential is much larger
than E,, and the angles a; and # — a; are very nearly zero. Conse-
quently the limits of the integral of Eq. (3-25) may be changed to 0 and
x without appreciable error in the result. When this is done and the
integral is evaluated, it is found that

]d40=E_"‘_ﬂ=E_’"<1_’_25§_°) (3-26)

The load potential Es, may be written as

_ Em T Eo
Eao = - (1 -5 E‘;) (3-27)

This equation does not contain the load current. This means, of course,
that E., is independent of the load current, with consequent perfect

regulation.
To calculate the efficiency of rectification, it is necessary to calculate

the input power to the plate circuit. This is given by

1 [T 1T . E, sin a — E,
P.'—Z/(;elbda——ﬂ—/(;Emsula I3 da

where the limits are again taken as 0 and =. This expression reduces to

_Ei( _4E
P = % (1 - E,..> (3-28)

The efficiency of rectification is then

l_fg"_ ’
Pd—c ii_ 2Em

nr = P‘. = 1r2 i—_g‘—g (3-29)
T En
which may be reduced to the form
E,
7 = 4061 — 1.87 o % (3-30)

Note that this value is independent of the load current or load resistance.
To the same approximation, namely, E. > E,, the ripple factor is given
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by
E,
r=121{1+055 (3-31)

which is slightly higher than the value with the vacuum diode. This
increased ripple results because the tube conduction is less than 180 deg.

The corresponding properties of the full-wave circuit with gas tubes
will follow a completely parallel development and yield results that bear
the same relation to the vacuum-tube case that the foregoing results do
to the corresponding half-wave vacuum-rectifier case.

3-6. Miscellaneous Single-phase Rectifier Circuits. A variety of
other rectifier circuits exist which find widespread use. . Among these are
bridge rectifier circuits, potential-doubling circuits, and potential-multiply-
ing circuits. The bridge circuit
finds extensive use both as a power
rectifier and also as the rectifying
system in rectifier-type a-c meters.
e, The rectifiers for power use utilize

thermionic diodes of both the

vacuum and gas varieties, whereas

those for instrument use are usu-
Fie. 3-7. Single-phase full-wave bridge ally of the copper oxide or crystal
rectifier circuit. types.

To examine the operation of the bridge circuit, refer to Fig. 3-7. It is
observed that two tubes conduct simultaneously during one half of the
cycle and the other two tubes conduct during the second half of the cycle.
The conduction paths and directions are such that the resulting current
through the load is substantially that shown in Fig. 3-5.

The primary features of the bridge circuit are the following: The cur-
rents drawn in both the primary and secondary of the plate-supply trans-
former are sinusoidal. This permits a smaller transformer to be used for
a given output power than is necessary for the same power with the
single-phase full-wave circuit of the two-tube type.* Also, the trans-
former need not have a center tap. Since each tube has only transformer
potential across it on the inverse cycle, the bridge circuit is suitable for
high-potential applications. However, the transformers supplying the
heaters of the tubes must be properly insulated for the high potential.

A rectifier meter is essentially a bridge-rectifier system which utilizes
copper oxide elements. The potential to be measured is applied through
a multiplier resistance to two corners of the bridge, a d-¢ milliammeter
being used as an indicating instrument across the other two corners.

* For a discussion of transformer utilization factor, see J. Millman and S. Seely.
‘““Electronics,” 2d ed., chap. 14, McGraw-Hill Book Company, Inc., New York, 1951,
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But as the d-¢ milliammeter reads average values of current, the scale
of the meter is calibrated to give rms values of sinusoidal waves by apply-
ing a sinusoidal potential to the input terminals. The indication on such
an instrument is not correct for input signals that contain appreciable
harmonics.

A common potential-doubling circuit is shown in Fig. 3-8. The out-
put! from such a circuit is approximately equal to twice the transformer
maximum potential. It operates by alternately charging each of the two
capacitors to the transformer peak N
potential E,, current being continu- .0
ally drained from the capacitors ’
through the load. This ecircuit is

\ +
characterized by poor regulation un- 00009 36,
less very large capacitors are used. l a-c l @ i
\NC

The peak inverse potential is twice
the transformer peak potential. If o oo\, " bling
ordinary rectifiers are used, twosepa-  ircuit.
rate filament sources are required.
If a relatively low potential system is built, and these are used extensively
in a-c/d-c radio sets, special tubes such as 2525 are available. These tubes
are provided with separate indirectly heated cathodes. The cathodes in
these tubes are well insulated from the heaters, which are connected in
series internally.

The regulation of the potential doubler can be improved, particularly
at the higher loads, by employing a bridge doubler rectifier,® which is
illustrated in Fig. 3-9. The feature of this rectifier circuit is that at

F1a. 3-9. A bridge doubler circuit.

light loads the output potential is approximately twice the transformer
peak potential. However, the potential will never fall below the output
of the bridge circuit at any load, nor will the ripple factor exceed that of
the bridge circuit, viz., » = 0.482. Most other features of this circuit
are like those in the normal bridge circuit, such as the peak inverse
potential to which each tube is subjected, and the heater-cathode insula-

tion problems.
An alternative potential-doubling circuit? is shown in Fig. 3-10. The
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output potential from this circuit, like that from Fig. 3-8, is approxi-
mately equal to twice the transformer maximum potential. It operates
by charging capacitor C; during one half cycle through tube T'1 to the
transformer peak potential E,. and during the next half cycle charges C.,
through tube T2 to the potential determined by that across C, and the
transformer in series, the peak being approximately 2E,. The peak
inverse potential across each tube is twice the transformer peak potential.

tOutput

C,>= }Outout 1
2 vipy =C,

T2
Cy
n, 'uf 77 "PIU f E,
p ‘E”'— T1 ' m
y + )+ Ly +

Fic. 3-10. A half-wave potential-doubling  Fig. 3-11. A half-wave potential-quad-
circuit. rupling circuit.

This circuit may be extended to a quadrupler by adding two tubes and
two capacitors, as shown in Fig. 3-11. It may be extended to provide
n-fold multiplication, odd or even.

FILTERS

3-7. The Harmonic Components in Rectifier Circuits. It is usually
the requirement of a power supply to provide a relatively ripple-free
source of d-c potential from an a-c line. However, as seen above, a
rectifier actually provides an output which contains a-c components in
addition to the d-c term that is desired, a measure of the a-¢c components
being given by the ripple factor. It is customary to include a filter
between the rectifier and the output to attenuate these ripple components.
Often an electronic regulator is also included, if the potential output is
to be substantially constant with load or if the ripple must be small.

The analysis of the action of such rectifier filters is complicated by the
fact that the rectifier as a driving source is nonlinear, thus requiring the
solution of circuits with nonlinear elements. It is possible in most cases
to make reasonable assumptions in order to effect an approximate
engineering solution. In consequence, the results obtained are only
approximate.

An analytic representation of the output of the single-phase half-wave
rectifier is obtained in terms of a Fourier series expansion, This series
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representation has the form

©

1 =bo + zbkcoska—{—

k=1

a, sin ko (3-32)
1

s

where @ = wt and where the coefficients that appear in the series are given
by the integrals

1 (o
bo = Q‘)_r o 1 da
1 2r
by = = / 7 cos ka da (3-33)
T Jo

1 2x
ar = — % sin ka da
T Jo

It should be recalled that the constant term b, that appears in this Fourier
series is the average or d-c value of the current.

The explicit expression for the current in a half-wave rectifier circuit,
which is obtained by performing the indicated integrations using Egs.
(3-5) over the two specified intervals, yields

. 1, 1. 2 cos kwt
1 = Im [;‘r + § sin wt — ;r'k 2 m:Tj] (3-34)
=24,6,...

where I, = E./(r, + R;) and E. is the peak transformer potential.
The lowest angular frequency that is present in this expression is that of
the primary source. Also, except for this single term of frequency w, all
other terms that appear in the expression are even-harmonic terms.

The corresponding Fourier series representation of the output of the
full-wave rectifier which is illustrated in Fig. 3-5 may be derived from
Eq. (3-34). Thus, by recalling that the full-wave circuit comprises two
half-wave circuits which are so arranged that one circuit is operating
during the interval when the other is not operating, then clearly the cur-
rents are functionally related by the expression i:(e) = ¢;(a + 7). The
total load current, which is ¢ = 7; + ,, then attains the form

. 2 4 cos kwt
v=In [; T 26 &+ D = 1>} (3-35)

where I, = E,./(R, + r,) and where E, is the maximum value of the
transformer potential measured to the center tap.

A comparison of Egs. (3-34) and (3-35) indicates that the fundamental
angular-frequency term has been eliminated in the full-wave circuit, the
lowest harmonic term in the output being 2w, a second-harmonic term.
This will be found to be a distinct advantage in filtering.
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The Fourier series representation of the half-wave and full-wave circuits
using gas diodes can be obtained in the same way as above, although the
form will be more complex. This is so because conduction begins at some
small angle ¢, and ceases at the angle # — ¢, when it is assumed that
the breakdown and the extinction potentials are equal. But since these
angles are usually small under normal operating conditions, it will be
assumed that Eqgs. (3-34) and (3-35) are applicable for circuits with
vacuum or gas diodes. The Fourier series representation of the output
of a controlled rectifier is also possible, although the result is quite com-
plex. However, such controlled rectifiers are ordinarily usedin services
in which the ripple is not of major concern, and, as a result, no detailed
analysis will be undertaken. Some results will be given below covering
these rectifiers, however.

3-8. Inductor Filters. The operation of an inductor filter depends
on the inherent property of an inductance to oppose any change of current

FiG. 3-12. Half-wave rectifier circuit with inductor filter.

that may tend to take place through it. That is, the inductor stores
energy in its magnetic field when the current is above its average value
and releases energy when the current falls below this value. Conse-
quently any sudden changes in current that might otherwise take place
in the circuit will be smoothed out by the action of the inductor.

In particular, suppose that an inductor is connected in series with the
load in a single-phase half-wave circuit, as illustrated in Fig. 3-12. For
simplicity, suppose that the tube and choke resistances are negligible.
Then the controlling differential equation for the current in the circuit
during the time of current conduction is
diy

L%

+ Ry =E,, sin wt (3-36)
A solution of this differential equation may be effected. This solution is
complicated by the fact that current continues over only a portion of the
cycle. The general character of the solution is shown graphically in Fig.
3-13, in which is shown the effect of changing the inductance on the wave-
form of the current. Since a simple inductance choke is seldom used with
a half-wave circuit, further details of the analysis will not be given.
Suppose that an inductor filter is applied to the output of a full-wave
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rectifier. The circuit and a sketch of the output-current waveshape are
given in Fig. 3-14. Since no cutout occurs in the current, the analysis
assumes a different form from that for the half-wave case. Now, instead
of considering the circuit differential equation, as in Eq. (3-36), and

. T
6 wl_p
\
/N
]
£ / \
0
;E M~ ¥L_4
%’ ZV Vt
f \ wl_
¢ L2 (e
0 90 180 270 360

wt(degrees) —~
Fic. 3-13. The effect of changing inductance on the waveform of the current in a
half-wave rectifier with inductor filter. The load R: is assumed constant.
adjusting the initial conditions to fulfill the required physical conditions,
an approximate solution is effected. It is supposed that the equation of
the potential that is applied to the filter is given by Eq. (3-35). More-
over, it is noted that the amplitudes

of the a-c terms beyond the first, and
this is of second-harmonic frequency,
are small compared with that of the
first term. In particular, the fourth-

harmonic frequency term is only 20
per cent of the second-harmonic term.
Furthermore, the impedance of the
inductor increases with frequency,
and better filtering action exists for
the higher-harmonic terms. Conse-
quently it is assumed that all higher- Fic. 3-14. Full-wave rectifier circuit
order terms may be neglected. with inductor filter, and the wave-
In accordance with this discussion, shape of the load current.
it is supposed that the input potential to the filter and load has the
approximate form

2E, 4E.
e = T - E‘ cos 2wt (3-37)

The corresponding load current is, in accordance with a-c circuit theory,

2En _ 4En cos (20t — ¥) (3-38)
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where
2w,
tan \// = —F‘ (3-39)
The ripple factor, defined in Eq. (3-15), becomes
. = (4En/3m)(1/VRT + 4°L7) _ 2R 1
2En/vR: 3 V2 VE} + 4L
which may be expressed in the form
2 1 (3-40)

" T 3V2 VI F (4a'L/RD

If the ratio wL/R, is large, this reduces to

MU S '}

342wl

This expression shows that the filtering improves with decreased load
resistance or, correspondingly, with increased load current. At no load,
R; = =, and the filtering is poorest, with » = 2/3 4/2 = 0.47. This is
also the result which applies when no choke is included in the circuit.
[Compare this result with Eq. (3-22), which gives 0.482. The difference
arises from the terms in the Fourier series that have been neglected.]
The expression also shows that large inductances are accompanied by

decreased ripple.
The d-c output potential is given by

(3-41)

Ei. = Is.R, = 2%' = 0.637E, = 0.90E., (3-42)

where E,., Is the transformer secondary potential measured to the center
tap. Note that under the assumptions made, viz., negligible power-
transformer leakage reactance, transformer resistance, tube resistance,
and inductor resistance, the output potential does not change with load,
with consequent perfect regulation. Because the neglected effects are
not negligible, the output potential actually decreases with increased
current.

3-9. Capacitor Filter. Filtering is frequently effected by shunting
the load with a capacitor. During the time that the rectifier output is
increasing, the capacitor is charging to the rectifier output potential and
energy is stored in the capacitor. During the time that the rectifier
potential falls below that of the capacitor, the capacitor delivers energy
to the load, thus maintaining the potential at a high level for a longer
period than without the capacitor. The ripple is therefore considerably
decreased. Clearly, the diode acts as a switch, permitting charge to
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flow into the capacitor when the rectifier potential exceeds the capacitor
potential, and then acts to disconnect the power source when the potential
falls below that of the capacitor.

To examine the operation in some detail, refer to Fig. 3-15, which shows
adiagram of the circuit. The tube current during the conducting portion
of the cycle is

ib = ic + 1:1 (3—43) -

where |é* by
. e ec ~C rec SR,

= = = — _4 C 74

] R, R (3 4)

and where
. dg dec Fi1g. 3-15. A single-phase half-wave ca-
e = E{,C = CEZ (3-45) pacitor-filtered rectifier.

where gc¢ is the capacitor charge. The controlling differential equation
of the charging current through the tube is then

. _ e dec }
zb—Rl+Cdt (3-46)

But the potential e¢c during the time that the tube is conducting is simply
the transformer potential, if the tube drop is neglected. Hence the

Fig. 3-16. The tube current and the load potential in a single-phase half-wave
capacitor-filtered rectifier.

capacitor potential during this portion of the cycle is sinusoidal and is
ec = e = E, sin wt

The corresponding tube current is

Ty = % sin wt + wCE,, cos wt

This may be written in the equivalent form

i = B \/wzcz + 7;—2 sin (wt + ¥) (3-47)
]

where
¢y = tan~! wCR; (3-48)

A sketch of the current wave is illustrated in Fig. 3-16.
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Equation (3-47) shows that the use of large capacitances, in order to
improve the filtering, is accompanied by large tube currents. Therefore,
if a large capacitance is used for a given load in order to maintain the
output potential more nearly constant, a very peaked current exists. In
fact, for a certain required average current demand by the load, the tube-
current pulse becomes more and more peaked as the capacitance is made
larger. This imposes serious duty conditions on the tube, since the aver-
age current through the tube may be well within the tube rating and yet
the large peak current may injure the cathode. Vacuum diodes would
not be appreciably damaged by the high peak-current demands, since
temperature-saturated currents may be drawn without seriously injuring
the cathode. In the case of gas tubes, however, any attempt to draw
higher than temperature-saturated current will usually be accompanied
by severe positive-ion bombardment of the cathode, with consequent
cathode disintegration. It is for this reason that large-capacitance input
filters should not be used with rectifiers that employ gas diodes.

When the tube stops conducting, 7, = 0 and the controlling differential
equation during the nonconducting portion of the cycle is, from Eq.
(3-46),

dec ec _
CHtr=0 (3-49)

The solution of this differential equation is
ec = AeVRC (3-50)

This shows that the capacitor discharges exponentially through the load.
To determine the value of the constant A that appears in this expres-
sion, use is made of the fact that at the time ¢ = ¢,, the cutout time,

ec = ¢ = E,, sin wl,
Combining this result with Eq. (3-50) gives
A = E, sin wtev®¢ (3-51)
and Eq. (3-50) becomes
ec = E,, sin wt,e=¢—/RC (3-52)

The quantity ¢, that appears in this expression is known, since at { = ¢,
the tube current is zero. From Eq. (3-47) this requires

sin (wt; +¢) =0
from which it follows that
wh =71 — ¢y =71 — tan~! wCR, (3-53)
If ¢, from Eq. (3-53) is substituted in Eq. (3-52), there results

ec = E,, sin wt,e=@H¥—m/wCR: (3-54)
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To find the ‘“ cutin” point, it is noted that ec equals the impressed trans-
former potential e at this point. This requires

E.. sin wt; = E,, sin wte—@t¥—m)/wCR:

180
o | N
sin wty = sin wt e~ @ ¥—m/WCR (3_55) 160 ]
The evaluation of the cutin time ¢, can- 150 n
not be solved explicitly, for this is 140 @i,
a transcendental equation. Graphical “glJO D
methods can be used effectively in this o120
evaluation. The results are given in '§“no -

Fig. 3-17. Included on this graph are a 5100
plot of Eq. (3-53) for the cutout angleand % 90
a plot of Eq. (3-55) for the cutin angle. -::80

The foregoing analysis givesa complete 7§ 70

specification of the operation of the capa- o 60

o
citor filter, the current through the tube £ 50 /
1 e t, (halfwa
being given by Eqgs. (3-47) and (3-48), -£40 wty (half w Ve/JJ
t}‘lepotential across theload resistorbeing 3 :;O s (7t e 7
given by 0 T 7

ec = E, sin wt 10 — | |

for wty < wt < wty (3-564) Oo 10 20 30 40 50 60 70 80 90
tan™! wCRy
and by Eq. (3-54): Fic. 3-17. Plot of cutin angle wt.

and cutout angle wt, vs. circuit

= E,, sin wte—@—et)/eRC .
ec m SIN wiy (3-56b)  parameters for the capacitor filter.

for wt; < wt < 27 + wiy

With this information it is possible to evaluate the d-c output potential,

the ripple factor, the peak tube current, etc. These quantities may then

be plotted as functions of the parameters R;, C, E,.. Such an analysis is

quite involved, but it has been carried out,* and the results are given in
graphical form.

3-10. Approximate Analysis of

Capacitor Filters. It is expedient to

make several reasonable approxima-

tions in order to obtain an approxi-

wf — Mmate analysis of the behavior of the

Fic. 3-18. Oscillogram of the load po- capacitor filter. Such an approxi-

tential in a single-phase fullwave mate analysis possesses the advant-

capacitor-filtered rectifier. age that the important factors of the

operation are simply related to the circuit parameters. Moreover, the

results are sufficiently accurate for most engineering applications. The

character of the approximation is made evident by an inspection of Fig.

3-18, which shows the trace of an oscillogram of the load potential in a

=4
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single-phase full-wave capacitor filtered rectifier. The potential curve
may be approximated by two straight-line segments, as shown in Fig.
3-19. If the total capacitor discharge potential is denoted as E,, then,

from the diagram, the average value

e} of the potential is
EJ‘I_ /4 ¥ Er
! Ed-e = Em - _2— (3_57)
Edc .
: Also, the rms value of the triangle
¢ ripple potential may be shown to be
J wt
S B
Fig. 3-19. The approximate load-poten- El, = z (3-58)
tial waveform corresponding to the 24/3

f Fig. 3-18.
curves of T Also, if it is assumed that the capaci-

tor discharge continues for the full half cycle at a constant rate which is
equal to the average load current I.., the fall in potential during this half
cycle is E,. That is, approximately

— Id-e
E, = 3fC (3-59)
The ripple factor is then given by
— E:m. — Er — Id-e
Eq. 2 '\/g Ei. 4 ‘\/§fCEd.c

But since E4. = l4.R;,

r

1
" T 43 /CR,

This expression shows that the ripple factor varies inversely with the
load resistance and the filter capacitance. At no load, B; = «, and the
ripple is zero. As R; decreases, corresponding to increasing current, the
ripple becomes larger. Also, for given R, the ripple is smaller for large
capacitances. Actually, Eq. (3-60) is more nearly correct for small
values of ripple than for the larger values, the value of ripple being
generally larger than that obtained experimentally. The results are
adequate for most purposes.

The regulation curve is obtained by combining Eqs. (3-57) and (3-59).
This yields

(3-60)

_ I d-o
Ed-e = Em 4fC (3‘61)
This expression represents a linear fall in potential with d-¢ output cur-
rent. Also, it shows that the simple capacitor filter will possess poor

regulation unless the capacitance C is large.
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Now refer to the circuit of Fig. 3-15 to ascertain the peak inverse poten-
tial across the tube. It isseen to be twice the transformer peak potential.
For the full-wave case, the peak inverse potential is also twice the trans-
former maximum potential, as measured from the mid-point to either
end, or the full transformer potential. Thus the presence of the capacitor
increases the peak inverse potential in the half-wave circuit from E,, to
2E.. but does not affect the peak inverse potential in the full-wave circuit.

3-11. L-section Filter. An L-section filter consists of a series induc-
tor and a shunt capacitor, as shown in Fig. 3-20. This filter is so arranged
that the inductor offers a high impedance to _
the harmonic terms, and the capacitor 4 0 LC 00
shunts the load, so as to by-pass the har- c== R,
monic currents. The resulting ripple is
markedly reduced over that of the relatively
simple filters of Secs. 3-8 and 3-9.

The ripple factor is readily approximated by taking for the potential
applied to the input terminals of the filter the first two terms in the
Fourier series representation of the output potential of the rectifier, viz.,

Bo—
F16. 3-20. An L-section filter.

2E,. 4E,
e = T - 'g cos 2wt (3—62)

But since the filter elements are chosen to provide a high series impedance
and a very low shunting impedance, certain plausible approximations
may be made. Thus, since the choke impedance is high compared with
the effective parallel impedance of the capacitor and load resistor, the
net impedance between terminals AB is approximately X; and the a-c
current through the circuit is

(3-63)

Likewise, since the a-¢c impedance of the capacitor is small compared with
R, it may be assumed that all the a-c current passes through the capac-
itor and none through the resistor. The a-c potential across the load
(the ripple potential) is the potential across the capacitor and is

V2., Xc
MI ) -
rms 3 d-c }rL (3 64)

The ripple factor is then given by

V2Xe _ V2 1 1 (3-65)
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which may be written, at 60 cps, with L in henrys and C in microfarads

. _ 0.830
~IC

It should be noted that the effect of combining the decreasing ripple of the
inductor filter and the increasing ripple of the simple capacitor filter for
increasing loads is a constant ripple circuit, independent of load.
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Fig. 3-21. The tube-current waveform in the full-wave rectifier with an L-section
filter, when (@) L =0, (b) L < L, (¢c) L = L., (d) L > L., for constant I, .

The above analysis assumes that no current cutout exists at any time
of the cycle. If it did, the analysis would follow along the lines of Sec.
3-9 and Eq. (3-62) for the potential would not apply. But since with
no inductance in the filter cutout will occur, whereas with sufficient induc-
tance there will be no cutout, it would be expected that there would be
some minimum inductance for a given current below which cutout would
occur, although for larger values than this critical value the conduction
would continue for the full cycle. The situation is best illustrated graphi-
cally. Figure 3-21 shows the expected tube current for various amounts
of series inductance L.
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If the rectifier is to pass current throughout the entire cycle, the peak
current delivered must not exceed the d-c component. But the d-c value
is Eq./R:;. Also, the peak a-c current is (2F4./3)(1/Xz). Hence for
current flow during the full cycle it is necessary that

Ed-c 2Ed-o 1
" 23 X
or
XL > géil (3-67)
from which the value for the critical inductance is found to be
_2R
Le = 3w
which has the value
— Rl
L, = 1130 (3-68)

for a 60-cps power frequency, where R; is in ohms and L. is in henrys.
However, owing to the approximations that have been made in this
analysis, it is advisable for conservative design to use a larger value of L.
than that given in Eq. (3-68). A good practical figure is to choose the
denominator as 1,000 instead of 1,130.

The effect of the cutout is illustrated 10
in Fig. 3-22, which shows a regulation
curve of the system, for constant %d_c 05
R: and varying series inductance. n
Clearly, when the series inductance is 'Ze
zero, the filter is of the simple capaci- g, 3.99 The regulation curve of a
tance type and the output potential is  rectifier with L-section filter as a func-
approximately E.. With increasing tion of series inductance, for constant
. . . output current.
inductance, the potential falls, until
at L = L. the output potential is that corresponding to the simple L filter
with no cutout, or 0.637E,.. For values of L greater than L., there is no
change in potential, except for the effects of the resistances of the various
elements of the circuit.

It is not possible to satisfy the conditions of Eq. (3-68) for all values
of load, since at no load this would require an infinite inductance. How-
ever, when good potential regulation is desired, it is customary to use a
bleeder resistance across the load so as to maintain the conditions of
Eq. (3-68) even if this respresents a power loss.

A more efficient method than using a high bleeder current, with its
attendant power dissipation, is to make use of the fact that the induct-
ance of an iron-core reactor depends, among other things, on the amount
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of d-c¢ current in the winding. Chokes for which the inductance is high
at low values of d-c current and which decrease markedly with increased
d-c currents are called ““swinging’’ chokes. The swinging choke is pro-
vided with a closed iron core, whereas the core of the inductor which is to
possess a more nearly constant inductance is provided with a narrow air
gap. A typical curve for such a
reactor is illustrated in Fig. 3-23.
The advantage of such a choke is
that for high R;, and therefore low
d-c current, the inductance is high.
As aresult, the conditional equation
(3-68) is satisfied over a wider range
0 20 40 60 80 100 10imm lee  of R Clearly, however, when a
Fic. 3-23. The inductance of a swinging swinging choke is used, the ripple
choke as a function of the d-c current factor is no longer independent of
through it.
the load.

The above analysis for the critical inductance of the L-type filter applies
for the full-wave rectifier for which conduction continues for 180 deg in
each cycle. Consequently the results so obtained are not applicable
when an L-section filter is used with a controlled rectifier. The analysis
for a full-wave controlled rectifier is considerably more complicated than
that above, owing to the fact that

Y
o
T

Inductance (henrys)
o
T

0

the amplitude of the harmonicsin the ,(5)383 |

Fourier series representation of the 2000 | /

output depends on the delay angles, 1000 Lc/’?t/

and these are of such amplitude _ 300 /)’

that they cannot be neglected in the % 200 | L

analysis. The results of such an o}' 100 10

analysis are given graphically!in Fig. } Sor El'c\% f§§

3-24. The curves give a measure of ~ fg i Ere | [N_T, Bae

both the critical inductance and the ik Jags Zmex

output potential. 3E -
3-12. Multiple L-section Filters. 1

001
L, . . . . 0 10 20 30 40 50 60 10 80 9%
If it is desired to limit the ripple to a Delay angle, deg.

value that is less than that possible Fia. 3-24. Critical inductance and d-c

with a single L-section filter using output poten‘tial as a function of the
. . delay angle in a full-wave controlled

commercially available elements, two .5

or more L-section filters may be con-

nected in cascade, as shown in Fig. 3-25. An approximate solution is

possible by following the methods of Sec. 3-11. It is assumed, therefore,

that the choke impedances are much larger than the reactances of

the capacitors. Also, it is assumed that the reactance of the last capac-

itor is small compared with the resistance of the load. Under these
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assumptions, the impedance between A; and B; is X¢y,. The imped-
ance between A; and B, is X¢1, and the impedance between A, and B, is
X1, approximately.

The a-c current I, is approximately

\/_Z_EH 1

Il-_—"—-

3 X1

The a-c potential across C, is approximately

Eu, = IiXer
The a-c current I, is approximately
_ Eus,
=%,

The a-c potential across the load is approximately

Xoo _ V2 p Xoi Xos

I2XC2 = Il)(C2X_'Ll - 3 YL_I XL2

The ripple factor is given by the expression

_V2Xe Xeo
"= 3 X, Xo» (3-69)

A comparison of this expression with Eq. (3-64) indicates the general-
ization that should be made in obtaining an expression for the ripple
factor of a cascaded filter of n sec-

. . Ll A2 L2 ‘43
tions. The expression would have Ag— TR LTI
the form I Iz i s
= TC 3R
.- V2XaXer | Xe 3
3 X1 X1 Xin 5 B2 B

(3-70) Fic. 3-25. A two-unit L-section filter.

If the sections are all similar, then Eq. (3-70) becomes
_V2 (Xo)" _V2 1
"="3\x.) T3 GerLOr @70
It follows from this that the required LC product for a specified ripple
factor r is given by
1/n
LC = 176 (0';4:—1> (3-72)
Note also that, to the approximation that the impedance between As

and B is simply X¢;, the critical inductance is given by Eq. (3-68), as
for the single-section unit,
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3-13. M-section Filter. The use of a II-section filter provides an out-
put potential that approaches the peak value of the a-c potential of the
source, the ripple components being very small. Such a filter is illus-
trated in Fig. 3-26. Although such filters do provide a higher d-c output
potential than is possible with an L-section filter, the tube currents are
peaked and the regulation is generally poor, these results being common
with the simple capacitor filter.

A study of the oscilloscope patterns at various points of such a filter
shows that the action can be understood by considering the inductor and
the second capacitor as an L-section filter

z
V00 - that acts on the triangular output potential
L, Lo 3p Wave from the first capacitor. The output
T T2 37 potential is then approximately that from the

input capacitor, the ripple contained in this
output being reduced by the L-section filter.
That is, the ripple factor of the II-section filter is given approximately by

rr = TcrL (3~73)

where r¢ is given by Eq. (3-60) and rz is given by Eq. (3-65). This
becomes

Fi1G. 3-26. A Il-section filter.

XciXeo
X R

with all reactances calculated at the second-harmonic frequency. For a
60-cps power source, this is

7> = 0.855 (3-74)

L 2X 108
* = C.CLR,

with the capacitances in microfarads, the inductance in henrys, and the
resistance in ohms. This result is only approximate, since it assumes in
effect that the ripple output from the capacitor filter is sinusoidal rather
than triangular.

A somewhat more accurate evaluation of the ripple factor, due to
Arguimbau, is possible. The technique employed is similar to that used
to evaluate the grid driving power of a class C amplifier. For the filter
connected to a rectifier at the power frequency w, the important ripple
term is of second-harmonic frequency. Consequently, it is required to
find the peak value of the second-harmonic current I, to the input
capacitor of the II filter. This is given by the Fourier component

(3-75)

27
I, = }r ﬁ 2 €0s 2wt d(wt) (3-76)

Now assume that the current pulse is significant only near the peak value
of the cosine curve. Therefore, the cos 2wt factor appearing in the
integral is replaced by unity, and approximately
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2z
\Ver, = %/ B d(wt) = 214 (3-77)
0
Hence, the upper limit of the rms second-harmonic potential is
v = IXe = V2 I Xen (3-78)

But the potential Ej is applied to the L secfion, so that, by the same
logic as before, the output ripple is E5X¢2/X1. Hence, the ripple factor
is

_ ToXc1Xe2 Xeci X2
re =72 X, = V2 B X, (3-79)
where all reactances are calculated at the second-harmonic frequency.
At 60-cps primary frequency, this reduces to

33 X 10°
= C.C.LR,

Note that here, as in the previous analysis, the effects of higher harmonics
than the second have been neglected. This result is probably more
accurate than that given in Eq. (3-75) owing to the more reasonable
approximation in the analysis.

If the inductor of the II-section filter is replaced by a resistor, a practice
that is often used with low-current-drain power supplies, the ripple factor
is given by Eq. (3-79) with X replaced by E. Thus

. = /3 KoK

(3-80)

k4

RR,
or
2.5 X 108
Ty = C.C.RR: (3-81)
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PROBLEMS

3-1. A type 5U4G is connected in a half-wave circuit to supply power to a
1,500-ohm load from a 350-volt rms source of potential.
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a. On a plate characteristic of the tube, plot the load line, and from this find
the dynamic curve.

b. Obtain a plot of the output-current waveshape for a sinusoidal applied
potential.

c. Estimate the value of the plate resistance r, from the static characteristic
at four different values of current (50, 100, 150, 200 ma). Use the average of
these as the 7, of the tube.

d. Plot on the curve in part b the value obtained from Eq. (3-5), and compare.

3-2. The two sections of a 6X5 diode are connected in parallel and supply
power to a 5,000-chm load from a 325-volt rms source of potential. The effective
plate resistance of the parallel combination of diodes is approximately 125 ohms.
Calculate the following:

a. The d-c load current.

b. The a-c current (rms).

¢c. The reading of a d-c voltmeter placed across the diode terminals.

d. The total input power to the plate circuit.

e. The efficiency of rectification.

f. The regulation from no load to the given load.

g- The ripple factor.

3-3. Suppose that a 6X5 tube supplies power to a 5,000-ohm load from a
325-0-325 transformer. Repeat Prob. 3-2 under these condltlons

3-4. Show that the input power to a rectifier using gas diodes may be expressed

in the form
P; = I},RL + Eolqs

3-5. A gas diode for which the breakdown and maintaining potential is taken
to be 10 volts supplies power in a half-wave rectifier circuit to a 1,000-ohm load
from a 325-volt rms source. Calculate the following:

. The d-c current through the load.
. The a-c (rms) current through the load.
. The reading of a d-c voltmeter placed across the diode.
. The reading of an rms a-c voltmeter across the diode.
The power input to the plate circuit.
The efficiency of rectification.

g. The ripple factor.

3-6. The peak inverse plate potential rating of a 2X2/879 half-wave high-
vacuum rectifier is 12,500 volts. Calculate the maximum d-c potential possible to
a load, without exceeding the peak inverse potential, when such tubes are used in:

a. A half-wave circuit.

b. A full-wave circuit.

c. A full-wave bridge circuit.

d. A full-wave potential-doubting circuit.

e. A half-wave potential-doubling circuit.

. Specify in each case the insulation strength of each filament transformer
when the positive terminal is grounded.

3-7. Analyze the operation of the potential-quadrupling circuit of Fig. 3-11.
Calculate:

a. The maximum possible potential across each capacitor.

b. The peak inverse potential of each tube.

¢. The required insulation strength of each filament transformer.

3-8. It is planned to use a type 83 gas diode in a single-phase full-wave rectifier
circuit with capacitor filter. The transformer potential is 350 volts rms to

QTR R OR
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center tap. The load consists of a 16-uf capacitor in parallel with a 2,500-ohm
resistor. The tube drop and the transformer resistance and leakage reactance
may be neglected.

a. Calculate the cutout angle.

b. Determine the cutin point.

¢. Calculate the peak tube current. Should the type 83 tube be used? Com-
pare the peak current per plate with that given (1 amp) in the tube manual.

3-9. Given two 20-henry chokes and two 16-uf capacitors. Calculate the
output potential and ripple factor under each of the following conditions:

a. The two chokes are connected in series with the load.

b. The two capacitors are connected across the load.

¢. A single L-section filter, consisting of the two chokes in series and the two
capacitors in parallel, is used.

d. A double L-section filter, consisting of two sections, each of one choke and
one capacitor, is used.

The load is 2,000 ohms, and a 375-0-375 transformer is used in a full-wave
circuit. Assume a 25-volt drop occurs across the tube.

3-10. A power supply has the form shown in the diagram.

25sh300" 25%3004

+
-l 3J28 v
T/& Tos %:0-065“

a. Determine the approximate secondary potential of the power transformer.
b. What would be the ripple potential if the power frequency is 60 cps; 400 cps?
8-11. In the power supply shown in the figure:

a. What is the output d-c potential?

b. What is the ripple potential in the output?

20% 1000 205100

’Ps T/s

¢. What is the minimum load current below which current cutout in the filter
occurs? What is the corresponding load potential?

Note: Make allowance for the tube drop, but assume a perfect transformer.

3-12. A typical circuit for the high-potential supply for a cathode-ray tube is
shown in the diagram. Estimate the output ripple potential.

l/ooma
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3-13. The circuit shown in the accompanying diagram is to supply two different
potentials. If the transformer is 375-0-375, what are the output potentials?

|ll ¢



CHAPTER 4

VACUUM TRIODES AS CIRCUIT ELEMENTS

4-1. Introduction. The analysis of the behavior of a vacuum-tube
circuit may be accomplished by two different methods, both of which are
to be examined in some detail. In one method, use is made of the static
characteristics of the tube. The second method achieves two forms. In
one, the tube is replaced by an equivalent potential source and a series
resistance. The source potential depends on the amplitude of the input
signal, the internal resistance depending on the tube that is used. In
the other form, the tube is replaced by an equivalent current source and
a shunting conductance. The magnitude of the source current depends
on the amplitude of the input signal, the shunting conductance depend-
ing on the tube that is used.

Although the second methods assume that the tube characteristics are
linear, the ultimate analyses allow a very clear insight into the operation
of the circuit. Because of this, the equivalent-circuit methods of analy-
sis are usually considerably more important than the method involving
the tube characteristics. Moreover, it is possible to estimate the inac-
curacies in the method, when large signal operation is involved. Actu-
ally, the form of analysis is dictated in large measure by the bias of the
tube, the signal amplitudes, and the characteristics of the load. It must
be noted that the equivalent-circuit techniques provide no means for
establishing d-c bias and current levels, and direct recourse to the static
characteristics is necessary for
this purpose.

An introduction of the methods
will be made in terms of the opera-
tion of the triode, but these will €
later be extended to the operation

of other types of tubes. S —_—
. +x Ebb+
4-2. Symbols and Terminology. ce
Fic. 4-1. The basic circuit of a triode

The simple triode amplifier is illus-
trated in Fig. 4-1. Before pro-
ceeding with the analysis, it is necessary to discuss the meaning of the

symbols and the general terminology of vacuum-tube circuits.
83

amplifier.
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The input circuit of the amplifier usually refers to all the elements of
the circuit that exists between the grid and the cathode terminals of the
tube. Similarly, the output, or plate, circuit usually refers to the ele-
ments that are connected between the cathode and the plate terminals
of the tube. In the circuit illustrated, the input circuit comprises the
input potential source e;, the grid resistor R,, and the bias battery E...
The plate circuit consists of the load resistor R; and the plate-supply
battery Ex. In many applications, the input signal e, is a sinusoidally
varying potential, although the waveshape may be nonsinusoidal, and is
frequently very carefully chosen for a particular application.

A variety of potentials, both d-c and varying, are involved simultane-
ously in a vacuum-tube circuit, making it necessary that a precise method
of labeling such quantities be established. In what follows, lowercase let-
ters will be used to designate instantaneous values and capital letters
will denote either d-c or rms values of sinusoids. The subscripts ¢ and g
will refer to the grid circuit, and the subscripts b and p will refer to the
plate circuit. Examples of the notation follow:

E.. = d-c grid, or C bias
Ey, = d-c plate supply, or B supply
E, = rms value of a-c input excitation potential if this excitation is
sinusoidal
E, = rms value of a-c output potential for a sinusoidal output
e, = instantaneous input signal potential; measured with respect to
the input terminals
e. = instantaneous potential that appears between grid and cathode
of tube
e, = instantaneous-signal component that appears between grid and
cathode of tube
e; = instantaneous signal potential that appears across output ele-
ment of circuit
e, = instantaneous potential between plate and cathode of tube
i, = instantaneous-signal component of plate current; positive in
direction from cathode to plate through load
i, = instantaneous total plate current; positive in direction from
cathode to plate through load
Iy = average or d-c current in plate circuit
E, = average or d-c potential from plate to cathode

Figure 4-1 illustrates the reference positive-potential polarities and the
reference direction of current. These reference conditions are an essen-
tial part of the diagram.

As a specific illustration of the notation, suppose that the input signal
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potential to the amplifier of Fig. 4-1 is
e =€, =2E, sin wt
Then the instantaneous grid-cathode potential is

€. = Ecc + '\/QE‘, sin wi

Circuits will be discussed in which no such simple relation between grid
driving signal and grid-cathode potential exists, owing to an involved
interconnection of circuit elements among the tube elements.

4-3. Graphical Analysis. Refer to Fig. 4-1, and suppose that the grid
input signal e; = 0. Owing to the d-c sources E.. and E, it will be sup-
posed that there is a current in the plate circuit. This is true only if
the plate supply Ew and the grid E.

. 55
supply E.are properly chosen. The 44,2,
value of this current may be found Lood
graphically. In fact, it is essential line
that a graphical solution be used.
This follows from the fact that the Zj|-—>~— % v R
plate circuit of Fig. 4-1 yields the ! 4 ‘

relation
Ep Egp

e = Ep — 1R, (4-1) Fia. 42. The operating point Q is
. located at the intersection of the load
However, this one equation is not line and the plate characteristic for

sufficient to determine the current ¢ = Fe
corresponding to the potential Ey, since there are two unknown quanti-
ties in the expression, e, and .

A second relation between e, and 7, is given by the plate characteris-
tics of the triode. The simultaneous solution of Eq. (2-1) and the plate
characteristics will yield the desired current. This is accomplished by
drawing Eq. (4-1) on the plate characteristics, in the manner illustrated
in Fig. 4-2. The line that passes through the points

ECC

—> €y,

1:1,'—_- eb=E'u,

. E
W = = € = (4-2)

is known as the load line. It is obviously independent of the tube char-
acteristics, for it depends only upon elements external to the tube. The
intersection of this line with the curve for e, = K, is called the operating,
or quiescent, point Q. The grid-bias supply E.. is usually such as to
maintain the grid negative relative to the cathode. The @ current in
the external circuit is I;, and the corresponding plate-cathode potential
is E.
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F1c. 4-3. The output current and potential waveforms for a given input grid signal.

Suppose that the grid-cathode potential is
e = Ece + V2 E, sin wt

The maximum and minimum values of e, will be E.. + /2 E, and
E.. — \/2 E,, respectively. The plate current and the plate potential

€ch

F16. 4-4. The grid input wave-
shape and the corresponding out-~
put current and potential wave-
shapes.

will vary about the values of I, and E,.
The graphical construction of Fig. 4-3
shows the details of the variations. The
values of ¢, and 7, for any given value of e,
are obtained from the intersection of the
load line and the 7;-¢;, curve for the specified
e.. The points a’, b’, ¢/, etc., of the out-
put current and the points a’’, b/, ¢”’, etc.,
of the output-potential wave correspond,
respectively, to the points 4, B, C, ete., of
the input-grid-signal waveform.

It is instructive to show the several
waveshapes in their proper phase relation.
This is done in Fig. 4-4. It should be
noted in particular that the variations
about the quiescent values have been
labeled. The quantities so labeled ‘are

e =e — K.
e =& — E (4‘3)
G =1 — Iy

These quantities give a measure of the amplification property of the
amplifier, as it is a direct measure of the a-c output variations for a

given a-c input variation.
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The curves of Fig. 44 indicate the following very significant results:
If the current 7, is sinusoidal, then 7, and e, are 180 deg out of phase
with each other. Also, the grid driving potential e, and the plate cur-
rent 7, are in phase with each other. This simply states that, when a
positive signal is applied to the grid,
the tube current increases. More-
over, with an increased current in
the plate circuit, the potential of the
plate falls.

A curve of the intersection of the
load line with the static-characteris-
tic curves, which is a measure of the
current 7, as a function of e. for the
specified Ey and load R;, is impor- |
tant. It is known as the ‘‘dy- |
namic” characteristic of the tube wt
circuit and yields directly the out- Fi6. 4-5. The dynamic curve and its use
put current for a given input signal. in (.ieterx.mmng the output waveshape for

L oeT a given input signal.
The construction is directly related
to the construction of Fig. 4-3 and is given in Fig. 4-5. The correspond-
ing points on both curves are similarly marked.

4-4. Potential-source Equivalent Representation of a Triode. In most
electron-tube problems, one is interested in the ‘‘a-c response” of the
tube, rather than in the total instantaneous variation of the potentials
and current. That is, the values of 7, and e, for a given ¢, are ordinarily
desired. It is possible to deduce this information directly from the static
characteristics of the tube, as discussed in Sec. 4-3. Of course, if the
potential variations are small, the accuracy of the results will be poor,
as small changes cannot be read with any degree of accuracy from the
curves. Moreover, the process may become quite tedious to perform,.
particularly for a reactive load, since the load curve is no longer a straight
line.

For small variations in the input potential, the tube parameters u,
r, and ¢, will remain substantially constant over the operating range.
Under such conditions, it will be shown that the graphical solution may
be replaced by an analytic one. Actually, the equivalent analytical solu-
tion depends on the constancy of the tube parameters, rather than on the
magnitude of the signals involved. The analytic method may be used
even under large signal operation provided that the tube parameters
remain substantially constant.

Reference is made to Eqgs. (2-17) and (2-18), which specify the varia-
tion in current about the quiescent point in terms of the variation result-
ing from the changes in the plate and grid potentials. This expression,

Dynamic
curve

v
D)
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A’Lb = ( ag())gc Aeb + ( aec)E;, Aec (4-4)

is only approximate. It specifies only the first two terms of the Taylor
expansion of the function #, = #(es,e.). In the general case, the result is

. (% 34 1 (9% ,
At = (3%)&. Ae + (ae)m Aee + g (5?%5)2. (8es)

1 (9% 2L 9%
+ 31 ((‘)_ef>g, (Aer)* + e, de, dey de; + - - - (4-5)

which is

A more informative form is possible, by relating the higher-order terms
in the expansion explicitly as variations in the plate resistance r, or in the
mutual conductance g,.. Consider the third term in the expansion. By
combining this with Eq. (1-18), there results

685

When the tube parameters are sensibly constant over the operating
range of Ae, and Ae., Eq. (4-4) is an adequate representation of the varia-
tion. This may be written, by Eqgs. (2-17) and (2-18), as

Aty = rl Aey + gm Ae, 4-7)
p

But as the changes about the quiescent values are, respectively,

Ay =1 — Iy = 1,
Ae. =e. — E. = ¢ (4-8)
A€b=€b—Eu)=8P
then Eq. (4-7) becomes
ip = rlelp + gme, (4-9)
P

or
ep = —puey + i1y (4-10)

This expression shows that the potential e, comprises two components;
one is an equivalent generated emf, or electromotance, which is p times
as large as the grid-cathode potential ¢,, and the second is a potential
difference across the tube resistance r, resulting from the current i,
through it.

Equation (4-10) may be used as the basis for drawing an equivalent
network for the tube. This is done in Fig. 4-6. Observe that the plate
circuit of the tube is replaced by a fictitious potential source with an
electromotance pe; and an internal resistance r,. Two points are empha-
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sized. First, the reference positive polarities and reference current direc-
tion are essential parts of the equivalent-network representation. Sec-
ond, no d-c¢ quantities appear on the diagram, since the equivalent-circuit
representation applies only for changes about the @ point.

Fi1Gc. 4-6. The vacuum triode and its a-c potential-source equivalent representation.

4-5. Current-source Equivalent Representation of a Triode. The
current-source equivalent representation of a triode replaces the tube by
a constant-current source shunted by a conductance, instead of the poten-
tial source with a series resistance. The form of the result is easily
obtained by rearranging Eq. (4-9) into the form

Gty = ip — 2 (4-11)

This expression shows that the current 7, comprises two components; one
is a generated current which is g,, as large as the grid-cathode potential
e;, and the second is a current through the shunting tube resistance r,
because of the potential e, across it.

F1a. 4-7. The vacuum triode and its current-source equivalent representation.

Equation (4-11) may be used as the basis for drawing the equivalent
network of the tube. This is done in Fig. 4-7. Observe that the plate
circuit of the tube is replaced by a current source with generated current
gmé, and a shunting resistance r,. Note also that the reference positive
polarities and the reference current direction are essential parts of the
equivalent-network representation, as before.

The reader will observe a striking parallel between the discussion in
this section and that in the previous section, except that one section con-
fines itself to a potential source and a series internal resistance, whereas
the present section confines itself to a current source and a shunt con-
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ductance (or resistance). This is actually part of a larger pattern which
exists in general network analysis and which is given the name of duality.*

If the varying quantities are sinusoidally varying ones, and this will
ordinarily be assumed unless otherwise explicitly stated, the analysis pro-
ceeds most easily in terms of the phasors (sinors and complex-number
representation for impedances) of elementary a-c circuit theory. The cir-
cuit notation and certain elements of general network analysis which will
be found useful in this text are discussed in Appendix A. The reader is
urged to refer to this appendix before proceeding. For sinusoidally vary-
ing signals, therefore, the tube potentials are expressed in terms of the
symbols E,, E,, and I, where these boldface symbols are employed to
denote sinor quantities, a symbolism that is adopted in this text. For
sinusoidally varying quantities, the vacuum triode is given in the accom-
panying two equivalent forms (see Fig. 4-8).

GmP —I

+ +

(b)
F1c. 4-8. (a) The potential-source and (b) the current-source equivalent circuits of
the triode for sinusoidally varying quantities.

4-6. Linear Analysis of Electron-tube Circuits. As discussed in Sec.
4-4, it is possible to determine the a-c response of a vacuum-tube circuit,
when the parameters of the tube remain substantially constant over the
range of operation, by replacing the tube by either its potential-source
equivalent or its current-source equivalent, and then employing the tech-
niques of general network analysis in the complete analysis of the circuit.

The technique of drawing the equivalent network of any tube circuit
is a straightforward process, although care must be exercised in carrying
out the details. To avoid error, the following simple rules will be found
helpful:

1. Draw the actual diagram neatly.

2. Mark the points (7, P, and K on this diagram. Locate these points
as the start of the equivalent circuit. Maintain the same relative posi-
tion as in the original circuit.

3. Between points P and K include either the potential-source repre-
sentation of Fig. 4-8a or the current-source representation of Fig. 4-8b,
depending on the preferred form.

* Some amplification of the principles of duality is given in Appendix A. For

an extensive discussion see W. LePage and S. Seely, ‘“General Network Analysis,”’
McGraw-Hill Book Company, Inc., New York, 1952.
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4. Transfer all circuit elements from the actual circuit to the equiva-
lent circuit, without altering the relative positions of these elements.

5. Replace each d-c source by its internal resistance, if any.

Several examples will be given to illustrate the foregoing techniques.

Example 1. Calculate the output potential E, of the simple amplifier circuit
given in Fig. 4-9. Note that the technique of drawing the equivalent circuit is in
accord with the rules given above.

Q
N

Ry

& (?\};

Fi1c. 4-9. A simple amplifier circuit and its a-c equivalent. The potential-source
equivalent of the tube has been used.

A direct application of the Kirchhoff potential law, which requires that the
algebraic sum of the potential rises and falls in completing a closed loop must be
zero, yields directly

vE; + I(r, + RB) = 0 (4-12)
Note also that
E, = E, (4-13)
It therefore follows that
LE,
1= - 4-14
r + Ry ( )

and the output potential E; is given by

uRE;, —u

— - _E, 4-15
PRy Al e aey) ) (4-15)

The ratio of the output to input potentials E./E, is the amplification, or gain,
K of the amplifier. Therefore

1.0
E:__ 08| Lttt
K=22=——* (416 : —
E, 1+rn/R (-16) _XK 0617
. V2
It is of interest to plot this expression, 04 L

which has the form given in Fig. 4-10. 02 e
It should be observed from this dia- 0 0T 7 3 4 3 ST 890
gram that gains which approach u are Ry/rp

q_uite feasible with moderate ‘Rl/r,, T3~ Pg, 4-10. The gain of the amplifier of
tios. For values Of. the ratio __K/“ Fig. 4-9 as a function of load resistance.
which are nearly unity, it is required
that R; be large. In this case, however, for the tube to be operated at the proper
d-¢ quiescent levels, the source Ej must be large, and the heating of the tube or
load resistor may become unduly high.
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Example 2. Calculate the output potential E, of the amplifier circuit given in
Fig. 4-11.

Fic. 4-11. A simple amplifier circuit and its a-c equivalent. The current-source
equivalent has been used.

The Kirchhoff current law is applied to the two junctions. This law requires
that the algebraic sum of the currents at any junction must be zero. The equa-
tions are

Junction G: ekl R S -0

(4-17)
E, - E, E. E,

E
Ra Tp Rz

Junction P: —

Collecting terms gives two equations,

1 1 1
B E g (lylil)_y
BT ”(R,+R2+R3) i)

1
Bt tr) re(e - g) 0
Combine the equations to get, by eliminating E,,
1 1 1
+ 5 + + -4+ 5
El 1 (Rl ><R3 Tp Rl) _
RTE|ET o~ 1/E; =0 @

The output potential is

E, = — (g — 1/Ry)(1/Ry) E,

1 1 1 1 1 1 1 1

The potential gain of this amplifier is

E? —(gm - ]/RJ)(]/R)

E, 1\ 1 111 1
(m‘m)m*(m*m*m)( e +Rz)

It should be noted that if the resistors B, and R; were absent, the circuit will
reduce to that of Example 1. Thus, by setting B, = 0and R; = « in Eq. (4-21),
the result reduces to that given in Eq. (4-16). Because of the presence of R,
and R; the gain of this amplifier stage is lower than that given in Example 1.

K= (4-21)
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A discussion of the effects of introducing these resistors, which have introduced
what is known as negative feedback, will be deferred until Chap 7.

4-7. Measurement of Triode Coefficients. As several additional illus-
trations of the methods of analysis just discussed, the circuits for obtain-
ing the values of g, 7,, and ¢. of a triode will be analyzed. It should be
recalled that the triode coefficients, first discussed in Sec. 2-13, were shown
to be related to the slope of the static-characteristic curves, according to
Figs. 2-14 to 2-16. However, the accuracy with which these quantities
can be measured in this way is not high. Not only do the methods now
to be discussed yield results which are made under dynamic conditions,
but the results are usually more accurate than those deduced from the
static characteristics.

Fic. 4-12. The Miller bridge and its equivalent circuit for determining the amplifica-
tion factor of a triode under operating conditions.

The amplification factor u is readily determined by means of the cir-
cuit given in Fig. 4-12. The operations involved in balancing the bridge
consist simply in varying R; and R, until no signal from the oscillator is
heard in the earphones. When this condition prevails, the plate current
I, = 0. Then the potential E, = IR;. By applying Kirchhoff’s law to
the plate circuit, ‘

'—[I,Eg + IRz = O
or
+uE, = IR, = ulR,
It follows from this that
_R
k=R
This measurement may be effected for any desired d-c current in the tube
simply by adjusting the grid bias E.,.

The transconductance ¢., is measured by means of a bridge circuit that
is a slight modification of Fig. 4-12. The addition of a resistor R;
between the plate and cathode makes this measurement possible. The
schematic and equivalent circuits of this bridge network are given in
Fig. 4-13. The measurement is accomplished by adjusting the resistors
until no signal is heard in the earphones.

(4-22)
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By applying Kirchhoft’s law to the several meshes, there results
LR;+Lyr, —uE, =0
But the potential E, is

E,, = IRl
Then
L(R; + rp) = ulR, (4-23)
Also, it follows that
IR, —I,R; =0
or
IR, = IR, (4-24)
The ratio of Eq. (4-23) to Eq. (4-24) is
R3 + Tp — Rl
R, MR
from which
R,
s = R “ R, T 1 (4-25)

Although this bridge may be used to evaluate r,, the result would be
dependent on the measurement of u. If, however, R, is chosen in such

3 Zearphones

>

F1c. 4-13. The Miller bridge for determining the transconductance of a triode under
operating conditions.

a way that u;/R.>> 1, then approximately

R;3R,
T T K R,
or
Kk _ R _
gm = Tp - RsRl (4 26)

The plate resistance r, of the tube can be measured directly by incor-
porating the plate circuit of the tube as the fourth arm of a Wheatstone
bridge, as shown in Fig. 4-14. When the bridge is balanced,

R.R;
Ty = R,

(4-27)
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The above circuits do not yield perfect balance owing to the capacitive
effects of the tube, and it is sometimes necessary to provide a means for
balancing these effects. Basically, how-
ever, the circuits are those given.

4-8. Harmonic Generation in a
Tube. The equivalent-linear-circuit
analysis of Sec. 4-4 usually permits an
adequate solution of an amplifier circuit
when the limitations of the method are
not exceeded or if relatively slight dif-
ferences are considered of no import- !
ance. There are occasions when it is Fia. 4-14. A Wheatstone bridge for
desirable to examine critically the effects ?gter mining the plate resistance of a

5 riode under operating conditions.
of the assumptions.

The assumption of linear operation, which is implied in Eq. (4-4) and
which assumed that higher-order terms in the Taylor expansion of the
current, 7,(es,e.) are negligible, is not always valid. This assumption,
which allowed the graphical solution of Fig. 4-5 to be replaced by the
analytical one of Fig. 4-6, requires that the dynamic characteristic of
the amplifier circuit be linear over the range of operation. Actually, the
dynamic characteristic is not linear in general but contains a slight
curvature. This nonlinear characteristic arises because the (7;,¢,) static
characteristics (see Fig. 4-3) are not equidistant lines for constant
e. intervals over the range of operation. The effect of this nonlinear
dynamic characteristic is a nonsinusoidal output waveshape when the
input wave is sinusoidal. Such an effect is known as nonlinear, or ampli-
tude, distortion.

It is possible to obtain a measure of the degree of nonlinearity that
results from the existence of the nonlinear dynamic curve. To do this,
it is observed that the dynamic curve with respect to the ¢ point may be
expressed by a power series of the form

ip = a1, + a2l + azel + - - - (4-28)

Clearly, if all terms in this series vanish except the first, then the linear
assumptions of the equivalent-circuit concept result. It will be found
that triodes, when operated under normal conditions, may be adequately
expressed by retaining the first two terms in the expansion. When a
triode is operated with such a large signal that the instantaneous grid-
cathode potential becomes positive, or if the triode is operated with such
a bias that the very curved portions of the plate characteristics must
be employed, more than two terms must be retained in the expansion.
Likewise, it is found that the parabolic approximation is not adequate
to represent the dynamic curve of a tetrode or a pentode under normal

D
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operating conditions. If the dynamic curve contains an extreme curva-
ture or if the operation is over an extreme range, it is sometimes found
preferable to devise special methods of analysis. For example, such spe-
cial methods will be used in the analysis of a tuned class C amplifier in
Chap. 10.

Suppose that the dynamic curve may be represented as in Eq. (4-28),
and consider that the input wave is a simple cosine function of time, of

the form
e, = Eyn cos wt (4-29)

By combining this expression with Eq. (4-28) and expanding the higher-
order powers of the cosine that appear in the resulting series, the result
may be shown to have the form

i, = Iy + Bo + B cos wt + B; cos 2wt + B cos 3wt + - - - (4-30)

If it is assumed that the excitation potential is a sine function of the time
instead of the cosine form chosen, the resulting Fourier series represent-
ing the output current will be found to contain odd sine components and

even cosine components.

- maxhN— — —

Ib_ wt‘
Iy,
i

Fic. 4-15. The construction for obtaining the plate-current values to be used in the
five-point schedule for determining the Fourier coeflicients.

A number of different methods exist for obtaining the coefficients B,
B,, B, etc. One of the more common methods is best discussed by
reference to Fig. 4-15. It will be assumed for convenience that only five
terms, Bo, B1, Bs, B;, By, exist in the resulting Fourier series. In order
to evaluate these five coefficients, the values of the current at five differ-
ent values of e, are required. The values chosen are l..x, I3, Ip, I_3,
and /., and correspond, respectively, to the following values of e,: the
maximum positive value; one-half the maximum positive value; zero;
one-half the maximum negative value; the maximum negative value.

It is evident from the figure that the currents are those chosen as shown
at the angles
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wl = 0 ib = Imax

wt =1§r ib = I}ﬁ

wt = g =Ty (4-31)
2 .

wl = -37: W = I_%

wl =17 7:[; = Imin

By combining these results with Eq. (4-30), five equations containing five
unknowns are obtained. The simultaneous solution of these equations

yields

Bo = Y6 (Imax + 2035 + 21 34 + Imin) — b
Bl=y(1max+1}é_1_%—]min)
B2 = }4 (Imax - 2Ib + Imin) (4—32)
B3 = }6 ( max 2I}ﬁ + 21—-}é - Imin)
B4 = y2 (Imlx - 41}’2 + 6Ib - 41—% + Im'\n)
The percentage of harmonic distortion is defined as
D, = 52 X 1009,  D;s = g" X 1009, D, = %‘ X 1009% (4-33)
1
where D, (s =2, 3,4, ...) represents the per cent distortion of the
sth harmonic and the total distortion is defined as
D=~Di+ DI+ Di+ - (4-34)

For the case where a three-point schedule is sufficient, and, as already
indicated, this would apply for a triode under normal operating condi-
tions, the analysis yields the expressions

Bl = % (Imax - Imin)
B2 = BO = }i (Imnx - 2Ib + Imin) (4‘35)

PROBLEMS

4-1. A 6C5 triode is used in the circuit of Fig. 4-1, the plate characteristics of
which are given in Appendix B.

a. With E, = 300 volts, £, = —8 volts, B; = 20 kilohms, draw the load line,
and locate the operating point. Plot the dynamic characteristic of the circuit.

b. If e; = 6 sin 10,000¢, determine the output current graphically, and plot the
curve as a function of wt.

c. From these curves, determine and plot the instantaneous plate potential
for the same interval as in part b. Check the phase relation between a-c com-
ponents of grid potential, plate current, and plate potential.

4-2. The characteristics of a given triode may be represented by the expression

% = 8.8 X 1073(es + 16¢.)!-8 ma,

It is to be operated at a plate potential E, = 250 volts and a grid-bias potential
E. = —9 volts.
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a. Calculate the plate resistance of the tube.

b. If this tube is used in the circuit of Fig. 4-1 with a load resistance
R; = 10 kilohms, determine the plate supply potential necessary for the tube
to be operating under the specified conditions.

c. Suppose that the grid driving source applies a potential e, = 8 sin wt to the
grid. Determine the a-c potential across the load resistor.

4-3. Draw the potential-source equivalent circuit of the electron-tube circuits
in the accompanying diagrams.

|

+ Output  t

s

+
} Output

(@) ()

Output
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4-4. A type 6A3 triode is used in an amplifier circuit to supply power to a
3,000-ohm resistor. In this circuit E., = —45 volts, Ew = 350 volts. A 45-volt
peak a-c signal is applied to the grid.

a. Plot the dynamic curve of the tube.

b. Assume that only the fundamental and a second harmonic exist in the out-
put. Determine the magnitudes of each.

¢. Plot a curve showing the output current for the sinusoidal input. On the
same sheet, plot the corresponding results from the calculations in part b.

4-5. It is possible to obtain a five-point schedule for determining the coeffi-
cients By, B,, B, B;, B, by almost any sensible choice of angle. Determine the
five-point schedule for determining the coefficients B in terms of Inmax, Lo.707, I,
1—0.707; Imin-



CHAPTER 5

BASIC AMPLIFIER PRINCIPLES

6-1. Classification of Tubes and Amplifiers. The classification of an
amplifier is usually somewhat involved, owing to the fact that a complete
classification must include information about the tubes that are used, the
conditions of the bias, the character of the circuit elements connected to
the tubes, the function of the circuit, and the range of operation. Cer-
tain of these factors will be discussed here, but many will be deferred for
later discussion.

Apart from the wide variety of vacuum tubes of the diode, triode,
tetrode, pentode, beam, hexode, heptode, and multiunit types and the
varied power capacities of each type, it is possible to classify the tubes
according to their principal applications. Tubes may be -classified
roughly into five groups, viz., potential-amplifier tubes, power-amplifier
tubes, current-amplifier tubes, general-purpose tubes, and special-purpose
tubes.

1. Potential-amplifier tubes have a relatively high amplification factor
and are used where the primary consideration is one of high potential
gain. Such tubes usually operate into high impedance loads, either
tuned or untuned.

2. Power-amplifier tubes are those which have relatively low values of
amplification factor and fairly low values of plate resistance. They are
capable of controlling appreciable currents at reasonably high plate
potentials.

3. Current-amplifier tubes are those which are designed to give a large
change of plate current for a small grid potential; i.e., they possess a high
transconductance. These tubes may be required to carry fairly large
plate currents. Such tubes find application as both potential and power
amplifiers, depending on the tube capacity.

4. General-purpose amplifier tubes are those whose characteristics are
intermediate between the potential- and the power-amplifier tubes.
They must have a reasonably high amplification factor and yet must be
able to supply some power.

5. Special-purpose tubes include a wide variety of types. The hexode,

heptode, and multiunit tubes are of this type.
100



SEc. 5-1) BASIC AMPLIFIER PRINCIPLES 101

Amplifiers are classified according to their frequency range, the method
of tube operation, and the method of interstage coupling. For example,
they may be classed as direct-coupled amplifiers, audio-frequency (a-f)
amplifiers, video amplifiers, or tuned r-f amplifiers if some indication of
the frequency of operation is desired. Also, the position of the quiescent
point and the extent of the tube characteristic that is being used will
determine the method of tube operation. This will specify whether the
tube is being operated in class A, class AB, class B, or class C. These
definitions are illustrated graphically in Fig. 5-1.

1. A class A amplifier is an amplifier in which the grid bias and the a-c
grid potentials are such that plate current flows in the tube at all times.

Q i N\ Q il o Sl o Sl

[ ] T
] 5: : S:
1 Class B ’Cl : Class C

F1G. 5-1. Amplifier classification in terms of the position of the quiescent point of
the tube.

!

2. A class AB amplifier is one in which the grid bias and the a-c grid
potentials are such that plate current flows in the tube for appreciably
more than half but less than the entire electrical cycle.

3. A class B amplifier is one in which the grid bias is approximately
equal to the cutoff value of the tube, so that the plate current is approxi-
mately zero when no exciting grid potential is applied, and such that
plate current flows for approximately one-half of each cycle when an a-c
grid potential is applied.

4. A class C amplifier is one in which the grid bias is appreciably
greater than the cutoff value, so that the plate current in each tube is
zero when no a-c grid potential is applied, and such that plate current
flows for appreciably less than one-half of each cycle when an a-c grid
potential is applied.

To indicate that grid current does not flow during any part of the input
cycle, the subscript 1 is frequently added to the letter or letters of the
class identification. The subscript 2 is added to denote that grid current
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does flow during some part of the cycle. For example, the designation
class AB, indicates that the amplifier operates under class AB conditions
and that no grid current flows during any part of the input cycle.

Potential amplifiers, whether tuned or untuned, generally operate in
class A. Low-power audio amplifiers may be operated under class A and
with special connections, under class AB or class B conditions. Tuned
r-f power amplifiers are operated either under class B or under class C
conditions. Oscillators usually operate under class C conditions. A
detailed discussion is deferred until the appropriate points in the text.
When a tube is used essentially as a switch, no classification is ordinarily
specified.

6-2. Distortion in Amplifiers. The application of a sinusoidal signal
to the grid of an ideal class A amplifier will be accompanied by a sinus-
oidal output wave. Frequently the output waveform is not an exact
replica of the input-signal waveform because of distortion that results
either within the tube or from the influence of the associated circuit.
The distortions that may exist either separately or simultaneously are
nonlinear distortion, frequency distortion, and delay distortion. These
are defined as follows:

1. Nonlinear distortion is that form of distortion which occurs when
the ratio of potential to current is a function of the magnitude of either.

2. Frequency distortion is that form of distortion in which the change
is in the relative magnitudes of the different frequency components of a
wave, provided that the change is not caused by nonlinear distortion.

3. Delay distortion is that form of distortion which occurs when the
phase angle of the transfer impedance with respect to two chosen pairs of
terminals is not linear with frequency within a desired range, the time of
transmission, or delay, varying with frequency in that range.

In accordance with definition 1, nonlinear distortion results when new
frequencies appear in the output which are not present in the input signal.
These new frequencies arise from the existence of a nonlinear dynamic
curve and were discussed in Sec. 4-8.

Frequency distortion arises when the components of different fre-
quency are amplified by different amounts. This distortion is usually
a function of the character of the circuits associated with the amplifier.
If the gain vs. frequency characteristic of the amplifier is not a horizontal
straight line over the range of frequencies under consideration, the circuit
is said to exhibit frequency distortion over this range.

Delay distortion, also called phase-shift distortion, results from the fact
that the phase shift of waves of different frequency in the amplifier is
different. Such distortion is not of importance in amplifiers of the a-f
type, since delay distortion is not perceptible to the ear. It is very
objectionable in systems that depend on waveshape for their operation,
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as, for example, in television or facsimile systems. If the phase shift is
proportional to the frequency, a time delay will occur although no dis-
tortion is introduced. To see this, suppose that the input signal to the
amplifier is periodic and may be expressed analytically by

ey = Eml sin (wt + 01) + Emz sin (Zo)t + 62) + s (5—1)

If the gain K is constant in magnitude but possesses a phase shift that is
proportional to the frequency, the output will be of the form

€y = Kme sin (wt + 01 + tl/) + KEmz sin (2wt + 02 + 2\0) + st

This output potential has the same waveshape as the input signal, but a
time delay between these two waves exists. By writing

wt! = wt + ¢
then
€y = KEml sin (wt’ + 01) + KEmz sin (thl + 02) + M (5-2)

This is simply the expression given by Eq. (3-1), except that it is referred
to a new time scale ¢’. Delay distortion, like frequency distortion, arises
from the frequency characteristics of the circuit associated with the
vacuum tube.

It is not possible to achieve such a linear phase characteristic with
simple networks, but it may be approximated with special phase-equal-
izing networks.

5-3. The Decibel; Power Sensitivity. In many problems where two
power levels are to be compared, it is found very convenient to compare
the relative powers on a logarithmic rather than on a direct scale. The
unit of this logarithmic scale is called the bel. A decibel, which is abbre-
viated db, is 3{g bel. By definition, the logarithm to the base 10 of the
ratio of two powers is N bels; that is,

Number of bels = logio I_I;_z
‘p (5-3)
or Number of db = 10 logmﬁ2
1

It should be emphasized that the bel or the decibel denotes a power ratio.
Consequently the specification of a certain power in decibels is meaning-
less unless a reference level is implied or is explicitly specified. In com-
munication applications, it is usual practice to specify 6 mw as the zero
reference level. However, any power may be designated as the zero
reference level in any particular problem.

Suppose that these considerations are applied to a power amplifier,
with P, the output power and P, the input power. This assumes that
the input circuit to the amplifier absorbs power. If the grid circuit does
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not absorb an appreciable power, then the term decibel gain of the ampli-
fier means nothing. Under such conditions, it is customary to speak of
power sensitivity, which is defined as the ratio of the power output to the
square of the input signal potential. Thus

Power sensitivity = mhos (5-4)

2
E}
where P, is the power output in watts and E, is the input signal rms volts.

If the input and output impedances are equal resistances, then
P, = E}/R and P, = E}/R, where E; and E, are the output and input
potentials. Under this condition, Eq. (5-3) reduces to

Number of db = 20 log;e E (5-5)

2
E,
In general, the input and output resistances are not equal. Despite
this, this expression is adopted as a convenient definition of the decibel
potential gain of an amplifier. It is essential, however, when the gain of
an amplifier is discussed, that it be clearly stated whether one is referring
to potential gain or power gain, as these two figures will be different, in
general.

Many of the considerations of the foregoing sections are best illustrated
by several examples.

Example 1. Calculate the gain of the grounded-grid amplifier circuit of Fig.
5-2.

Fic. 5-2. Schematic and equivalent circuits of a grour;ded—grid amplifier.

Solution. The equivalent circuit of the amplifier is drawn according to the
rules of Sec. 4-6 and is that shown in Fig. 5-2b. The application of the Kirchhoff
potential law to the equivalent circuit yields

E, — uE, — 1(r, + B, + R) = 0 (5-6)

Also from the diagram
E,= —-E, + 1R, (5-7)
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Combine the two equations to find
E — u(—E, +1IR,) —I(r,+ R, + R) = 0

The plate current is then given by

Ei(u+1)
I= -
BTt DR, TR, &5
The corresponding output potential is
RE
E,= IR = W T DRE (5-9)

T wH+ DR+ + R

The gain, or potential amplification of this amplifier, which is the ratio of the
output to the input potential, is

E, R,
K=—=— " -
E, R r» + R, (5-10)
o u 1

The input impedance is given as the ratio E,/I and is

=E_Tr+Rl

Z, I w+1

+R, (5-11)

which, for small R,, is quite small. This means, of course, that heavy loading of
the driving source may exist if B, is small.

It is of interest to compare the results of this example with Example 1 of Sec.
4-6. Observe that it is possible to apply the signal either in the grid circuit or
in the cathode circuit and still achieve operation of the tube, although the input
impedance is different in the two cases.

Example 2. A type 6J5 triode for which p = 20, r, = 7,700 ohms is employed
in an amplifier, the load of which consists of an inductor for which B, = 1,000
ohms and L = 1 henry. Calculate the gain and phase shift of the amplifier at
o = 2,000 rad/sec and w = 10,000 rad/sec. Draw the complete sinor diagram
of the system. The input signal is 6 volts rms.

Solution. The schematic and equivalent circuits are shown in the accompany-
ing diagrams. At w = 2,000 rad/sec,

120 + j0

I = 13.1 — 73.01 ma

= 7,700 + (1,000 + 72,000)
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The output potential is

E, = — (1,000 + 72,000)(13.1 — j3.01) X 10~3
—(19.1 + j23.2) = 30.1/—129.5°

I

The gain is given by
E, 30.1/—129.5°

The potential sinor diagram has the form shown in the sketch.

3 120

At w = 10,000 rad/sec,
1=

120 + jO

= 5.94 — j6.83 ma

7,700 + (1,000 + 510,000)
The output potential is

E, = — (1,000 + j10,000)(5.94 — j6.83) X 103
= —(74.2 4 552.6)
= 90.8/—144.7°
The gain is given by
90.8/ —144.7° 151 144,70
- *__———6/_0 = 15.1/—144.

The potential sinor diagram has the form of the accompanying diagram.

The results are tabulated for convenience. An examination of the results indi-
cates the presence of frequency distortion, since the gain at w = 2,000 rad/sec is
different from that at w = 10,000 rad/sec. Also, phase-shift distortion exists in
this amplifier.

w Gain and phase | Potential db gain
2,000 | 5.01/—129.5° 14 db
10,000 15.1/—144.7° 23.6 db
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65-4. Interelectrode Capacitances in a Triode. It was assumed in
the foregoing discussions that, with a negative bias on the grid, the grid
driving-source current was negligible. This is generally true if one
examines only the current intercepted by the grid because of its location
within the region of the electron stream. Actually though, owing to the
physical proximity of the elements of the tube, interelectrode capacitances
between pairs of elements exist. These capacitances are important in the
behavior of the circuit, as charging currents do exist.

Owing to the capacitance that exists between the plate and the grid,
it is not true that the grid circuit is completely independent of the
plate circuit. Since the capacitance between plate and grid is small, the
approximation that the plate circuit is independent of the grid circuit
is valid at the lower frequencies. However, at the higher frequencies,
interelectrode capacitances may seriously affect the operation.

¢ 5.Gp

LAY +
Ilﬁ.
+ C :
E1<> =, 3 E;

b
1
E
Vg

AA
VWWWW

F1c. 5-3. Schematic and equivalent circuits of an amplifier, including the inter-
electrode capacitances.

A more complete schematic diagram and its equivalent circuit are given
in Fig. 5-3. In this circuit, C,, denotes the capacitance between the grid
and the plate, C is the grid-cathode capacitance, and C, is the capaci-
tance between the plate and the cathode. The solution for the gain of
this circuit is readily obtained with the aid of the Millman theorem (see
Appendix A, Sec. A-5b). The point O’ corresponds to the plate termi-
nal P, and the point O is the cathode terminal K. Four branches must
be considered between these points: the load impedance with zero poten-
tial; the capacitor C; with zero potential; the potential rise uE, in series
with r,; the potential E, in series with C;. The capacitor C; which exists
across the input E; does not appear in the equation. The result is

_ —uEY, +EY,
Y, + Y. FY.+ Y

where Y, = 1/r, is admittance corresponding to r,
Y: = jwC, is admittance corresponding to C;
Y; = jw(C; is admittance corresponding to C;
Y; = 1/Z, is admittance corresponding to Z;
E, = potential difference between P and K, or potential across
load impedance

E, (5-12)
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Note that E; = E,. The potential gain is given by

_ output potential _ E,
" input potential = E,

and may be written in the form

Y; — gn
K=y, 7Y +Y.17, (5-13)
In this expression use has been made of the fact that g. = u/r,.

In this analysis a number of factors have been neglected. It has been
assumed that no conduction or leakage currents exist between tube ter-
minals. Such leakage current will depend upon many variable factors,
such as the spacing between electrodes, the materials of the base, the
conditions of the surface of the glass and the tube base, and perhaps the
surface leakage between connecting wires. Ordinarily the error is small
in neglecting the effects of this surface leakage. If this assumption is
not true, the effect can be taken into acount by writing for each inter-
electrode admittance g, + jwC, instead of jwC,, where g, takes account of
the leakage current and also dielectric losses. Interwiring and stray
capacitances must be taken into account. This may be done by con-
sidering them to be in parallel with C,, C,, and C;. Additional consid-
erations are necessary at the high frequencies. These are discussed in
Sec. 5-8.

The error made in the calculation of the gain by neglecting the inter-
electrode capacitances is very small over the a-f spectrum. These inter-
electrode capacitances are usually 10 uuf or less, which corresponds to
admittances of less than 2 umhos at 20,000 cps. This is to be compared
with the mutual conductance of the tube of, say, 1,500 pmhos at the
normal operating point. Likewise Y, 4 Y; is usually negligible com-
pared with Y, + Y;. Under these conditions, the expression for the gain
[Eq. (5-13)] reduces to Eq. (4-16).

5-6. Input Admittance of a Triode. Owing to the presence of the
interelectrode capacitances, the grid circuit is no longer isolated from the
plate circuit. In fact, with a positive signal on the grid and with the
consequent negative potential on the plate, an appreciable change of
potential appears across the capacitance C,,, with a consequent appre-
ciable current flow. Also, the potential change across the capacitance
C,x is accompanied by a current flow. Clearly, therefore, the input-sig-
nal source must supply these currents. To calculate this current, it is
noted from the diagram that

Il = E1Y1
13 = E“,Y3 = (E1 - Ez)Ya

and
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But from the fact that

E, = KE,
then the total input current is

L=L+1I =Y.+ (1 — K)Y3]E,
The input admittance, given by the ratio Y; = L/E,, is

Y. =Y, + (1 - K)Y, (5-14)

If Y; is to be zero, evidently both Y; and Y; must be zero, since K cannot,
in general, be 1/0 deg. Thus, for the system to possess a negligible input

admittance over a wide range of frequencies, the grid-cathode and the

grid-plate capacitances must be negligible.
Consider a triode with a pure resistance load. At the lower frequen-

cies, the gain is given by the simple expression [Eq. (4-16)]

_ _—uk
Ri+r,
In this case, Eq. (5-14) becomes
Y: = jo [Cl + (1 + uRy ) 03] (5-15)
' Ri+r,

Thus the input admittance is that from a capacitor between grid and

cathode of magnitude
)
C;=0C,+ (1 + m) C; (5-16)
Attention is called to the very large contribution to the input capaci-
tance by the grid-plate capacitance Cj;, owing to the fact that its magni-
tude is multiplied by the amplifier gain. As a result, the total input
capacitance is very much higher than any of the interelectrode capaci-
tances. The presence of this input capacitance will be found to affect
the operation of the amplifier, and often will make operation impossible,
especially at the higher frequencies. Methods of compensation have
been devised to overcome this effect, and these will be examined later.
For the general case when the gain of the amplifier K is a complex
quantity, the input admittance will consist of two terms, a resistive and
a reactive term. For the case of an inductive load, the gain K may be
written in the form (see Sec. 5-3, Example 2)

K = — (ki + jke) (5-17)
and Eq. (5-14) becomes
Y,‘ = _wC:;kQ +]w[01 + (1 + ]CI)C:;] (5-18)
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This expression indicates that the equivalent input circuit comprises a

resistance (which is negative in this particular case, although it will be

positive for a capacitive load) in parallel with a capacitance C;, as shown
in Fig. 5-4. The equivalent elements have the form

1

R and the capacitor
Ci = Cl + (1 + ]C])Ca (5—20)
Fic. 5-4. The

equivalent, input As indicated in the above development, it is possible
circuit of a triode.  for the term k, to be negative (with an inductive load).

Under these circumstances the input resistance R; will
be negative. Physically, this means that power is being fed back from
the output circuit into the grid circuit through the coupling provided by
the grid-plate capacitance. If this feedback reaches an extreme stage,
the amplifier will oscillate. These feedback effects in an amplifier will
be examined in some detail in Chap. 7.

5-6. Input Admittance of a Tetrode. The equivalent circuit of the
tetrode is essentially that of the triode, even though a screen grid exists
in the tetrode. A schematic diagram of a simple amplifier circuit
employing a tetrode is given in Fig. 5-5. In drawing the equivalent
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F1c. 5-5. Schematic and equivalent circuits of a tetrode in an amplifier circuit.

i
3}
<
)
Q
3
+
3
Q
—

circuit, the rules given in Sec. 4-6 have been appropriately extended and
employed. This requires the introduction of a point S, the screen ter-
minal, in addition to the points K, G, and P.

Notice that the screen potential is maintained at a fixed d-¢ potential
with respect to cathode and is at zero potential in so far as a-c variations
about the @ point are concerned. As indicated in the figure, this effec-
tively places a short circuit across Ci; and puts C, and C, in parallel.
This parallel combination is denoted C,. The capacitance C,, now
appears from plate to cathode and is effectively in parallel with C,,.
This parallel combination is denoted C,. Also, from the discussion in
Sec. 2-14, the shielding action of the screen is such that the capacitance
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Cype between grid and plate is very small. If this capacitance is assumed
to be negligible, and it is less than 0.001 uuf in the average potential tet-
rode, then Fig. 5-5 may be redrawn in the form shown in Fig. 5-6. In
this figure, the capacitances have

the values

Cl = Cak + Cus

P o
Lolom]
Cy = Cpy + Cpi (5-21) E,C) G C: 3Z:E,
Lo 1
_ + »

The input admittance of the tube

is then I3
. F1c. 5-6. The ideal equivalent circuit of a
Y: = juCy (5-22) tetrode amplifier.

G

+

AA
VW

The mere substitution of a tetrode for a triode may not result in a very
marked improvement in the amplifier response. This follows from the
fact that the stray and wiring capacitances external to the tube may allow
significant grid-plate coupling. It is necessary that care be exercised in
order that plate and grid circuits be shielded or widely separated from
each other in order to utilize the inherent possibilities of the tube.

6-7. Input Admittance of a Pentode. The discussion in Sec. 2-14
showed that, even though the tetrode had a significantly smaller grid-
plate capacitance than the triode, the presence of the screen grid was
accompanied by the effects of secondary emission from the plate when
the instantaneous plate potential fell below the screen potential. As
discussed, the effect of this is overcome by the insertion of a suppressor
grid between the screen grid and the

G
plate.
+ When used in a circuit as a potential
E, amplifier, the pentode is connected in

the circuit exactly like the tetrode with
the addition that the suppressor grid is
connected to the cathode. By draw-
ing the complete equivalent circuit of
the pentode amplifier, by appropriately
extending the rules of Sec. 4-6, and by including all tube capacitances, it is
easy to show that the equivalent circuit reduces to that shown in Fig. 5-7.
In this diagram

Fi16. 5-7. The equivalent circuit of a
pentode amplifier.

Cl = Cok + Cv:
Co=Cu + Cp + Cps (5-23)

where C,; is the plate-grid No. 3 capacitance.

The plate load impedance Z; is frequently much smaller than the plate
resistance of the tube, and it is convenient to use the current-source
equivalent-circuit representation of the tube, as shown. For the range
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of frequencies over which the input and output capacitances C; and C,
are negligible, and with r,>>Z, the total generator current passes

Vi

F1c. 5-8. The current-source equivalent circuit of the pentode amplifier.

through Z;. Under these circumstances the output potential is

E; = —¢g.E\Z,
and the gain is given by the simple form
K= —y¢.Z (5-24)
If the assumed conditions are not valid, the gain becomes
K= —g.Z (5-25)

where Z is the combined parallel impedance in the
output circuit.

6-8. High-frequency (H-F) Considerations.
In addition to the effects of the interelectrode
capacitances in affecting the performance of an
amplifier, several other factors are of importance,
Fi6. 5-9. Circuit for ex- Particularly at the higher frequencies. These
amining the effect of were mentioned in Sec. 5-7 and include the effects
cathode lead inductance  of Jead inductances and also the effects due to
in a pentode. e e

transit time.

To examine the effect of the cathode lead inductance, Fig. 5-9 is ana-
lyzed. For convenience, it will be assumed that the grid is negative
throughout the cycle and that transit-time effects are negligible. Then
fOI' I2 >> Il

Iz = ngg
and

¢ ijl
Also

L,
E1 = ]ZC—,I + ]ngng

Combine equations to get
_ Il . 11

Ev = 20, Tigmel 75

I

= 5aCs (1 + jgmwL)
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The input admittance is

_ & _ ijl _ ]wCl(l — JwgnlL)
E: 1+ jgnol 1+ wo%2L?

If w?glLl? K 1, then

Y; (5-26)

Yi = w"’g,,.LCl ‘*‘ jw01 (5—27)

Observe, therefore, that the cathode lead inductance introduces an input
conductance of amount w?g,.LC}.

A second component of input conductance arises because of the transit
time of the electrons between cathode and plate. An exact calculation
is difficult, but a qualitative explanation is possible which indicates the
grid-loading effects involved. To understand grid loading, consider an
electron that has left the cathode and is approaching the grid in its
flight to the anode. Suppose that the grid potential is negative relative
to the cathode so that no electrons are collected by the grid. As the
electron approaches the grid, a changing image-charge density will be
induced on the grid (see Sec. 2-4 for a discussion of image charges).
This changing image charge represents an instantaneous grid current, the
direction of flow of charge being such as to charge the bias battery. The
power for this charging process is supplied by the moving electron, and
as a result the electron is decelerated.

Once the electron has passed the grid, the process is reversed, and the
moving electron receives energy from the grid, and it is accelerated
thereby. The amount of energy lost by the electron as it approaches the
grid is just equal to that which it gains as it moves away, and the net
energy change is zero. As a result, the net grid loading is zero.

If the transit time of the electron in the cathode-anode space is of the
order of the period of the applied grid potential, the grid loading
becomes important, for now the electron can no longer be considered to
be in a field which is constant in time. It is possible for the energy that
is supplied to the grid by the moving electron to exceed the amount of
energy that is returned by the grid in its interelectrode flight, with a
resultant net energy loss in the grid circuit. This energy is supplied by
the grid driving source, and it represents a load on this source.

From a circuits point of view, the foregoing may be described in terms
of an induced current in the grid. At the lower frequencies, the induced
grid current is 90 deg out of phase with the grid potential, with a con-
sequent zero net power loss. At the higher frequencies, an inphase com-
ponent exists. This inphase component reduces the input resistance, and
this may produce an appreciable loading of the input circuit.

The foregoing concepts may be employed to indicate in a qualitative
way the effect of the various factors on the input resistance. If T
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denotes the transit time, f denotes the frequency of the applied grid
potential, and g. is the mutual conductance of the tube, it is expected
that the grid current I, is proportional to T and f, since I, is small if
either of these is small. Also, I, should be proportional to g., since g.
determines the a-c component of plate current for a specified E,, and the
total grid current is proportional to this a-c component of the plate cur-
rent. If « denotes the transit angle, which is now less than 90 deg, then
the inphase component of I, is I, sin «, which is simply I,a for small
deviations from 90 deg. But « is also proportional to T and f. Thus
the inphase component of I, is proportional to ¢g.T??, or

9i = kg f?T? (5-28)

where k is a constant depending on the geometry of the tube and elec-
trode potentials. This relationship agrees with the complete analysis of
Ferris.!

It will be seen from Eqgs. (5-27) and (5-28) that ¢; and the conductance
component of the cathode inductance depend on the frequency in the
same way. Consequently, these components cannot be separated readily
in measurement of input resistance or conductance.

Tubes for use at the high frequencies are made in a manner to reduce
transit time, interelectrode capacitances, and lead inductances. This is
done by means of very close electrode spacing, and generally small phys-
ical dimensions of electrodes. Among such tubes are the so-called
‘““acorn,” ‘“‘doorknob,” “pencil,” and ‘‘disk-seal,” or ‘‘lighthouse,” tubes,
with upper limits in frequency of approximately 2,000, 1,700, 3,000, and
3,500 Me, respectively. These names are indicative of the external
envelope shape, the first three possessing essentially cylindrical electrode
structures, the last being essentially of a planar construction. The first
two have the leads brought out of the envelopes at widely spaced points,
in order to reduce capacitances. The latter two bring the leads out in the
form of disks. At the higher frequencies these tubes are incorporated in
coaxial line resonators, lead inductances being unlmportant as these form
part of the resonant cavities.

5-9. Potential Sources for Amplifiers. A number of different poten-
tial sources are required in an amplifier. These are the following: the
filament, or A, supply; the plate, or B, supply E,; the grid-bias, or C,
supply E..; the screen supply E... These potentials are supplied in
different ways.

The Filament, or A, Supply. The most common method of heating the
cathodes of indirectly heated tubes is from a low-potential winding on a
transformer which operates from the a-c supply lines. Storage batteries
may be used if d-c heating is necessary, but this is ordinarily not neces-
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sary except in special applications. Special low-drain tubes are avail-
able for use in portable radio sets and are fed from dry batteries.

The Plate, or B, Supply Ew. Most equipments involving the use of
electron tubes are operated from the a-c supply mains, and the d-c plate
supply is then secured by means of a rectifier and filter unit (see Chap.
3 for details). For applications with severe requirements on regula-
tion or low ripple, the power supply must be electronically regulated.
For low-drain requirements, dry batteries may be used.

The Grid, or C, Supply E... The grid circuit of most amplifiers ordi-
narily requires very little current, and hence low-power
dry batteries may be used. In most cases, however,
self-bias is used (although this is restricted to class A
and class AB amplifiers). Self-bias is achieved by !
including a resistor R, in the cathode of the amplifier Re3 TGk
tube and shuntipg t.his resistor with a cgpacitor Ci, the F1o. 510, Obtain.
reactance of which is small compared with R, over the jng self-bias by
operating frequency range. The quiescent current /, means of a cathode
flows through this resistor, and the potential difference  reSiStor-
provides the grid bias. The correct self-biasing resistor R, = E../I,.

The capacitor Ci serves to by-pass any a-¢c components in the plate
current, so that no a-c component appears across the resistor B;. If such
an a-c component, or varying bias, does exist, then clearly there is a
reaction between the plate circuit and the input circuit. Such a ““feed-
back” effect will receive detailed consideration in Chap. 7. If this effect
is to be avoided, large-capacitance capacitors may be required, particu-
larly if the frequency is low. High-capacitance low-potential electrolytic
capacitors are available for this specific service and are quite small
physically.

The Screen Supply E.... The screen supply is ordinarily obtained from
the plate-supply source. In many cases the screen potential is lower
than the plate supply, and it is usual practice to connect the screen to the
plate supply through a resistor. The resistor is chosen of such a size
that the potential drop across it due to the screen current will set the
screen at the desired potential. A capacitor is then connected from the
screen to the cathode so as to maintain this potential constant and inde-
pendent of B-supply variations or variations in the screen current.

It is customary to use a common B supply for all tubes of a given
amplifier circuit. Because of this, the possibility for interactions among
the stages through this common plate supply does exist and might be
troublesome unless the effective output impedance of the power-supply
unit is very small. It is necessary in some applications to include RC
combinations known as decoupling filters so as to avoid this interaction.

A typical resistance-capacitance coupled-amplifier circuit which is pro-
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vided with self-bias, decoupling filters, and screen dropping resistors is
illustrated in Fig. 5-11.

Decoupling <
filter ~ 7

AAAAA
—WWWV

4

F1c. 5-11. Resistance-capacitance coupled amplifier, with self-bias, decoupling filters,
and screen dropping resistors.
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PROBLEMS

5-1. Two waves, one of amplitude 10 volts and frequency 1,000 cps, the second
of amplitude 5 volts and frequency 3,000 cps, are applied to the input of a certain
network. The two waves are so phased that they both pass through zero in the
positive direction together.

a. Sketch the resulting input potential.

b. Suppose that the fundamental component suffers a phase delay of 10 deg
on the fundamental scale and that the third-harmonic component suffers a 50-deg
delay on the third-harmonic scale, although neither amplitude is effected. Sketch
the output wave.

5-2. a. The output potential of a given amplifier is 18 volts, when the input
potential is 0.2 volt at 5,000 cps. What is the decibel potential gain of the
amplifier?

b. The output potential is 7 volts when the input potential is 0.2 volts at
18,000 cps. By how many decibels is the response of the amplifier at 18 ke
below that at 5 ke?

6-3. Prepare a table giving the power sensitivity of the following tubes (assume
that the output power and the grid excitation are those specified in the tube
manual): 6A3, 6F6, 6V6, 6L6, 6AG7.

5-4. An a-c excitation potential of 5 volts rms at a frequency of 2,000 cps is
applied to a 6J5 tube for which g = 20, r, = 7,700 ohms. The load is a pure
resistance of 15,000 ohms. Calculate the following:

a. The a-c current in the plate circuit.

b. The a-c output potential.

¢. The gain of the amplifier.

d. The a-c power in the load resistor.

5-5. Repeat Prob. 54 if the load is an inductive reactance of 15,000 ohms,
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6-6. Find expressions for the indicated quantity in the accompanying circuits.

Find T Find Ep

6-7. A type 6SF5 high-mu triode is operated as a simple amplifier under speci-
fied conditions at 30,000 cps. The important factors are

u =100 rp = 66,000 ohms Cop = 2.4 puf Cor = 4.0 uuf
Cpw = 3.6 puf

a. Calculate the input capacitance and the input resistance of the tube alone
when the load is a resistor R; = 100 kilohms.

b. Repeat when the load impedance is of the form 60,000 + j60,000 ohms.

5-8. A type 6J5 triode is operated as a simple amplifier under specified condi-
tions at 22,000 cps. The important factors are

u=20 rp = 7,700 ohms Cop = 3.4 puf Co = 3.4 ppf
Cpk = 3.6 ;tp.f

a. Calculate the input capacitance and the input resistance of the tube when
the load is a resistor R; = 20 kilohms.

b. Repeat when the load is an impedance of the form 10,000 4+ 710,000 ohms.

5-9. A type 6J5 tube is operated in the circuit of the accompanying diagram.
Calculate the output potential. (See Prob. 5-8 for the important factors of the
tube.)

<+
'
e;=8sin2x10°
I

Y )"
]

1
1

6-10. Show that Fig. 5-7 does represent the complete equivalent circuit of the

pentode.
6-11. A type 6SJ7 pentode is operated as a simple amplifier under specified

conditions.
a. When connected as a pentode, with R; = 25 kilohms, the important factors

are

gm = 1,575 uymhos  r, = 0.7 megohms  C,p = 0.005 puf  Cigpue = 6.0 ppuf
Cou',put = 7.0 [l./l.f

Calculate the input capacitance of the amplifier.
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b. When this tube is reconnected as a triode, the factors become
u =19 rp = 8,000 ohms Cyp = 2.8 upf Cox = 3.4 puf Cpor = 11 ppuf

Calculate the input capacitance with R; = 25 kilohms, and compare with the
results of part a.

5-12. A 6AC7 pentode is to be used as a class A amplifier with Ey = 250 volts.
Determine the value of the self-biasing cathode resistor to set E.. = —2 volts;
the screen dropping resistor to set E., at 150 volts if Ew = 350.



CHAPTER 6

UNTUNED POTENTIAL AMPLIFIERS

6-1. Basic Considerations. It is frequently necessary to achieve a
higher gain in an amplifier than is possible with a single amplifier stage.
In such cases, the amplifier stages are cascaded to achieve this higher
gain, the output potential from one stage serving as the input potential
to the next stage.

A number of factors influence the number and the characteristics of
the individual stages which must be used to meet certain previously spec-
ified requirements. Among the factors which must be taken into account
in amplifier design are the total over-all gain required, the shape of the
frequency-response characteristic, and the over-all bandwidth. Certain
factors exist which impose limits to the sensitivity which may be achieved,
among these being the inherent noise generated in such devices. The
requirements for stability of operation impose severe practical restric-
tions on the techniques of construction. Because of the several factors
that play a part in amplifier design, gains in excess of about 10¢, or 120 db
potential gain, are extremely difficult to achieve. Depending on the
bandwidth considerations, amplifiers seldom exceed six to nine stages in
cascade for stable operation. Extreme caution is required in the design
of such multistage amplifiers.

To calculate the over-all gain and frequency response of a multistage
amplifier, the equivalent circuit of the amplifier must be drawn. The
rules for accomplishing this are given in Sec. 4-6. The resultant equiva-
lent network is then analyzed as a conventional problem in a-c circuit
analysis. ‘

A variety of coupling networks between the cascaded stages are pos-
sible, and a few have become very common, either because of their sim-
plicity or because of some especially desirable characteristic. A num-
ber of the more common types will be considered in this chapter in some
detail.

6-2. Resistance-Capacitance (RC) Coupled Amplifier. The resist-
ance-capacitance (EC) coupled amplifier, illustrated in Fig. 6-1, is one
of the more common and more important amplifier circuits. This ampli-
fier circuit is used when a sensibly constant amplification over a wide
range of frequencies is desired. By the use of tubes with high amplifica-

119



120 RADIO ELECTRONICS [Crap. 6

tion factors, it is possible to achieve a gain of 50 or more per stage. It
will be found that high-gain triodes possess certain inherent disadvan-
tages, and it is frequently desirable to use pentodes instead. If pentodes
are used, the screen potential must remain constant; otherwise the follow-
ing analysis will no longer be valid.

The capacitors C,, C2, and C; in this schematic diagram are known as
coupling, or blocking, capacitors and serve to prevent any d-c potentials
that are present in one stage from appearing in another stage. That is,
capacitor C, serves to prevent any d-c potential in the input from appear-
ing across the grid resistor R,; and thus changing the d-c operating
level of the amplifier. Capacitor C, serves a similar function in coupling
stage 1 to stage 2. The value of the coupling capacitors is determined
primarily by the l-f amplification. They ordinarily range from about
0.001 uf to 0.1 uf for conventional a-f stages. The resistor R,, which is

F16. 6-1. Schematic diagram of a two-stage RC coupled amplifier.

known as the grid resistor, furnishes a path by which the grid-bias supply
is applied to the grid. It also serves as a leak path through which any
electrons that may be collected by the grid from the electron stream
within the tube may be returned to the cathode. If such a leak path
were not provided, the grid would acquire a negative potential with the
collection of the electrons, thus influencing the operation of the tube.
A negative-bias supply potential is ordinarily used, and the grid current
is usually very small. This permits the use of relatively large resistances
for R,, say from 50 kilohms to 2 megohms. Large values of &, are desir-
able in achieving a wide frequency response. The load resistor R; is
determined principally by the gain and the frequency bandwidth that
are desired, as will be shown below.

The equivalent circuit of the amplifier of Fig. 6-1 is shown in Fig. 6-2.
This circuit is valid for triodes, tetrodes, or pentodes provided that the
screen potential of the latter two is maintained constant. In this cir-
cuit E, denotes the a-c input potential applied to the grid of the first
stage. This potential appears across the parallel combination consist-
ing of the resistor R,; in parallel with the input impedance to the ampli-
fier. The interelectrode capacitances are not shown on the diagram, but
their effect is contained in the effective input capacitance C, to each
stage. That is, the input impedance of the stage is considered to com-
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prise a resistance (assumed positive) in parallel with the input capaci-
tance. It is also supposed that the impedance of the driving source is
low, so that the loading by the total input impedance of the first stage
does not affect the input potential. The output circuit of the first stage
consists of the load resistance, the coupling capacitance C,, output tube
and wiring capacitances, and the total input impedance of the second
stage. This is denoted as R, and C, for the total resistive and capaci-
tive components. The output of the amplifier is the potential across the
output impedance, which is denoted by the symbol Z. This impedance
cannot be specified more completely until the nature of the output circuit
is known.

The coupling between the grid and the plate of the tubes through the
interelectrode capacitances can be neglected over a wide frequency range

+
Er 7 /: Rl
9 Cgl
. + [Ey | + J#eEg |

F1G. 6-2. The equivalent clrcu1t, of the RC amplifier of Fig. 6-1.

“qn

with pentodes and over the a-f range with triodes. Consequently each
stage may be considered as independent of the following stage, but the
output of one stage is the input to the next stage. As a result, it follows
that since

_ E, _ output potential of 1st stage

E, input potential to 1st stage

and
E; _ output potential of 2d stage
E. input potential to 2d stage
output potential of 2d stage
output potential of 1st stage

then the resultant over-all gain is

E; _ output potential of 2d stage

K= E, input potential to 1st stage

It follows from these expressions that
K = KX, (6-1)

By taking twenty times the logarithm of the magnitude of this

expression
20 lOgm K =20 lOglo K1 + 20 logw Kz (6‘2)



122 RADIO ELECTRONICS [Crar. 6

It follows from this that the total decibel potential gain of the multi-
stage amplifier is the sum of the decibel potential gains of the separate
stages. This fact is independent of the type of interstage coupling.

6-3. Analysis of RC Coupled Amplifier. A typical stage of the RC
coupled amplifier is considered in detail. This stage might represent any
of a group of similar stages of an amplifier chain, except perhaps the out-
put stage. Representative subscripts have been omitted. The equiva-
lent circuit is given in its two forms in Figs. 6-3.

The typical stage will be analyzed by two methods in order to show the
features of the methods. One method will employ the Millman theorem,
as applied to Fig. 6-3a. The second method will employ a straightfor-
ward junction solution of Fig. 6-3b.

1€ Gz P i 1C G2
+ N + +1\ +
P ngQJ

Ré Ep Ry CRIE l 3 R’ EPIRy%

< < cg Ez
HEg, \
K

K
(a) (b)
Fic. 6-3. A typical stage of an RC coupled amplifier. (a) Potential-source and
(b) current-source equivalents.

A direct application of the Millman theorem between the points G, and
K yields the expression

E,

P

— EplYC

Y¢ + Yg, + Yc,
where Yo = jwC, Yg, = 1/R,, Y¢, = jwC,. An application of this theo-
rem between the points P and K yields the expression

_ —,U.Elep + EQYC
B = ¥, 5 ¥, F Yo (6-4)

where Y, = 1/r,and Y, = 1/R;. By combining Eq. (6-3) with Eq. (6-4)
and solving for the gain K = E,/E,,, since E,, = E,, there results
— '_F‘YpYC

(Yo + Yr, + Ye,) (Y, + Y1) + Ye(Yr, + Yo,

This is the complete expression for the potential gain of such an amplifier
stage. If the constants of the circuit are known, the gain and phase-
shift characteristics as a function of frequency may be calculated.

Now refer to Fig. 6-30, and apply the standard techniques of junction
analysis. The controlling equations, obtained from considerations of the
Kirchhoff current law, are

Y, + Y, + Yo)E,, — YE, = —g.Ex (6-6)
—YcE, + (Yo + Ye, + Yg,)E: =0

(6-3)

K (6-5)
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By determinantal methods, it follows that
Yp + Yl + YC '_gm

_Ei_ Yo 0 )
K=E "%, 77 5% ¥, (6-7)
—Y¢ Yo + Y, 4+ Yg, !

The expansion of these determinants by Cramer’s rule yields Eq. (6-5),
as it must.

It will be found convenient to analyze the response of the amplifier for
limiting regions of frequency instead of attempting an interpretation of

<

amPol () B3 B3 Ry3(E:

F1G. 6-4. The mid-frequency equivalent circuits of the RC amplifier.

Eq. (6-5) directly. In fact, in many cases it is more convenient to ana-
lyze the appropriate equivalent circuit, rather than attempting the anal-
ysis from Eq. (6-5).

Intermediate Frequencies. The intermediate frequencies, or mid-fre-
quencies, are those for which Y¢ is large and Y, is small. Subject to
these conditions, the equivalent circuits of Fig. 6-3 reduce to those shown
in Fig. 6-4.

For the range of frequencies over which this equivalent circuit is valid,
the expression for the gain becomes

_ — —gm
K=K - Y, + Y+ Yx, (6-8)
This expression for the gain is independent of the frequency, since no
reactive elements appear in the circuit. Each parameter in the equation
is a conductance, and because of the negative sign the relative phase
angle between the input and output potentials is constant and equal to
180 deg.

L-F Region. At the low frequencies the effect of C, is negligible, and

Yc, may be made zero. The effect of the coupling capacitor C becomes
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ung
+

Fia. 6-5. The 1-f equivalent circuit of the RC amplifier.

very important. The equivalent circuit under these conditions has the
form shown in Fig. 6-5. The general expression for the gain [Eq. (6-5)]
reduces to

—uY,Ye

= Yo, ¥ Y ¥ Yu) £ Ya¥, 7 19 (6-9)

K =K,

It is found convenient to examine the 1-f gain relative to the mid-fre-
quency gain. The ratio K,/K, becomes

K, 1

=1 6-10
K, 14 Ye (Y, +Y) (6-10)
Ye(Y, + Y, + Yg,)
This may be written in the simple form, for any frequency f,
K, 1 !
K, 1 — it8/f ©-11)
where
f, Yr,(Y, + Yo (6-12)

= 2xC(Y, + Y1 + Yz,

Equations (6-11) and (6-12) are meaningful only if the load is a pure
resistance, since then £, is a real number and the magnitude of the relative
gain becomes

& = —_——_1__——

Ky V1 +1(f1/f)2 (6-13)
= SR, ¥ r Ry T B

This shows that the parameter f, represents the frequency at which the
gain falls to 1/4/2, or 70.7 per cent of its mid-frequency value. This
frequency is usually referred to as the I-f cutoff frequency of the amplifier.
The relative phase angle 6, is given by

where

tan 6, = h (6-14)

This approaches 90 deg as the frequency approaches zero.
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It should be noted that the 1-f cutoff value [Eq. (6-12)] depends, among
other terms, on the size of the coupling capacitor C. Since the value of
C appears in the denominator of the expression for f;, then, for a decreased
I-f cutoff, larger values of C must be chosen. Of course, the gain must
ultimately fall to zero at zero frequency.

There are several practical limitations to the size of the coupling capaci-
tance that may be used. The capacitor must be of high quality so that
any leakage current will be small. Otherwise a conduction path from
the plate of one stage to the grid of the next stage may exist. But good-
quality capacitors in sizes greater than 0.1 uf are physically large and are
relatively expensive. Also, if the coupling capacitance is large, a phe-
nomenon known as blocking may result if grid current flows. This arises
when the time constant CR, is much larger than the period of the highest
frequency to be passed by the amplifier. Thus if an appreciable charge

+

R
]

F1g. 6-6. The h-f equivalent circuit of the RC amplifier.

flows into the capacitor with the application of the input signal and if
this cannot leak off quickly enough, a charge will build up. This may
bias the tube highly negatively, perhaps even beyond cutoff. The
amplifier then becomes inoperative until the capacitor discharges. This
condition is sometimes desirable in special electron-tube circuits. How-
ever, it is a condition that must be avoided in an amplifier that is to
reproduce the input signal in an amplified form.

The grid resistance R, must be made high to keep the gain high, since
R, of one stage represents a loading across the plate resistance R; of the
previous stage. The upper limit to this value is set by the grid current.
Ordinarily the grid current is small, particularly when the grid bias is
negative. But if the grid resistance is made too high, and several meg-
ohms is the usual limit, the potential across this resistance will act as a
spurious bias on the tube. While special low-grid-current tubes are avail-
able, these are designed for special operations and would not ordinarily
be used in conventional circuits.

H-F Region. At the high frequencies, the admittance of C is very
large, and the admittance of C, becomes important. The equivalent cir-
cuit corresponding to these conditions becomes that shown in Fig. 6-6.
The general expression for the gain reduces to

—uY,
Y,, +Y + YR,, + YC,

K=K, = (6-15)
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The gain ratio K;/K, becomes

K, _ 1
K~ e (6-16)

1+Yp+Yz+YR,

This expression may be written in a form similar to Eq. (6-11) for the 1-f
case. It becomes

K, 1
Ko 1 6-1
K~ 1 ¥j//% (6-17)
where
= Yo+ Yo+ Ve,
£, = e (6-18)

In this expression C, denotes the total capacitance from grid to cathode
and comprises the input capacitance of the following stage, the output
wiring, and the output tube capacitance.

In Eqs. (6-17) and (6-18), as in Egs. (6-11) and (6-12), the expressions
are meaningful only if the load is a pure resistance. Then f, is a real
number, and the magnitude of the relative gain becomes

K, | 1 .
K ~NTF G770 (6-19)

It follows from this that f, represents that frequency at which the h-f
gain falls to 1/4/2, or 70.7 per cent, of its mid-frequency value. This
frequency is usually referred to as the h-f cutoff of the amplifier. The
relative phase angle 6, is given by

tan 8, = — 1 (6-20)

fa

This angle approaches —90 deg as the frequency becomes very large
compared with f,.

Note from Eq. (6-18) that the h-f cutoff value depends on the value of
C,, among other factors. Since the value of C, appears in the denomina-
tor of the expression, then clearly a high h-f cutoff requires a small value
of C;,. Moreover, since the input capacitance of a pentode is appreciably
less than that of a triode, the pentode possesses inherently better possi-
bilities for a broad frequency response than does the triode. Note above
that the h-f cutoff is improved by the use of large Y,, Y, and Yz, which
implies the use of small values of resistance R;, R, and a tube with a small
plate resistance.

6-4. Universal Amplification Curves for RC Amplifiers.! The fore-
going analysis shows that the gain of an RC coupled amplifier is sub-
stantially constant over a range of frequencies and falls off at both the
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high and the low frequencies. A typical frequency-response curve has
the form sketched in Fig. 6-7.

Since the relative gain and the relative phase-shift characteristics
depend only upon the two parameters f; and f., it is possible to construct
curves which are applicable to any such amplifier. Such universal curves
are given in Fig. 6-8.

2101 A8 1.0
£ |3
% _|£
w 180 ?;0.5
] 2
£ |3
90l 0 -t

Fic. 6-7. A typical frequency response and phase characteristic of an RC coupled
amplifier.

The frequency-response characteristics of any RC coupled amplifier
can easily be obtained with the aid of these curves. The first step in the
analysis is to calculate the values of the parameters f, and f, from Eqs.
(6-12) and (6-18). Then the values of the relative gain and the relative
phase angle are obtained from the curves for a number of values of the
ratio f1/f and f/f.. These are plotted as a function of f. It must be
remembered in using Fig. 6-8 that the ordinate is K;/K, or 8, when the
abscissa is fi/f. Also, the ordinate is K,/ K, or 6, when the abscissa is f/f5-
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F1c. 6-8. Universal gain and phase-shift curves for an RC coupled amplifier.

6-5. Gain-Bandwidth Product. Suppose that it is desired to extend
the h-f response of an RC coupled amplifier. According to the universal
gain characteristic, this requires that the quantity f, be increased. By
Eq. (6-18) this increase in f, may be accomplished by increasing any of
the terms Y, Y;, or Yg, or by decreasing C,. It is desired to examine the
effect of varying these parameters.
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Consider the factor Y,. An increase in Y, implies that the plate resist-
ance r, is reduced. This would seem to favor the use of triodes with low
values of r,. However, tubes of this type are power triodes, which are
low-u tubes. Consequently, in addition to the low gain inherent in such
tubes, and the corresponding high grid driving signal that would be
required for reasonable output potential, the use of a triode is inadvis-
able because of the relatively large total input capacitance which such a
stage would possess [see Eq. (5-16)], so that the influence of the increase
in C, would more than overcome the gain possible by increasing Y,,.

An increase in Y;, which implies a reduction in the load resistance R,
will also be accompanied by an increased value of f,. Thus while there
is an increase in the bandwidth of the amplifier, the gain is thereby
reduced. Suppose that the tube that is used is a pentode, and this is
generally the case for a broad-band amplifier. For the pentode, since
rp is large (and of the order of 1 megohm) and R, may also be made large,
the h-f cutoff value is given with good approximation by

_ 1
= 320, = TR, (6-21)
Moreover, for the pentode, the gain of the stage is given with good

approximation by
Ky, = g R (6-22)

If it is assumed that the 1-f cutoff is small, so that f» denotes the total
bandwidth of the amplifier, then the gain-bandwidth product is

_ Gn !
K,B = 5nC, (6-23)

Observe from this expression that the gain-bandwidth product of the RC
coupled amplifier is a constant that depends only on the tube. This
means that, by changing a circuit parameter to increase the gain, the
bandwidth of the system is reduced; one is obtained at the expense of
the other for a given tube and a given circuit configuration.

Since the gain of the stage is proportional to g.. of the tube, and since
the bandwidth, for a given gain, is proportional to 1/C, in a given cir-
cuit configuration, the limit to the bandwidth is dictated fundamentally
by the interelectrode capacitances of the tube. Thus even if the wiring
and socket capacitances were reduced to zero, an impossible practical sit-
uation, the sum of the output capacitance of the one tube and the input
capacitance to the following stage would provide the ultimate limitation.
That is, the ultimate limit is imposed by an effective capacitance C\,
which is the output capacitance of one tube and the input capacitance to
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the next tube, or

= (6-24)

KB = 5:C,

= gn
- 21r(C;n + Cout)

From this expression, a quantity M is defined as

— gm
M = e (6-25)
M is known as the figure of merit of the tube.

For service requiring a large gain-bandwidth product, the tube should
possess a large transconductance in proportion to the input plus output
electrode capacitances. The 6AKS5 and the 6AC7 are both highly satis-
factory in this respect, the 6AK5 being slightly superior to the 6AC7.
When allowance is made for socket and wiring capacitances, an average
6AK5 has a gain-bandwidth product of approximately 55 Mc (for the
tube capacitances alone this figure is approximately 117 Mec) and an
average 6AC7 has a corresponding value of 50 Mec.

6-6. Cascaded Stages. When identical stages are connected in cas-
cade, a higher gain is provided, as required by Eq. (6-1). However, this
higher gain is accompanied by a narrower bandwidth. It is desired to
obtain expressions which show the effect of cascading identical amplifiers.
This is done piecewise for the important frequency regions.

Consider that n identical stages are connected in cascade. In the mid-
frequency range the resultant gain is constant and is given by

K., = (Ko)" (6-26)

For the 1 region, the relative gain for the n stages is given by

Ky 1 .
(7<‘0> = TF G /T (6-27)

The resulting 1-f cutoff value is defined as that value for which the rela-
tive gain is reduced by 1/4/2. This requires that

G e

'.&)2 = 1/n
1+<f 2

so that the ratio of single to n cascade stages is

ffl—l =/27" — 1 (6-29)

from which
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The relative h-f gain for the n-stage amplifier is obtained exactly as for
the 1-f region and is given by

K.\" _ __}__— ’ .
(’K—o> DR (6-30)

The corresponding relative h-f cutoff-value ratio is then

% N Y| (6-31)

Table 6-1 gives the values of the cutoff frequency reduction function

TABLE 6-1
BANDWIDTH REDUCTION FACTOR V2* — 1

n Ve =

1.0

0.643
0.510
0.435
0.387
0.350

SO AW -

4v/2v» — 1. It is seen, for example, that the h-f cutoff value of two
identical stages in cascade is reduced by a factor 0.643. Correspond-
ingly, the I-f cutoff value is increased by this same factor. This means,
of course, that the total bandwidth of the amplifier decreases as the num-
ber of cascaded stages increases. To achieve specified over-all h-f and
1-f cutoff values, the single-stage cutoff values must be correspondingly
high and low, respectively.

6-7. Direct-coupled Amplifier.2 It is possible to build a type of
cascaded amplifier without reactive elements and, in principle at least,
secure a very broad-band amplifier. The potential gain of such an ampli-
fier does not depend on the frequency, at least to a first approximation.
However, the effect of tube and wiring capacitances imposes the same
limitations on the h-f cutoff of the amplifier as in the RC coupled ampli-
fier. It might appear that such amplifiers would find very widespread
use because of these desirable characteristics. However, such amplifiers
do possess certain disadvantages, and their use is limited, though they
find extensive employment as d-¢ amplifiers and as amplifiers for very
slowly varying inputs.

A battery-coupled cascade-amplifier circuit of basic design, together
with the equivalent plate circuit for small changes in voltage and cur-
rent, is shown in Fig. 6-9. The gain of such an amplifier stage is readily
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.found to be
—#Rz
rp + Rl

It will be observed that the circuits are quite like the RC coupled
amplifier except that the coupling (blocking) capacitors are absent.
Because of the fact that the grid of one stage is directly connected to the
plate circuit of the previous stage, it is necessary to include d-c sources
at the various critical points in the circuit in order that the quiescent con-
ditions be those of class A operation.

The battery-coupled amplifier has the outstanding feature that it will
amplify a steady component in the input voltage, but it suffers from three
main disadvantages. The first is the cost of the relatively high-potential
grid-bias batteries. These are required when a common plate and a
common filament supply are used. In an alternative arrangement,
indirectly heated cathodes having different potentials are used, thus
obviating the necessity for large grid-bias potentials. However, sepa-
rate plate supplies are required in this case.

The second disadvantage of the direct-coupled amplifier is the inherent
instability associated with direct
coupling. The characteristics of |
the tubes in the circuit change
slightly with time; the battery | T hyl
potentials, or the a-c line-operated & B S 2
rectified power supplies, likewise +§ é‘p I %

. . . E Ry, r,,
change with time. Since such ™\/ .
. 9
changes are amplified, the d-c am- = +
plifier is not feasible unless precau-
tions can be taken which tend to
overcome this instability. For this reason, balanced circuits and circuits
with degenerative feedback are used, since they tend to minimize this
difficulty.

The third disadvantage arises from the capacitance between the grid-
bias batteries and the cathodes. This, plus the interelectrode capaci-
tances, stray wiring capacitance, and stray inductance, influences the
transient-response time and materially affects the rapidity with which
the amplifier output responds to rapid changes of input potential. In
consequence, even though the amplifier is direct-coupled, precautions
must be taken to ensure a broad h-f response in order to provide a short
response time.

It is possible to build a direct-coupled amplifier that uses a positive
plate supply, a negative bias supply, and resistance coupling networks.
This overcomes the first disadvantage. The circuit of such an amplifier
is illustrated in Fig. 6-10. The equivalent circuit of a typical stage of

K= (6-32)

Fi1c. 6-9. Basic battery-coupled amplifier
circuits.
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this amplifier is given in Fig. 6-11. The gain of such an amplifier is
readily found to be
uR,o _L__
K - _ Rll + Rcl + Rg? (6-33)
4+ Ru(Re + Ryo)
? Rll + Rcl + Rg2

For an appreciable potential gain, the parallel combination of R; and
R.; + R,, should be large compared with r,, and R,, should be large
compared with R.;. This will necessitate the use of a large bias supply.

Fr1G. 6-10. A resistance-coupled amplifier.

Direct-coupled amplifiers are used extensively as the amplifier in a cir-
cuit the grid exciting source of which has a very high internal resistance
or which is capable of supplying only a very small current. In this case,
the grid current must be very small. In particular, the grid current is
significant when the grid-cathode resistance of the tube, though high,

might not be large in comparison

G . . .
P with the resistance of the circuit
. P Re, that suppli‘es the grid signal volt-
age. Special electrometer tubes
E, Ry, + . . . .

in which the grid current is of the

#Eg Ry, E, - .
+ order of 10-!* amp are available

K for such applications. The grid
Fi1g. 6-11. The equivalent circuit of a current of the typical negative-
typicgl stage of the resistance-coupled rid tube is of the order of 10-%
amplifier of Fig. 6-10. g X S R
amp with normal rated potential
applied to the tube electrodes. With the electrode potentials at very low
values, the grid current may be reduced as low as 10~!2 amp.

6-8. The Cathode-coupled Amplifier. A two-tube circuit which is
used extensively as a direct-coupled amplifier, owing to certain self-bal-
ancing features, and which is often used as an a-c amplifier, is illustrated
in Fig. 6-12. This circuit overcomes the first disadvantage of the pre-
vious section and permits the use of a common battery supply for all
stages.

To analyze the operation of the circuit, the Kirchhoff potential law is
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applied to the loop circuits shown. The tubes are assumed to be iden-
tical. Hence, there follows
E,=E —E=E -0 —L)R:
E;. = —E, = —(I, — I)R, (6-34)
Ilr,, - ﬂEgl + Ek = 0
12(7'11 + Ri) + pE;p — E, =0

Write the equations in the form

Lir, + (u + DRy — L(u + )Ry = uE,
—Ii(u + I)Rk + 12[7';; + (ll + I)Rk + Rz] =0
The solution of these equations yields, for current I,
I, wle + DRE, (6-35)

T+ DR, + (+ DR + R — (e + DR
The output potential E, is
ple + DHRRE,

B = Ll = W F DRIF, +  F DR + BI = ((a ¥ DR
(6-36)
Now write this as
_ #RlEl "
E. = o + rp(ry + Ri) + R (6-37)
P (w4 1Rk !

If the parameters are so chosen that r, + R < (¢ + 1) R, then approxi-

mately
E2 — .uRlEl
27‘,, + Rz

which is a form quite like that for the ordinary single-tube amplifier,
except for the appearance of the factor 2r, in the denominator instead of

(6-38)

J

FI1g. 6-12. A cathode-coupled amplifier and its equivalent circuit.

simply ,. Note also that the output potential has the same phase as the
input potential. A typical circuit showing cascade cathode-coupled
amplifiers is given in Fig. 6-13.
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It may be shown that the h-f cutoff value for cascaded stages, which
results from the effects of the interelectrode, wiring, and distributed
capacitances, is considerably higher than in a single-tube amplifier.
However, such amplifier stages are not used for broad-band or video
amplifiers, since a pentode proves to be superior, both as regards gain and
bandwidth possibilities. Moreover, pentodes are seldom used in this
circuit from bandwidth considerations alone. Such cathode-coupled
amplifiers are used for very 1-f or d-c amplifier service.

F1a. 6-13. A multistage d-c amplifier employing cathode-coupled amplifiers.

6-9. Inductance-Capacitance (LC) Coupled Amplifier. The circuit of
the inductance-capacitance coupled amplifier differs from that of the
resistance-capacitance coupled amplifier only in the use of an inductor
plate load instead of a plate resistor. The schematic diagram of the
amplifier is given in Fig. 6-14. The use of an inductor instead of a
resistor in the plate circuit makes possible the use of a smaller plate-
supply potential for a particular tube operating condition, since the d-c

Frc. 6-14. Schematic diagram of an inductance-capacitance coupled amplifier.

resistance of the inductor is small and the d-c potential drop across this
inductor is also small.

The equivalent circuit of one stage of this amplifier is given in Fig.
6-15. Observe that this circuit differs from the corresponding equivalent
circuit of Fig. 6-3 only in the plate-circuit impedance. Consequently
the analysis leading to Eq. (6-5) is valid in the present case provided that
the plate-circuit admittance is interpreted to be
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Y, = juCr + m (6-39)

Here C is the distributed winding capacitance, which has been assumed
to shunt the inductor, and R is the resistance of the inductor.

The frequency-response characteristic of this amplifier may be exam-
ined in the same way as that for the RC system. The analysis shows that
the response is generally similar to that for the RC amplifier, except that
the sensibly flat region is narrower, although the mid-frequency gain is
somewhat higher. The gain drops

off more rapidly than for the RC ,?

amplifier at the low frequencies owing n

to the low reactance of L in addition Tn 1

to the high reactance of C. The gain z st-c, Ry ==Cy,
drops off more rapidly than for the L i B
RC amplifier at the high frequencies ~7#Eg [~~~

because of the shuntingeffects of both
Crand C,. The mid-frequency gain
is higher than for the RC amplifier
provided that the impedance of the inductor at these frequencies is higher
than the resistance of the plate load of the RC amplifier.

The LC coupled amplifier is seldom used as a potential amplifier owing
to the narrow frequency band and the cost of the inductor. This type
of coupling, which is also referred to as shunit- or parallel-feed coupling, is
frequently used in power amplifiers.

6-10. Transformer-coupled Amplifiers. The circuit of a transformer-
coupled amplifier is given in Fig. 6-16. The transformer as a coupling

+ ; ' ¢ +
Input Outpw?
t T | b | T )

FiG. 6-16. Schematic diagram of a transformer-coupled amplifier.

Frc. 6-15. The equivalent circuit of a
typical stage of an LC coupled amplifier.

device possesses several desirable features. Owing to the step-up
character of the transformer, a total amplification per stage greater
than the u of the tube can be achieved. Also, the d-c isolation provided
by the transformer automatically removes the requirement for a blocking
capacitor. High-quality interstage transformers generally have potential
ratios of 1:3 or less. Higher transformation ratios usually are accom-
panied by distributed winding capacitances and by interwinding capaci-
tances that are excessive. The effects of these capacitances will be
considered below.
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The equivalent circuit of a typical transformer-coupled stage is given
in Fig. 6-17.

M<id-frequency Response. An approximate expression for the gain per
stage may readily be found if it is assumed that the transformer is ideal.
An ideal transformer is one for which unity coupling exists between
primary and secondary windings and in which the losses and stray
capacitances are negligible. If it is assumed that the secondary of

&
N

()
o

3

I
—t
N
5]

N

FiG. 6-17. The equivalent circuit of a typical transformer-coupled stage.

the transformer, which feeds the grid of the following stage, is essen-
tially open-circuited, then the plate-circuit impedance is infinite. Conse-
quently the full effective potential uE, of the stage appears across the
transformer primary. The corresponding output potential at the second-
ary terminals is nuE,, where n is the transformation ratio of the trans-
former. The gain of the stage is then simply

K =Ko = nu (6-40)

a constant, independent of the frequency.

L-F Region. The foregoing considerations are only approximate, owing
to the character of the assumptions that were made. To examine the
response at the lower frequencies, the effective distributed winding

F1a. 6-18. The I-f equivalent circuit of a transformer-coupled amplifier.

capacitances and leakage inductances may be neglected. The corre-
sponding equivalent circuit has the form shown in Fig. 6-18. The resist-
ance of the primary winding is denoted as R, and its inductance is L.
Similarly, R» and L, represent the secondary resistance and inductance,
respectively.

It is evident from this diagram that the primary current is

#Eq

L= R T
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The potential difference across the primary inductance is

- —uE,
1 — j(r, + R1)/wly

But the potential that appears across the secondary winding Ei; is n
times as large as E,;. The secondary voltage may be in phase or 180 deg
out of phase with E, and depends upon the relative winding direction
of the primary and secondary windings. The gain of the transformer-
coupled stage is then

Ey nu
K, = 2= ¢ : 4
'S E, T T T30, + kel (6-42)

Eak (6-41)

The ratio of 1-f to mid-frequency gain is then

K, 1
il SV _
K - Y T=50, F By/el, (6-43)
which may be written in the form
K, 1
S 6-44
e (6-44)
where
— Tp + Rl
fr= 2wl (6-45)

Observe that the gain ratio has the same general form as for the RC
coupled amplifier. Now the gain drops off at the lower frequencies
because the reactance of the primary winding decreases and no longer
will be large compared with the total resistance of the primary circuit
Tp + Rl. .

Equation (6-45) contains an explanation why high-gain tubes, which
inherently possess high plate resistances, are not employed in transformer-
coupled amplifiers. If such high-gain tubes were used, then the I-f
response would be very poor. If an attempt were made to improve the
I-f response by designing the transformer to have a very high primary
inductance, the associated distributed capacitances would become exces-
sive. The alternative method of obtaining high primary inductance
through the use of core material of very high permeability has led to the
development of high-permeability alloys such as permalloy and hiperm.

H-F Region. At the high frequencies the shunting effects of the
primary and secondary windings may be neglected. However, the effects
of the leakage inductances, and also the interwinding and distributed
capacitances, are important. The circuit of Fig. 6-17 appears in Fig.
6-19a with the transformer replaced by its T equivalent, and referred to
the primary. At the high frequencies the circuit reduces to that of
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Fig. 6-19b, in which the winding, interwinding, interelectrode, and stray
wiring capacitances are lumped into an equivalent capacitance C across
the primary of the transformer.

The total effective shunting capacitance is related to the several com-
ponents by the approximate expression

C =[(1 £ n)2C, + n°C2] + n*C, (6-46)

The + sign depends on the relative disposition and connection of the
primary and secondary coils. When properly connected, the minus
sign usually applies. To justify this expression, examine Fig. 6-19a. If

(a) ()
F1c. 6-19. The complete and approximate h-f equivalent circuit of a transformer-
coupled stage.

the potential across the input terminals is E;, and that across the output
terminals is E., the difference of potential across C,, is

Ecn = E, £ E; = E((1 £ n)
where n = N3/N;. The energy stored in this capacitor per cycle is

_ CnEg,
2

The equivalent capacitor across the primary terminals which will store
the same energy per cycle will be (1 + 7n)2C,.. The other capacitances in
the secondary are reflected into the primary as n?(C: + C;). The total
shunting capacitance is that given in Eq. (6-46).

An analysis of the approximate equivalent circuit yields for the gain
of the amplifier the expression

muX
K, = + Sl 6-47
'S R (X - X0 (6-47)

where R =7, + R, + Ro/n?; L = L} + Ly/n?*;, X1 = wL; X¢ = 1/wC.
The primary leakage inductance is L}, and the secondary leakage induct-
ance is L. The gain ratio may be written in the form

W =S (1 £

S iXe (6-48)

== + :
Ko —R+j X — Xo)
The magnitude of the gain ratio is

K. _ Xe 6-49
Ko VR4 (X — Xc)? (049
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At the lower end of the region of frequencies where this analysis is
valid, X is small and X¢ is large, so that the gain ratio approaches unity,
as it should. At the higher frequencies, X¢ is small, X is large, and the
gain falls to zero. Notice, however, that the secondary circuit may pass
through a maximum, owing to a resonance condition that exists. The
maximum is found to occur when

2§ ol

Xe 2X,

Usually R will be much smaller than X, and the maximum occurs when
Xc¢ = X, the condition for series resonance. But as the frequency at

which this resonance occurs is
1

VILC

then the corresponding value of the gain is

K _ 1 _1f
(R_O)mnx N OCR - R A\/'Cy (6-50)

A typical frequency-response curve, the dependence on the primary
inductance Lj, and the total leakage inductance L are illustrated in
Fig. 6-20.

wo =

Fic. 6-20. A typical frequency-response characteristic of a transformer-coupled
amplifier.

The peaking of the transformer-coupled-amplifier frequency-response
curve may be suppressed to a considerable extent by several methods.
The simplest way consists in shunting the secondary of the transformer
with an appropriately chosen resistance. This reduces the height of the
resonant peak, although it also causes the mid-frequency gain to be less
than nu. Another method for improving the response characteristic is
in the design of the transformer. In modern transformers the shunt
capacitance is decreased by decreasing the contributing factors. The use
of a grounded shield between windings reduces the interwinding capaci-
tance. The design of the windings reduces the distributed capacitances.
Further, the leakage inductance is reduced, so that the peaking will occur
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at frequencies beyond the normal operating range of the amplifier. This
reduction has been accomplished both by proper design of the windings
and by use of suitable high-permeability core materials. Also, the use
of a high-resistance secondary winding tends to suppress the resonant
peak. A high-resistance primary winding is to be avoided owing to the
adverse effect on the 1-f response. High-quality transformers are avail-
able that are flat within 1 db over a range of frequencies from approxi-
mately 20 to 10,000 cps. The peaking may also be reduced materially
through the use of inverse feedback in the amplifier, as will be shown
in Chap. 7.

Transformers are seldom used as interstage coupling devices merely to
obtain higher gain. This follows because the use of a pentode in an RC
coupled amplifier will ordinarily provide a higher gain than is possible
with a triode with a step-up transformer. Furthermore, the RC coupled
stage requires less space and makes use of relatively inexpensive equip-
ment. The principal uses of transformers are as the coupling stage
between the driver and a push-pull amplifier, so as to provide the required
two potentials that are 180 deg apart in phase (although this application
is largely being supplanted by tube circuits), and also as the output trans-
former in a power amplifier. Here the principal function is one of imped-
ance matching and permits the matching of low impedance loads to
high-internal-resistance tubes. These applications will be discussed in
some detail in Chap. 8.

REFERENCES
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PROBLEMS

6-1. The important constants of one of a chain of RC coupled amplifier stages
employing pentodes (see Fig. 6-3) are

R, = 75 kilohms rp = 10¢ ochms gm = 1,600 umhos C = 0.01 uf
Co = 11 ppuf Cor = 8 puf R, = 500 kilohms

a. Calculate the mid-frequency gain and the upper and lower cutoff frequencies.

b. Between what frequencies is the amplifier-stage phase 180 + 15 deg?

6-2. The frequency response of a three-stage cascaded RC amplifier employing
pentodes is to be constant within 0.5 db up to 18 ke. Calculate the h-f cutoff of

each stage.
6-3. Consider a chain of similar triode circuits in cascade. Show that the

limiting gain-bandwidth product is given by

gm
2B =
K B 21rC¢

What can be said about the use of triodes in a cascade chain?
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6-4. Compute the figure of merit of the following tubes: 6AKS5, 6AC7, 6J6,
6F4 triodes; 6AK5, 6AC7 pentodes. (See any tube handbook for characteristics.)

6-5. Refer to Fig. 6-10 showing a resistance-coupled amplifier. The circuit
constants are

Ry = 250 kilohms Ry2 = 500 kilohms R., = 500 kilohms

If I,y = 0.5 ma, Ex = 300 volts, what must be the value of E.. if E. of T2 is to
be —8 volts?

6-6. Calculate the gain of the series balanced d-c amplifier shown in the
diagram,

0
R, {
2
+ 2
= romf g
Epp
3 5
Ry R
— b3
nput
i £y
—Y_

6-7. The LC coupled amplifier of Fig. 6-14 uses a triode. The important fac-
tors are .

rp = 10 kilohms gm = 2,000 umhos R, = 10 ohms C = 0.01 uf
L = 40 henrys Distributed capacitance = 200 uuf

Determine the upper and lower cutoff frequencies and the maximum gain.

6-8. A transformer-coupled amplifier is to be constant within 3 db over the
frequency range from 100 to 8,400 cps.

a. Specify the required values of primary inductance, leakage inductance
(reduced to unity turns ratio), and frequency of secondary resonance. The tube
isa 6J5 withr, = 7,700 ohms. Neglect the winding resistance in the calculations.

b. If the turns ratio is 3 and the total input and wiring capacitance of the next
tube is 25 puf, what is the permissible equivalent capacitance across the secondary
of the transformer?

6-9. Obtain an expression for the output potentials of the cathode-coupled two-
tube circuit shown in the figure. Compare the results with Eq. (6-38) when R; of
T1 is zero.

6-10. Calculate the input admittance and the output-terminal impedance of
the cathode-coupled amplifier when connected as shown in Fig. 6-12. Neglect
tube and wiring capacitances.
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6-11. The circuit of an inverted amplifier is illustrated in the accompanying
diagram. Calculate the following:

WWhy—

N
~
AAM,

Zy
+
£,

a. The gain.
6. Input impedance.
¢. Ratio of output to input power if Z, and Z; are resistors



CHAPTER 7

SPECIAL AMPLIFIER CONSIDERATIONS

NOISE

7-1. Noise in Amplifiers. The term noise is used to describe any
spurious signals which ultimately appear in the output of an amplifier.
Noise may be produced by causes which may be external to, or which
might be internal to, the system.

External noise, which will be only superficially examined, includes
atmospheric interference with reception and occasional large amplitude
pulses. Atmospheric interference arises principally from lightning dis-
charges in the lower atmosphere. Owing to the magnitude of the fields
involved, the effective area of disturbance is very large. However, such
interference is most troublesome at the longer wavelengths, although
considerable energy exists even in the short-wave band. Since the noise
is present at all frequencies, the wider the bandwidth of the receiver, the
greater will be the energy picked up from the atmospheric disturbance.

If the interference arises from short pulses, it proves most desirable
to have a relatively wide band system, in order to avoid having the system
extend the pulse. It is possible to provide suppression circuits in a
receiver to overcome to a considerable extent noise from this cause.

External noise may also be of the man-made variety and arises when
sparking of any sort exists, as, for example, the sparking at the brushes
of a motor. Also, poorly shielded electronic equipment may be the source
of considerable external noise. Diathermy machines, which are generally
simple power oscillators, often with inadequately filtered power supplies,
produce considerable amounts of noise over a relatively broad band.

The ignition systems of automobiles and aircraft engines are strong
sources of noise. The noise from such sources is most severe in the 30- to
100-Mec frequency band. While screening of the ignition leads will reduce
this type noise, this is generally not done, except in mobile systems which
are directly affected.

In addition to the external sources of noise, a number of internal
sources of noise exist. It might happen that the amplifier is oscillating
because some part of the output is being fed back into the input. This

may be caused by a common impedance between stages, for example,
143
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through a common plate supply. Appropriately placed decoupling filters
will usually prevent such interaction. Coupling may occur through the
interelectrode capacitances of the tubes. Methods of neutralization have
been developed for avoiding this. If the coupling occurs through stray
wiring capacitances, electrical shielding is usually resorted to in order to
prevent such coupling.

Some noise may appear in amplifiers the cathode heaters of which are
fed from the a-c lines. If the heat capacity of the cathode-heater assem-
bly is too low, there may be some variation in cathode current due to the
fluctuations in temperature of the cathode. This is usually low in indi-
rectly heated cathode tubes, although it may be appreciable in tubes
of the directly heated type which are fed from an a-c source.

Noise, related to the power-line frequency, may also appear in an
amplifier if the rectifier power supply is not adequately filtered. Such
ripple hum is often detectable in the average home radio receiver.

Microphonics, which causes output potentials due to the vibration
of the electrodes produced by acoustic or mechanical jarring of the tube,
may be very serious in high-gain systems. The microphonic property
of a tube depends on the character of its construction, certain tubes being
considerably more microphonic than others. Special low-microphonic
tubes are available. The judicious use of shock mounts, loaded supports,
or special vibration-isolation methods will usually overcome this problem.

7-2. Internal Noise. Even with the elimination of the foregoing
sources of noise, a limitation exists to the useful amplification possible
with an amplifier. The noise generated in the receiver itself sets a
limit to the minimum amplitude that can be amplified if a satisfactory
signal/noise ratio is to be obtained in the output.

There are two fundamental sources of internal noise. The first results
from the fact that the electrons in the circuit elements of the amplifier are
in a state of continuous agitation. This activity produces fluctuations
in the electron distribution within the elements, and this appears as a
thermal-agitation potential. The second cause arises within the tube
itself and is produced by the random motion of the electrons in the
cathode-anode space.

Thermal-agitation Noise. The free or conduction electrons in a con-
ductor are all in random motion, the amplitude of the motion being
dependent upon the temperature of the circuit. Because of this random
motion, slight deviations exist in the statistical most-probable distribu-
tion, with the result that small fluctuating potentials are produced within
the conductor. The small-fluctuation, or thermal-agitation, potentials in
the input circuit of an amplifier will give rise to an appreciable output if a
high-gain system is used.

Since these thermal-agitation motions are random, it is reasonable
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to expect that thermal-agitation potentials of all frequencies are produced.
Consequently, the total rms potential expected in a circuit which is
frequency-sensitive will depend upon the bandwidth of the circuit, among
other factors. An analysis of this problem by Johnson! and Nyquist?
shows that the square of the rms potential produced in a circuit com-
ponent having constant resistance R over the frequency band used is
given by

B = 4kTRB (7-1)

where k is the Boltzmann constant (= 1.38 X 1023 joule/°K), T is the
temperature of the resistor in degrees Kelvin, R is the resistance in ohms,
and B is the pass band of the channel over which the noise is evaluated,
measured to the 3-db, or half-power, points. This expression is a special
case of the following more general expression,

= 4kT /0‘” Re (Z) df (7-2)

where Re (Z) denotes the real part of the impedance element in which
noise is being produced and is the effective resistance component of the
circuit.

If the measuring circuit is an amplifier having a gain characteristic
K(f), or if the noise source is the input circuit to the amplifier of gain
characteristic K(f), then the total rms noise is given by the expression

E® = 4kT L‘” K*(f) Re (Z) df (7-3)

Of course, noise is generated in all resistance elements of the circuit.
However, it is usually only the potential produced across the input termi-
nals which is of importance, since it is this potential which is subject to
the full amplification of the amplifier stages. If this Johnson noise is
sufficiently below the level of the input signal, then noise in subsequent
stages will be negligible compared with the amplified output signal.

To get some idea of the magnitude of the potentials that are produced
by this source of noise, choose the following values:
k=138 X 1072 joule/°’K T = 300°K R = 10°ohms B = 100 ke
then it is found that

E., = 4.0 uv

Shot Noise. Among the various sources of noise in the tube itself,
shot noise is most important. The shot effect results from the fact that
the current from the cathode to the anode consists of the flow of electrons,
and since the electron emission from the cathode surface may not be
completely uniform for a given cathode temperature, instantaneous
fluctuations may occur, even if the time average current is constant. If
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the tube is operating under space-charge-limited conditions, the irregular-
ities in the cathode emission, and so in the arrival of the electrons at the
anode, are considerably reduced.

The magnitude of the shot noise in a temperature-limited diode can
be calculated, and as a result, temperature-limited diodes have been used
as sources of noise. An analysis of this problem yields the following
expression for the noise produced in such a temperature-saturated diode,?

T? = I'2(2¢l,B) (7-4)

where I, = d-c current, e = electronic charge, B = bandwidth, and
I' = constant depending on the randomness of the electron flow (= 1 for
a completely random distribution as exists in a temperature-limited diode,
and less than 1 if some degree of space-charge limitation occurs).

A quantitative treatment of shot noise in multielectrode tubes working
under normal conditions is difficult. It is possible to deduce certain
significant results from physical reasoning. The total shot noise will be
proportional to the anode current. On the other hand, the signal in
the output will depend on the transconductance g.. It appears, there-
fore, that for a large signal/noise ratio the tube should have large g,
and yet draw a small anode current. It is likewise found that the par-
tition of the cathode current between the screen and the anode also
produces noise. Consequently pentodes with small screen current are
best from this point of view (the beam tube is probably best in this
regard.) In general, triodes operate with a lower noise than a com-
parable-type pentode.

If is often convenient to specify the shot and partition noises produced
in a tube in terms of a fictitious resistance R., which, when placed in the
grid line, will produce in the plate circuit the same noise by thermal agi-
tation as is produced by the shot noise. If R denotes the parallel combi-
nation of r, and R, of the given amplifier, the equivalent noise potential
squared in the output is

TER? = T?(2¢I,B)R?

But from Eq. (7-1) for a noise resistance R., in the input, the correspond-
ing potential squared in the output is

K?E: = (4kTR.,B)g2R?

If these expressions are equated, the equivalent grid noise resistance is
found to be

I‘Zelb

2kTg2

But since I, varies directly with g, it would be expected that R., should

R., =
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vary inversely with ¢g,.. It has been shown, in fact, that for triodes*

Ry = 3—5’ ohms (7-5)

As noted above, tetrodes and pentodes have more shot noise than do
triodes, owing to the random interception of electrons by the screen grid.
The expression for the equivalent noise resistance R., has been shown to

be?*
L. L <2_5 201c2>
R rrm\on T 02 (7-6)

where I, is the plate current in amperes, I., is the screen current in
amperes, and g,, is the transconductance in mhos. These formulas enable
a direct comparison to be made between the input circuit noise and the
shot and partition noise. Typical values follow:

Type tube R.q, ohins
Triode....................... 200-1,000
Tetrode and pentode. ....... .. 5,000-20, 000
Mixer and converter........... 200,000-300,000

Other Noise. Another important source of noise in the grid circuit
arises from the motion of charges in the grid circuit due to the motion
of electrons between cathode and anode. The following formula has
been developed for the mean square induced grid noise,®

T? = 4kTG,8B (7-7)

where I, is the noise current in amperes and G, is the electronic portion of
the input conductance in mhos. This implies that, for noise purposes,
the induced grid noise is represented by a current generator I, shunted
by a conductance G,. The value of 8 is approximately 5.

As indicated in the table above, a tube used as a mixer or converter ig
noisier than the same tube used as an amplifier. This greater noise arises
from the effects of the local oscillator injection. As is discussed in Sec.
13-13, the oscillator provides several volts to the converter grid. As a
result, the g, of the tube varies over a very wide range. Since the
equivalent noise resistance R., and the average input conductance G,
depend upon the average g, of the tube during the injection cycle, then
because of the wide excursions in g, the resulting noise is high.

Another important source of noise in vacuum tubes is the flicker effect.
This effect arises from the changes of emission from various portions of
the cathode surface. It has been found that the flicker effect produces
noise components that are most important at the lower frequencies, and
the resultant noise varies roughly inversely with the frequency. It may
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be large in oxide-coated cathode tubes, where it overshadows the regular
shot noise.

Another source of noise arises from the random neutralization of space
charge by the comparatively few molecules normally present in a vacuum
tube. In a tube with a good vacuum this effect produces about as much
noise as thermal-agitation noise in the plate circuit of the tube. Second-
ary emission from the plate and grids in a vacuum tube also introduces
some noise.

7-3. Noise Figure. It is customary to specify the quality of a receiver
in terms of its noise figure. This quantity measures the noise generation
within the receiver circuits. The noise figure I is a measure of the ratio
of the actual available noise power output of a receiver to that of an ideal
receiver which is free of noise sources, the only source of noise being the
thermal-agitation noise that has been applied to the input terminals of
the receiver by the antenna. The term ‘‘available’” denotes that the
power source is matched to the load for optimum power transfer. By
definition, F is the ratio of the available signal to noise power at the input
(S:/N:;) to the available signal/noise power at the output (S./N,); thus
_ Si/N;
~ S./N,
But the available power gain K, of the receiver is the ratio S,/S;. More-
over, by definition, the available noise power input N; is kTB. Thus
Eq. (7-8) may be written as

F

(7-8)

—_ No
~ K,kTB
This expression shows that the noise figure is the ratio of the available
output noise power of the actual receiver to the available output noise
power of an otherwise ideal receiver. The noise figure is often expressed
in decibels, as Fg, = 10 log,o F.

Many factors contribute to the over-all noise figure of a receiver;
the input circuit, the mixer (in a superheterodyne receiver), the beat-
frequency oscillator, and others. The mixing problem becomes more
difficult at the higher frequencies, with the result that receivers for very
h-f use (in the microwave bands) usually have higher noise figures at
the higher frequencies. For example, a representative noise figure of a
radar receiver having a gain of 120 db and a bandwidth of 2 Mc and
operating at 3,000 Mec is 15 db. Of this figure several decibels of noise
arise in the mixer.

7-4. Noise Figure of Networks in Cascade. Suppose that a network
of noise figure F, is cascaded with a network of noise figure F.. An
expression is desired for the noise figure F,, of the combination. As
already discussed in Sec. 7-2, the noise in the input circuit to the first

F (7-9)
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network is usually the most significant source of noise, and it is antici-
pated, therefore, that the noise figure F,, of the combination will be very
nearly equal to F,, particularly if the power gain K, of the first, or input,
network is large. To examine the matter in some detail, refer to Fig. 7-1.

In Fig. 7-1 two networks are shown in cascade. The input to the first
network is shown as an equivalent noise resistance and would be the
equivalent output-terminal noise resistance of the antenna or other noise
source. This resistance supplies an available noise power kTB to the
first network. The available power at the input terminals of the second
network is evidently kTBF K ,,, and the available output power at the
output of the second network is kTBF K ;1K p,.

In addition to the noise produced in the input circuit to network 1
there is an available noise power produced in the input circuit to network
2. This results in a component available power at the output of net-
work 2 of kTBF,K,,. However, a certain part of this latter available

R Network 1 KTBFK. .~ Network 2 A TBK. (F s )
“ | BXun [STTRT| g |y

F1c. 7-1. Determination of the noise figure of two networks in cascade.

power has already been included in the term involving F,. To avoid
counting the available power kTBK ,, twice, it must be subtracted from
the total available power at the output of network 2. Therefore the
noise output due to the second network is kTBF,K,, — kTBK,,. The

over-all noise power available is
kTBF ;K 1K 2 = kTBF\K 1K 2 + kTBF:K ,» — kTBK,,
from which it follows that
F,—1
Fi.=F
12 1 + Kpl

As anticipated, the over-all noise figure F;, will be very nearly equal to
F, if the gain of network 1 is large. However, if K, is small, then the
over-all noise figure will depend on F,.

In the development of Eq. (7-10) it was assumed that the bandwidths
B of both networks were equal. Careful consideration of this matter will
show that this expression is also valid if the bandwidth of the first net-
work is greater than and contains the bandwidth B of the second network.

The reasoning that led to IEq. (7-10) can be extended to yield expres-
sions for the case of three or more networks in cascade. Specifically,
for three networks in cascade, the over-all noise figure is

F; —1
KKy

(7-10)

B Fy—1
F=Fit—+

(7-11)
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FEEDBACK IN AMPLIFIERS*

7-6. Principles of Feedback.® When a part of the output signal is
combined with the input signal, feedback is said to exist. If the net
effect of the feedback is to increase the effective input signal, the feed-
back is called positive, direct, or regenerative. If the resultant input sig-
nal is reduced by the feedback potential, the feedback is called negative,
inverse, or degenerative.

The principle of feedback is illustrated in the schematic diagram of
Fig. 7-2.  For simplicity, series injection is shown at the input, but other
forms of network coupling may be employed. In the diagram shown, a
potential E, is applied to the input terminals of the amplifier. Suppose
that the resultant potential at the output terminals is E;.  Now suppose

G
+ T Amplifier +
E,{ Ey nominal gain }Ez (ovtout)
| Ve
K Jq

Feedback fraction

BE.

2
+

{ [~ Feedback network

Fra. 7-2. The principles of feedback in amplifiers.

that a fraction B of this output is fed back in series with the input signal
in such a way that the resultant signal that appears between the grid and
cathode terminals has the form

Eg = E1 + §E2 (7‘12)
But the nominal gain of the amplifier is given by

K = output potential _E;
~ potential between grid and cathode = E,

Then
E; = KE, (7-13)
Observe that the nominal gain requires the injection of a potential E,
between the grid-cathode terminals, with an evaluation of the output
potential E,, with the 8 network acting as part of the total output load
of the circuit.
Equation (7-13) is combined with Eq. (7-12) to yield

E2 = KE1 + KgEz

from which it follows that
KE,

T1-Kg
* Part of the contents of this section was originally prepared with Dr. J. Millman

tor the second edition of “Electronics,” McGraw-Hill Book Company, Inc., New
York, 1951, although the material was not included in this text.

E, (7-14)
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The resultant gain of the amplifier with feedback is defined as

output potential ~_ E,
input signal potential =~ E;

;=
Therefore it follows that

K
" 1—-KB

This equation expresses the resultant gain of the amplifier with feedback
K, in terms of the nominal gain of the amplifier without feedback K, and
the feedback fraction 8. It is noted that often in a practical situation
the feedback path is so involved that it is not possible to isolate the §
network. The discussion to follow still applies in principle, but a direct
application of the mathematical expressions may not be possible.

It can be seen that if (1 — K| is greater than unity, then K; is less
than K. The feedback is then said to be negative, or degenerative. The
application of negative feedback to an amplifier results in a number of
characteristics that are highly desirable in the amplifier. It tends to
flatten the frequency-response characteristic and to extend the range of
uniform response. It materially reduces nonlinear and phase distortion.
It improves the stability of the amplifier, making the gain less dependent
on the operating potentials or on variations of the tube characteristics.
Also, it tends to make the gain less dependent on the load, so that load
variations do not seriously influence the operating characteristics of the
amplifier. The use of feedback networks of special design will provide
selective attenuation, thus permitting a frequency response of desired
characteristic. A detailed discussion of these features will be given later.

Conversely, if |1 — Kg| is less than unity, then K; is greater than K.
The feedback is now termed positive, or regenerative. The application
of positive feedback has effects opposite to those with negative feedback.
Thus positive feedback tends to sharpen the frequency-response curve
and to decrease the range of uniform response. This permits an increased
gain and selectivity. Positive feedback in any amplifier is critical of
adjustment. Too much regenerative feedback in any system may result
in oscillation. Ordinarily, negative feedback is more common than posi-
tive feedback in amplifiers, although oscillators of the feedback variety
depend for their operation on the presence of positive feedback.

Observe that, for the case when KB = 1 + j0, the gain becomes infi-
nite. In this case the amplifier becomes an oscillator, and the output
potential is independent of any external signal potential.

Attention is called to the fact that the action of a feedback path
depends upon the frequency of operation. That is, the feedback may
remain regenerative or degenerative throughout the range of operation
of the circuit, although the magnitude and phase angle of the feedback
signal may vary with the frequency. It is also possible for the feedback

K, (7-15)
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to be positive over a certain range of frequencies and negative over
another range of frequencies.

Example. The circuit of a simple triode amplifier with an impedance in the
cathode lead is illustrated in Fig. 7-3. This circuit is to be analyzed by two
methods. One method is a direct application of the feedback equation [Eq.
(7-5)]. The second method is a direct application of electron-tube circuit
principles.

(5)

Fic. 7-3. A simple amplifier with cathode degeneration.

Solution. Refer to the equivalent circuit of the amplifier which is given in
Fig. 7-3b. Observe that a part of the output is fed back into the input circuit
through the impedance Z;. It follows from the figure that

E, = E, + IZ, (7-16)
But since
E,
I= it (7-17)
then
zZ,
Ea = E1 + EEg (7-18)
!

If this expression is compared with Eq. (7-12), which defines the feedback fraction,
it is seen that

g = o (7-19)
Note also that
uE,
E,=1IRj= - —""—-R -~
’ ! >+ Zi+ R (7-20)
and the nominal gain then becomes
Ez —}lRl
K=—F=—p——7p -21
E, 5+ Zt R (@21)
The resultant gain is, by Eq. (7-15),
K —pR/(rs + Zi + Ry) —uRy
K, = = = 7-22
AR < A TR A e A

Tt L+ RER
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These results follow of course from direct considerations of the equivalent
circuit. The plate circuit yields the expression

VE, +1(r, +Z, + R) =0 (7-23)
E,=E, +1Z, (7-24)
The solution of these equations gives

LEV+I1Z) + 10, + Z + Ry) = 0

But

from which
—uE
I= £ (7-2
> T (& + DZe T B (7-25)
and the resultant gain is
E, —uR;

K/ === 7-26
'TE Tt G+ DZ T R (7-26)

which is the same as above.

Often Z, consists of the parallel combination of Bx and (%, the value of R,
being so chosen that I,R; is just equal to E., the quiescent d-c basis of the tube.
The capacitor C; is so chosen that its reactance is very small over the operating
range of the amplifier. As a result, Z; is very small and may be omitted in the
above expression. In this case, the usual simple amplifier formula is obtained,
since the feedback factor @ is zero, and no feedback exists.

7-6. Feedback Amplifier Characteristics. The presence of negative
feedback in an amplifier results in a number of desirable characteristics.
These are discussed below.

1. Stability of Amplification. Suppose that the feedback is negative
and that the feedback factor KB is made large compared with unity.
The resultant gain equation (7-15) becomes

K —_—
%G~
This means that when the magnitude K3 >> 1, the actual amplification
with negative feedback is a function of the characteristics of the feedback
network only. In particular, if 8 is independent of frequency, then the
over-all gain will be independent of the frequency. This permits a sub-
stantial reduction of the frequency and phase distortion of the amplifier.
In fact, by the proper choice of feedback network, it is possible to achieve
a wide variety of frequency characteristics.

Note that if K> 1, then K, = —K/Kg <« —K, so that the over-all
gain of the amplifier with inverse feedback is less than the nominal gain
without feedback. This is the price that must be paid to secure the
advantages of negative feedback. This is not a serious price to pay,
since the loss in gain can be overcome by the use of additional tubes.

Clearly, if KB is greater than unity, then Eq. (7-27) shows that the

(7-27)

K, = —

R -
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over-all gain will not change with tube replacements or with variations
in battery potentials, since § is independent of the tube. Even if Eq.
(7-27) is not completely valid, a substantial improvement results in gen-
eral stability. This follows from the fact that a change in the nominal
gain dK for whatever reason results in a change dK; in the resultant gain
by an amount

dK, 1 dK

X TT-Kg K (28

where |1 — K| represents the magnitude of the quantity 1 — Kg.
This equation is the logarithmic derivative of Eq. (7-15). In this expres-
sion, dK,;/K, gives the fractional change in K, and dK/K gives the
fractional change in K. If, for example, the quantity |I — Kg| = 5 in
a particular feedback amplifier, then the variation in any parameter that
might cause a 5 per cent change in the nominal gain will result in a change
of only 1 per cent in the resultant gain of the amplifier.

2. Reduction of Frequency and Phase Distortion. It follows from Eqgs.
(7-15) and (7-27) that the over-all gain of the amplifier is almost inde-
pendent of frequency, provided that 8 is frequency-independent. Insuch
cases the frequency and phase distortion of an amplifier are materially
reduced below the nonfeedback value.

3. Reduction of Nonlinear Distortion. One effect was omitted in the
above considerations. It was implicitly assumed that the dynamic curve
was linear and that the output potential was of the same waveshape as
the input. If an appreciable nonlinear distortion exists, then the output
contains harmonic components in addition to the signal of fundamental
frequency. Suppose, for simplicity, that only a second-harmonic com-
ponent B, is generated within the tube when a large signal potential is
impressed on the input. Because of the feedback, the second-harmonic
component B that appears in the output is different from that generated
within the tube. To find the relationship that exists between Bj and B,,
the procedure parallels that for the gain considerations. Thus, for a sec-
ond harmonic Bj in the output, a fraction 3Bj is supplied to the input.
As a result, the output actually must contain two components of second-
harmonic frequency, the component B, that is generated within the tube
and the component K3B), that arises from the signal that is fed back to
the input. This requires that

KgB; + B, = By
or
B,

T—KG (7-29)

B,

Note that since both K and 8 are functions of the frequency, in general.
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the appropriate values that appear in this equation must be evaluated at
the second-harmonic frequency.

It should be pointed out that this derivation has assumed that the
harmonic distortion generated within the tube depends only vpon the
grid swing of the fundamental signal potential. The small amount of
additional distortion that might arise because a fraction of the second-
harmonic component is returned to the input has been neglected. Ordi-
narily this procedure will lead to little error, although a more exact calcu-
lation taking these successive effects into account is readily possible.’

Another feature of Eq. (7-29) should be noted. According to this
expression, if {1 — K@/ = 10, then the second-harmonic distortion with
feedback is only one-tenth its value without feedback. This is the situa-
tion when the total output-potential swing is the same in each case; other-
wise the harmonic generation within the tube could not be directly com-
pared. This requires that the signal, when feedback is applied, must be
|[I — K| times that in the absence of feedback. As a practical consider-
ation, since appreciable nonlinear distortion is generated only when the
signal potential is large, then the full benefit of the feedback amplifier in
reducing nonlinear distortion is obtained by applying negative feedback
to the large-signal stages.

4. Reduction of Noise. Considerations such as those leading to Eq.
(7-29) for the resultant nonlinear distortion in a feedback amplifier will
show that the resultant noise generated in the input to an amplifier chain
is reduced by the factor 1 — 8K, when feedback isemployed. This would
seem to represent a real reduction in noise. However, if the requirement
is for a specified output signal, the resultant gain with feedback will have
to be adjusted, by adjustment of the circuit parameters or by the addi-
tion of amplifier stages, to give the same over-all gain as the amplifier
without feedback. Consequently, the noise will be amplified as well as
the signal. Moreover, since the noise is independent of the signal, addi-
tional amplifier stages to compensate for the loss of gain due to feedback
will introduce additional noise. In such cases, the over-all noise of the
amplifier with feedback might be higher than one without feedback. If
the required gain is achieved by the readjustment of the circuit param-
eters, a reduction in noise will result in the negative feedback amplifier.
Noise generated at some intermediate point of the amplifier chain, say
at a point whose gain relative to the output point is K;, will be reduced
by the factor K,;/(1 — K8).

5. Modification of Input and Output (Effective Internal) I'mpedances.
These topics will be the subject of detailed consideration in several of
the following sections.

7-7. Feedback Circuits. The potential fed back from the output of
the amplifier into the input may be proportional either to the potential
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across the load or to the current through the load. In the first case, the
feedback is called potential feedback; in the second case, it is called cur-
rent feedback. In either case, the feedback may be positive or negative,
depending upon the connection. Often the feedback loops are so
involved and interconnected that it is not possible to specify directly
whether the feedback is of the potential or the current types or whether
a combination of both exists.

It is possible to state rules which help to specify more uniquely the
existence of potential or current feedback. Consider the circuits of Fig.
7-4, which illustrate two amplifiers employing current feedback. The
first of these diagrams is identical with that of the illustrative example

of the foregoing section, except that the cathode impedance is now shown

as a resistance R;. As in the example, the feedback ratio is 3 = R./Z,.

Note that, for large feedback ratios, the resultant gain approaches
1 Z,

K, = —~

- R (7-30)

Therefore the output potential is

z

E, = — Flk E, (7-31)

which is proportional to the load impedance. Also, the output current
is given by

E. __E;

- Z Ry

which is seen to be independent of the load impedance. These condi-
tions are characteristic of current feedback. Hence with negative cur-
rent feedback the ratio of the feedback potential to the load current is inde-
pendent of the load tmpedance.

The condition that the output current should be independent of the
load impedance is fulfilled when the internal impedance of the generator
is high compared with the impedance of the external load. Conse-
quently, negative current feedback has the property of increasing the
internal impedance of the network. In fact, from the complete expres-
sion for the current, from Eq. (7-25), namely,

(7-32)
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—#El
o+ (v + DR + Z;

it is possible to draw Fig. 7-5, which is the equivalent of Fig. 7-3a. It

I:

follows from this that the circuit in- .
cluding feedback comprises a poten- thq';j(#‘”gk

tial source E; = uE; with an inter-
nal impedance Zy; = r, + (¢ + 1)Rs.
Since the internal impedance without v
feedback is simply 7, + Rj, the effect Frc. 7-5. The equivalent circuit of
of the feedback is to increase the inter-  F18 732

nal impedance by the term uR. The ratio of internal impedances with
and without feedback is given by

gt_.fzrp+(#+1)Rk____l+ #Rk

Zg Tp + Rk Tp + Rk

A circuit which employs potential feedback is given in Fig. 7-6. In
this circuit, the resistance combination SR + (1 — 8)R = R which

{(
+ L\Ya4
} z, AR
+
= LR
E, T

L
I

F1c. 7-6. Circuit employing potential feedback.

E¢ruE, Z | tE2
+

(7-33)

shunts the output is made large compared with the load impedance Z,.
The capacitor C' has a reactance that is negligible compared with R at
the frequencies to be employed. Its sole purpose is to block the d-c
potential from the plate circuit from appearing in the grid circuit.

The feedback ratio is shown as 8 in the diagram. Also for large feed-
back ratios, the resultant gain approaches

1
K, = —=
! 6
The output potential is, therefore,
1
Ez = — EEI

which is seen to be independent of the load impedance, since § is inde-
pendent of Z;. Observe therefore that potential feedback is directly pro-
portional to the output potential, and the ratio 8 of the feedback potential
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to the output potential is independent of the load. A generator whose out-
put potential is substantially independent of the load impedance must
possess a very low internal impedance. Consequently negative potential
feedback has the property of decreasing the internal impedance of the
amplifier.

To obtain an expression for the resultant gain of the amplifier, the
feedback method will be employed. By neglecting the shunting effect
of the feedback resistance network on the load impedance, it follows that
the nominal gain of the amplifier is given by

—uZ,
K=_"* 7-34
= (7-34)

Then the resultant gain with feedback is
K, K —uZy (7-35)

T1<=K8 r,+ 2 + B

This expression may be transformed to the form

—vw'Z
K, = 2L
o+ , (7-36)
ro_ [l ro_ P
where LRl g =7 e

But this is exactly the output that is obtained from the circuit of Fig. 7-7.
Consequently, the circuit behaves like a potential source E,; = ﬁ E,
with an internal impedance Z,; = r,/(1 4 u8).

The effective internal impedance

L + of the amplifier without feedback is
24

“ Topf simply Z; = r,. The effect of poten-
(/«,,LB)EI Z, E>2 tial feedback is to reduce the internal
+ impedance in the ratio
Fic. 7-7. The equivalent circuit of Z,; 1
ig. 7-6. — = 7-37
Fig. 7-6 Z, T+ .8 ( )

From the form of Eq. (7-36), the circuit gain appears to be that
obtained from a tube whose amplification factor is w' and whose plate
resistance is r,. Note that the effective amplification factor is reduced
in the same ratio as the plate resistance of the tube. This indicates that
a tube possessing a high plate resistance can be effectively converted into
a low-plate-resistance tube and thereby permit an impedance match to a
low impedance load. This is accomplished, of course, at the expense of
effectively converting the tube into a triode, with low uz and low 7.

The combination of current and potential feedback in an amplifier is
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frequently called compound, or bridge, feedback. The circuit of such an
amplifier is given in Fig. 7-8.

The feedback fraction is found to ﬂl(
be + Zl }EZ (7',51)R
_ Ry _ :
5-@1‘*‘21—@1‘*‘@2 (7-38) E; Ry T AR
As in the analysis of Fig. 7-6, it is ]

assumed that the resistance com- L. . .

. . . Fic. 7-8. A circuit employing bridge, or
bination R is much greater than .,mpound, feedback.
Z; and that the reactance of the
capacitor is negligible over the frequency range of operation. The result-
ant gain of the amplifier has the form

—-,uZl
r» + (u + DR + (1 4 uB1)Z;

K, =

This may be written in the form

"o_ "—l‘”Zl
K/‘ - r;/ + Zl
"o o_ H _
where LA (7-39)
r// - Tp + (”’ + I)Rk
P 1 + uB:

The corresponding equivalent circuit shown in Fig. 7-9 gives rise to
exactly this expression for the gain and is therefore the equivalent of
Fig. 7-8. The effect of the feedback is seen to reflect itself as a change
in the effective u and 7, of the tube. The effective potential and internal

impedance are given by the expression

E, = — % _E
R (7-40)
7. _ Tt (et DR,
YT+ uBs

Fic. 7-9. The equivalent circﬁit of . X
Fig. 7-8. Owing to the form of the expression

for Z,, this quantity may be made
greater than, equal to, or less than its value without feedback.
Feedback can be effected over several stages and need not be limited
to a stage-by-stage practice. A two-stage RC-coupled amplifier which
combines current feedback in the first stage through resistor R; and
potential feedback between stages is illustrated in Fig. 7-10. A careful
consideration of the polarity of the potentials which are fed back will
show that both types of feedback are negative,



160 RADIO ELECTRONICS [Crap. 7

It is not always evident what type of feedback is being employed in a
given amplifier. The following tests will serve to clarify the situation:

1. If the ratio of feedback potential E; to output potential E, is nearly
independent of the load impedance, then potential feedback is employed.
This ratio is the feedback fraction 3 = E,;/E,.

2. If the ratio of feedback potential E, to load current I is nearly inde-
pendent of the load impedance, then current feedback is employed. The
ratio Z; = E,/I is the feedback impedance.

3. If the feedback potential E, is the sum of two terms of the form

E, = 8E; + Z1I

where both 3 and Z, are nearly independent of the load impedance, then
compound feedback is employed.

Ry,
.o IIC
+ It
En\ RS Ry, T Rg,
1

Fia. 7-10. A two-stage RC coupled amplifier with current feedback in the first stage and
potential feedback between stages.

7-8. Effective Internal Impedance with Feedback. The discussion in
the foregoing section has shown that the effective internal impedance of
the equivalent plate circuit of an electron-tube circuit with feedback
depends on the type of feedback that is employed. As shown, current
feedback increases the effective internal impedance, and potential feed-
back decreases the effective internal impedance. These results will be
generalized.

The following notation, some of which has already appeared, will apply
in the following development:

8 is feedback ratio
K is potential gain without feedback, with load connected
K, is potential gain with feedback, with load connected
K, is potential gain without feedback, with load open-circuited
E. is effective internal potential source without feedback (this is the
Helmholtz-Thévenin potential source obtained on open circuit)
E,, is effective internal potential source with feedback
Z, is input-terminal impedance without feedback
Z,; is corresponding input-terminal impedance with feedback
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Z, is effective internal impedance without feedback (this is the Théve-
nin impedance of the equivalent network and is the impedance
looking back into the output terminals of the amplifier, with the
load open-circuited)

Z,, is corresponding effective internal impedance with feedback

Z, is output-terminal impedance without feedback

Z,, is output-terminal impedance with feedback

E, is output potential

E, is input potential to amplifier

E; is feedback potential

(Refer to Appendix A for a general discussion of the Helmholtz-Thévenin
theorem.) Refer to Fig. 7-11, which shows a general feedback network

+ II = g ¢
+ Amplitier +
EI{ E_q{ nominal gain Z EJ}E
A e K 14 2
Feedback
PE, network }Ez
B

Fi1c6. 7-11. The general potential or parallel feedback circuit.

which is provided with potential feedback. An expression for the inter-
nal impedance Z,; of this feedback network will be derived in terms of the
internal impedance Z, without feedback.

Consider first the amplifier with the feedback potential removed. This
is accomplished by removing lead A from the feedback network and con-
necting it to the cathode K. The «
Thévenin potential-source equiva- {1 +
lent of this circuit is given in Fig. P Zs
7-12. Z, in this diagram is the KeEy Q Z[ ] E,
effective internal impedance with-
out feedback, and K, is the gain a
without feedback on open circuit Fic. 7-12. The equivalent circuit of Fig.
(with Z;, omitted from the diagram). 7-11 with feedback removed.

To deduce the equivalent circuit of Fig. 7-11 with feedback present,
note that the effect of feedback appears in the form of the potential E,.
Without feedback, E, = E,. With feedback, E, = E; 4+ BE,. Clearly,
from this discussion, the equivalent circuit of Fig. 7-11 with feedback
present is that shown in Fig. 7-13. It should be noted that this figure,
even though it is the equivalent circuit of Fig. 7-11 when feedback is
present, is not a Thévenin potential-source equivalent representation,
because the apparent Z, and K,(E: + BE.) are functions of the load.
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Note from the diagram that
E2 = K;(El + @Eg) - IZ¢

Therefore
E2(1 - gK;) = KgEl - IZ;
or
_ K .z
B = 7, B~ 1 gK.! (7-41)

The Thévenin equivalent network for the circuit with feedback is, accord-
ing to this expression, that shown in Fig. 7-14.

LJ — +
+ Z,

Ke(E+BE, 1V zZ,[1rE:

a
F1g. 7-13. The equivalent circuit of Fig. 7-11 with feedback present.

As a check of these results, it is noted that K,E,/(1 — 8K,) represents
the open-circuit potential with feedback, K/E;,. This agrees with the
result obtained in Eq. (7-15) that K, = K/(1 — 8K). The internal
impedance with potential feedback is

Z,

sz=‘1—_‘§—Kt

(7-42)
Since, for negative feedback, 1 — BK, is greater than unity, the imped-
ance with feedback is less than that without feedback. Note, moreover,
that the effective internal impedance is reduced by the same factor as
the gain, when feedback is applied.

';J 1 Y+
+ ¢

K¢ 1-BK m Y5
TP Be (1) Z[] o

F16. 7-14. The Thévenin equivalent network of Fig. 7-11.

It is interesting to apply these results to the potential-feedback cir-
cuit of Fig. 7-6. If the load is open-circuited, then the magnitude of the
gain of the circuit is simply the u of the tube and K; = —u. Also, the
internal impedance without feedback is r,, whence Z, = r,. The results
so obtained agree with those in Fig. 7-7.

It is now desired to examine the results of current or series feedback
on the effective internal impedance. Refer to Fig. 7-15, which shows a
general feedback circuit with current feedback. Although the imped-
ance Z; is shown isolated from the remainder of the circuit, it is a part
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of the feedback circuit and is not part of the external load Z,, The
equivalent circuit will be of the form shown in Fig. 7-16. In this dia-

I;,— a
+ ¥ Amplifier +
E 1{ Eg nom/‘rig/ gain G Zs Z, }Ez
— ﬂ—-ja
[——
Ef+

Fi1G. 7-15. The general current or series feedback circuit.

gram Z, is the total internal impedance looking back from the load and
includes the effect of Z;, From Fig. 7-16 it follows that

Kg(El + IZ/) = I(Zg + Z[)
from which
K.E,
2, —ZXK,+ Z

But this is the current that exists in the circuit of Fig. 7-17, which is the
Thévenin equivalent with current feedback.

I=

KtEg= K¢ ( EI“'IZf}

Fic. 7-16. The equivalent circuit of Fig. 7-15 with feedback present.

The effective internal impedance of the equivalent Thévenin generator
with current feedback is thus seen to be

Z[/ = Zg -— KzZ; (7-43)

Note that the open-circuit potential with feedback is K.E,, which equals
the open-circuit potential without

1 o~
feedback, in view of the significance + Zt-Kuth +
of K,. This result is consistent with K.E 1) z[]}E
. oy &y ' 2
the observation that if Z; is removed
from Fig. 7-17, an open circuit re- .

sults, and I, and so the feedback, is FI6. 7-17. The Thévenin equivalent of

Fig. 7-15.
zero.,
These results are applied to Fig. 7-4. If the output is removed, the
open-circuit gain is K, = —u. The internal impedance without feed-

back is Z, = r, + Rx. Hence
Zy =r,+ Ri + pR:

which agrees with the previous result.
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Example 1. Analyze the amplifier of Fig. 7-18 by the use of feedback methods,
when the output is taken across R;.

R, c
+ gmEg PRSE +
+ R, + l R, }(EZ'EK) i
'l R, }Elc R, }Ek
(@) ®

Fra. 7-18. The circuit of a specific example.

Solution. The equivalent circuit is given in Fig. 7-18b. It is first noted that
the grid-cathode potential E, is given by the expression

Eg = El - Ek
But since E, = IR,, then

E,

TR

which is independent of the load impedance. This indicates, according to the
criterion given in Sec. 7-7, that current feedback exists.

To analyze the circuit completely, it is desired to calculate both K, and Z,,.
To evaluate these requires an evaluation of 8, K, K,, and Z,, Note from the
equivalent circuit that

The nominal gain is found by noting that

1 1 E
ngg+<E2—Ek)(T—+E)=—I—5
P

But
E.
E; = — Z 2,
Then
R, 1 1 E;
QME0+E2<1+E>(;;+E> +E—0
or
1 1 (R[ + Rz)(R] + Tp) _

gmE; + E, [El + & R =0

Therefore

_E2_ —gm
k= E, 1 oy + (R + Ro)(Ry + 1) (49

R; roRy
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The equivalent gain on open circuit is simply

—uR,
Ki=—— (
¢ R {7-45)
Also the equivalent impedance Z, is
Ry (rp + R)R; 4 7,R,
Z,=R P =22 2 7-46
Ry 2 r+ By (748)

It follows from these expressions that the gain with feedback is

Rl TpRl + (Rl + Rz)(Rl + Tp)

rply
K, = - [ﬁ gnR:
RirpRy+ (B + Ro)(Ry + 1p)
rply
This reduces to
— Bl (747)

K = B ¥R R + ( F DRiFa ¥ Bk,

Also, the effective internal impedance is

Z:/ =Z - K:Zf
(TP + Rl)R2 + rpRl [.I.Rl
= R
7'p + Rl + rp + Rl :
_ Tp(Rl + Rz) -+ (ll + I)Rle
Z,= v B (748)

It is of some interest to examine the effects of the feedback on the gain and on
the effective internal impedance. The gain ratio, given by the ratio of Eq.
(7-47) to Eq. (7-44), is found to be

K, _ (R + R, + Ri)) + R\R; + RiR,

K 1B+ R+ R) + R+ (b + DRIR;
which may be written in the form

K, _ 1
K 14 722912
T,,(R, + Rz + Rl) + RlRl + R1R2

This expression shows that the resultant gain with feedback is less than that

without feedback, as expected.

In a somewhat similar way, the effective internal impedances may be compared,
to examine the effects of the feedback. By Egs. (7-48) and (7-46), the ratio is
readily found to be

Z, _ 1+ eR\R,

z, (B + R2) + R\R,
The effect of the feedback is to increase the effective internal impedance, which is
characteristic of negative feedback.
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Example 2. Analyze the circuit of Example 1 when the output is taken across
the cathode resistor R..
Solution. In the present case, since E; is the output potential, then since

Eg = E1 - Ek
it follows that
6=-1
But since @ is independent of the load, then potential feedback now exists.

The nominal gain is obtained from a study of the equivalent circuit of Fig.
7-18b. It is observed that

1 1\ E,
ngg + (E2 - Ek) (T_p + R‘l) - R2
Also
R
Ez = - I?:Ek
Then
R, 1 1 E,
ngv‘Ek(‘ +E><E+E) TR
or
_ 1 1 (Re+ R)(Ry+15) | _
nga Ex [Rz + R, TpRl =0
Therefore
K = & = gm
E, 1 R + (R + Ry)(Ry + 1y)
R, ok
which is
[.lRle
K= 7-49
Ry + (B + Ry)(Ry + 1) ( )
The equivalent gain on open circuit is
- kR .
K, = YR, (7-50)
Also the equivalent impedance Z, is
r Rl (7” + Rl)Rl +r Rl
Z,.= R ? =2 Ld 7-51
‘ ' + Tp + Rl Tp + Rl ( )
It follows from these expressions that under feedback conditions
K, - pRiRy/[rpR1 + (Ry + Ro)(Ri + 15)]
1 4+ uRiRy/[rpR) + (Bi + Ro)(Ry + 7))
which reduces to
K, - KE\R, (7-52)

Tp(Rx + R, + Rz) + (}l + I)Rle + R\R;
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The corresponding effective internal impedance is

(ry + R1)Ry + 1R,

Z, = Z, _ o + Ry
U_l'_@Kz_ 1+ ply
rp + Ry
or
th — (rp + RI)RI + TpRl (7_53)

rp+ (k+ DR,

While it is possible to draw certain conclusions from a comparison of the results
obtained in Examples 1 and 2, the same conclusions are possible from the simpli-
fied circuit illustrated in Fig. 7-19, in which R; = R,, and R, is set to infinity, or
an open circuit. This circuit is known as a
single-tube ‘paraphase” amplifier and pro-
vides two equal output potentials of opposite R
polarity from a single excitation source. For +
the case when the output potential is E,, the
significant expressions deduced from Egs. +

(7-47) and (7-48) are the following: + (B2
E; R (B
K, = __ TR
Tt b+ 2R (7-54) Fic. 7-19. A single-tube “para-
Zy=r,+ (u+ 1R, phase’’ amplifier.

When the output potential is E,, the appropriate expressions become, from
Egs. (7-52) and (7-53),

K, = uRy

r»+ (u + 2)R; (7-55)
z, =158

u+1

It will be observed that the gain of the amplifier with respect to each output
pair of terminals is the same. However, it is also noted that the effective internal
impedances looking back from these terminals are quite different, one being much
higher than the other.

7-9. Effect of Feedback on the Output-terminal Impedance. The
output-terminal impedance of a circuit is the impedance looking back
into the output terminals of the network when the load impedance is in
place, but with the input potential reduced to zero. Clearly, the out-
put impedance of an amplifier is the parallel combination of the effec-
tive internal impedance and the load impedance. Since the equivalent
internal impedance Z,, depends on the type of feedback that is incor-
porated in the amplifier, then the output impedance will also depend on
the type of feedback. The situation is illustrated schematically in
Fig. 7-20.

The output impedance Z,,, which is given as the ratio of the current I,
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into the output terminals when a potential E, is impressed, is clearly

Iy Z,Z,

Zoyy = o——5 7-56
I+ 4 (7-56)
Zes Eo .
where, for the case of potential feedback, by
Eq. (7-42),
F1a. 7-20. The output-terminal Z,
impedance of the general Z, = W
- t

feedback amplifier.
and for the case of current feedback, by Eq. (7-43),

Zt/ = Zt —_ Kng
It is desired to obtain an expression for Z, in terms of the output imped-
ance without feedback, Z,, where

2.Z,
Z, = 7-57
"= 7,17 (7-57)

a. Potential Feedback. Suppose that the input source to the general
feedback amplifier is reduced to zero and that a potential source is applied
to the output terminals. The situation is illustrated in Fig. 7-21. This

1
<—0+

+ +
BEO{ KBE Zo OEO
ll Feedback

network

F1c. 7-21. The modifications of the general potential feedback amplifier for calculating
the output-terminal impedance.

diagram is Fig. 7-2 appropriately modified for output-impedance deter-
minations. In view of Fig. 7-14, which gives the equivalent circuit of
the general amplifier with potential feedback, then Z, has the form of
Eq. (7-57).

The current I, from the applied source is seen to be

I — E, — KBE,
0 = ‘-———ZO
and the effective output impedance with feedback is

B, Z, ]

which is similar in form to Eq. (7-15). This shows that the output imped-
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ance is reduced by the same factor as the potential gain with the applica-
tion of potential feedback.

b. Current Feedback. The calculation for the output impedance of an
amplifier which employs current feedback follows a similar pattern. In
this case, as before, the input signal is reduced to zero, and a potential
source is applied to the output terminals. The current-feedback circuit
for the output-terminal impedance calculation then becomes that shown

in Fig. 7-22.
+ +, Zo <——If I
I,Zp4 |KlfZs C)Eo

Fic. 7-22. The modifications to the general current feedback circuit for output-
terminal impedance determination.

In this circuit Z, denotes the output impedance of the circuit without
feedback and includes the effect of Z,. K is the gain without feedback,
but with Z; in position. The potential E; is the drop across Z, and
is I/Zf.

It follows from the diagram, by taking account of the current through
the load impedance, that

Eo = I()Zo - KI/Z/
But this becomes

E() = I()Z() - KZ)‘ <Io - %)
!

This gives

Io(Zo - KZ/) = Eo (1 _ Kg—f>
l

from which it follows that the effective output impedance with feedback is

_Z, - KZ, 1 — KZ,/Z,
T 1-KZ,/Z, 1 —KZ,/Z,
7-10. Effect of Feedback on the Input-terminal Impedance. It is of
some importance to examine how the input impedance of an amplifier is
affected by the presence of feedback. It will be found that the effective

input impedance increases for both potential and current feedback.
a. Potential Feedback. It follows directly from Fig. 7-11 that the
input-terminal impedance with feedback is simply

Zys =Z (7-59)
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This may be written as

Z1,=IM?=E(1 — KB)
I, I,
But the input impedance without feedback is
— Eﬂ
Z =1
Then
Z,; = Z,(1 — Kg) (7-60)

Therefore, owing to the feedback, the input impedance with feedback is
greater than the input impedance without feedback, and in the same
degree as the gain and distortion decrease.

As a specific example, suppose that Z, is the impedance due to a capaci-
tance between the grid-cathode terminals, and this may be the actual
tube capacitance modified by the Miller effect. Since the impedance
increases with feedback, this means that the effective input capacitance
is decreased. Clearly, therefore,

Oy = 1 (7-61)

b. Current Feedback. By proceeding as in (a) for the potential feed-
back, but now with reference to Fig. 7-15 for the general current-feedback

circuit,

_E, E,-1Z,
A T
_ 1 _E,
pt (E" Z ZI)
But
Z
G=i E. = KE,
Then it follows that
Zy = Z,(1 — K9) (7-62)

Note that the input impedance with current feedback is greater than the
- input impedance without feedback in the same degree as for the case of
potential feedback.

7-11. Feedback and Stability. A great deal of information about the
stability of an amplifier can be obtained from an analysis of the factor
1 — K@ that appears in the general gain expression [Eq. (7-14)]. This is
best analyzed through the use of the polar plot of the expression Kg.
Attention is first called to the significance of the quantity K8. This is
best examined by reference to the diagram of Fig. 7-23. Observe that
K3 is the total open-loop gain, including the amplifier and the feedback
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network, but with the feedback connection open. In network parlance,
this is the open-loop transfer function o. the ampl fier and the feedback
network. In essence, therefore, consideration of the open-loop perform-
ance of the amplifier and feedback network is to be used to provide sig-
nificant information regarding the performance of the amplifier under
closed-loop operation.

Kg.is a function (?f th(? frequency, . Ampliier
and, in general, points in the com- Ez{ gain K
plex plane are obtained for the >
values of KB corresponding to all

values of ffrom0Qto . The locus | Feedback
. KﬂEj{ network
of all these points usually forms a + B
closed curve for amplifiers. Fic. 7-23. Tllustration of the significance

As a particular example, suppose of the factor KGg.

that the locus of K@ in the complex

plane is drawn for the amplifier illustrated in Fig. 7-6. To do this, the
complete expression for the nominal gain, including the effect of the feed-
back circuit, must be written, rather than the simple form given in Eq.
(7-34). Also, the value of 3 must include the effects of the blocking
capacitor C. Certain of the features of the response of this amplifier are
known. At the mid-frequencies, the gain is substantially constant and
has a phase of 180 deg. For the low and high frequencies, the gain falls
to zero, and the phase approaches + 90 deg, respectively. At the l-f and
h-f cutoff values the phase is + 135 deg, respectively. It may be shown

Midd/e
range of
frequencies KB £ 7-K8)

7770

Fig. 7-24. The locus in the complex plane of K8 for the circuit of Fig. 7-6.

that the general locus of K@ of this amplifier for all frequencies is a circle.
The result is shown in Fig. 7-24.

Suppose that a phasor is drawn from the polar locus to the point (1,70).
This is the quantity 1 — K@, as shown. For this particular case, its
magnitude is greater than unity for all frequencies, and it has its maxi-
mum magnitude at the middle range of frequencies. Moreover, since
the resultant gain varies inversely with 1 — K@, then the effect of the
feedback is to cause a general flattening of the frequency-response
characteristic.
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The criterion for positive and negative feedback is evident on the com-
plex plane. First note that the quantity |1 — K@| = 1 represents a
circle of unit radius with its center at the point (1,70), as illustrated.

Clearly, if for a given amplifier |1 — K3| > 1, then the

feedback is negative, with an over-all reduction of

-Rp gain. Likewise, if || — KB| < 1, there is an over-all

increase in gain and the feedback is positive. These

w considerations show that if K8 extends outside of the

unit circle for any frequency, then the feedback is

Fre. 7-25. A plot negative at that frequency. If K@ lies within the unit
of 1 — KBl =1in i le, then the feedback is positive. If K

the complex plane.  Circle, then the feedback is positive. 8 passes

through the point (1,70) then 1 — K8 = 0, and, as will

later be shown, the amplifier is unstable and oscillates. A more general

analysis by Nyquist®? shows that the amplifier will oscillate if the curve

K3 encloses the point (1,70) and is stable if the curve does not enclose
this point. That is, if the magnitude

of K@ is less than unity when its phase £
angle is zero, no oscillations are Z
possible. fr cquency Kp ﬂ

As a specific example for discussion,
suppose that the plot of a given ampli-
fier is that illustrated in Fig. 7-26.
The feedback is negative for this am-
plifier in the frequency range from 0
to fi. Positive feedback exists in the
frequency range from f, to . Note, however, that since the locus of
K3 does not enclose the point (1,70), then, according to the Nyquist
criterion, oscillations will not occur.

7-12. The Cathode Follower.® The cathode follower is illustrated in
Fig. 7-27a, the equivalent circuit being given in Fig. 7-27b. This feed-

Fi1g. 7-26. The polar plot of an
amplifier.

G K
+
N r
e+l
E Rg§ + 72,3 E,
Onz, L u
wrl ™1
(@) ? (s) B9

F1G. 7-27. Schematic and equivalent circuits of the cathode follower.
back circuit is singled out for detailed consideration because of its exten-
sive use in a variety of applications. These applications stem from the
fact that the cathode follower possesses a high input impedance and a
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low output impedance and may therefore be used as a coupling device
between a high impedance source and a low impedance load.

The cathode follower is similar to the single-tube paraphase amplifier
of Fig. 7-19, but with a zero plate load. The equivalent circuit is that
shown in Fig. 7-27b. The grid circuit is isolated, since interelectrode
capacitances are neglected, and the input impedance is B,. The effec-
tive internal impedance is Z;; = r,/(u + 1), which is very low. In fact,
if u> 1, then Z,; = r,/u = 1/g.. But since g, for most tubes varies
from 1,000 to 10,000 umhos, then Z,, is of the order of 1,000 ohms to

C.?P C L C}gk b g *
+ T -pk Y L pr ® A1 Z ‘e
CokT E; =Y+ - E,
Ef 7 1 * LE, Cpic+Cric
§ Zy T Crx }E 2 4

P
(@) (%)
F1c. 7-28. Schematic and equivalent circuits of the cathode follower, including the
interelectrode capacitances.

100 ohms. A double cathode-follower circuit has been devised which
has a greatly reduced effective internal impedance.®
The gain is obtained from an analysis of Fig. 7-27b and is given by

vZ; _ K
e+ w+DZe p+ 14 r,/Z

Clearly K approaches the limiting value u/(p + 1) as the ratio r,/Z;
approaches zero, or as Z, > r,. For tubes with large value of p, and
with Z; > r,, the gain approaches unity. For values of Z; and r, found
in most normal cases, K is of the order of 0.9 or higher. In fact, it is
because of this unity-gain feature that the circuit derives its name, since
the output potential is almost equal to the input potential, whence the
cathode and grid rise and fall together in potential by almost equal
amounts (or the cathode follows the grid).

The interelectrode and wiring capacitances have been neglected in these
discussions, as their effects are usually negligible for frequencies below
about 1 Mc/sec. For purposes of our study, these will be taken into
account. The schematic and equivalent circuits are now given in
Fig. 7-28.

The expression for the gain of the amplifier is deduced by analyzing

“the circuit. It is noted that

' K = (7-63)

E lYC,,k + #Epr

E, =
: chk + Yp + YCPE-{-C/I; + YZL.

(7-64)

But it follows that
E,=E, — E,
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and Eq. (7-64) becomes

— ijnkEl + MYp(El — E,)
Jo(Cox + Cor + Cpi) + 1/r, + 1/Zs

Solving for the gain K, which is given by K; = E,/E,, there results

E, (7-65)

— (Jor,Cox + u)Zs 3
K, = 702 Zi(Core + Cok + Cr) + 15 + (u + 1)Z, (7-66)

For those values of Z, which are normally used, the effect of the inter-
electrode and wiring capacitances on the potential amplification is neg-
ligible for frequencies below about 1 Mc, as already noted. That this is
so is seen by writing Eq. (7-66) in the form

(ESERLE 76
1+ (“ + +ijT> Z

Tp

K/=

where Cr = Cpr + Cu + Cp. But the effect of the capacitances will
become important only for those frequencies for which wCr becomes com-
parable with (u + 1)/, = g,.. If Cr is taken as 30 wuf and ¢, = 1,000
pmhos, then f = ¢,.,/2nCr = 5 Mec.

To find an expression for the input capacitance of the cathode follower,
refer to Fig. 7-28b. It is seen that the current flowing through the source
comprises two components. One of these is the current through the
capacitance Cy, and is

I, = juC,E, (7-68)
The second is the current through the capacitance C,.. This is
I, = jwC,E, (7-69)
But asE, = E;, — E; and K; = E,/E,, then
I, = juCu(l — K))E, (7-70)

The total current is
I =141 = ju[C,,E, + (1 — K))CrE)]
and the effective input capacitance is
Ci=0Cop+ (1 -K)Cu (7-71)

Since in many circuits K, is approximately 0.9, then C; has the approxi-

mate value
C; =Cy + 0.1CH (7-72)

A comparison of this expression with the corresponding form given by
Eq. (5-16) for the conventional amplifier stage shows a roughly similar
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dependence on the tube capacitances, although the numerical value for
the cathode follower is considerably smaller than that for the conven-
tional amplifier stage.

The effective internal impedance )
Z,; can be determined by finding the 7 ¥
current I, as a consequence of the + Zy o

Cr

application of an a-c potential Eoto xEg T
the output terminals of Fig. 7-28.
The grid exciting potential is made G,P.0

g . b . Fi1c. 7-29. The equivalent output cir-
zero. The equivalent circuit is that  oyit of the cathode follower.
drawn as Fig. 7-29, if the internal
impedance of the grid driving source is low. The effective internal
admittance of the tube alone is found from

I, = EYr + E“——:ﬁ (7-73)
But under the conditions specified ?
E, = —E,
Then
I
Yy = EOI, =Yr +Y, + gn (7-74)

where Yr = jwCr. It is of interest to compare this result with that
which applies without capacitances being considered, viz.,
1 _p+1

Y, = Z, = r =gnt+Y,

The effect of the interelectrode capacitances is the addition of the term

Yr tothe terms Y, + ¢.. Here, as for the gain, Yr does not become com-
parable with the other terms except at the
higher video frequencies.

+ 7-13. Graphical Analysis of the Cathode

}Ebb Follower. Suppose that the cathode im-

pedance is a resistance R, and this is the
usual situation. A graphical solution of
: the operation of the circuit is possible on
Fic. 7-30. The cathode fol- the plate characteristics of the tube. This
lower with a cathode resistor. . . .

necessitates drawing the dynamic char-
acteristic of the circuit from the known plate characteristics. Refer to
Fig. 7-30 for notation. The controlling equations of the grid and plate
circuits are

en = €cn + ?:ban (7'75)

and
Ebb = €bn + ’l.ban (7"76)
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Equation (7-76) is the equation of the load line for the plate supply Eu
and the load resistance R;. The procedure for constructing the dynamic
characteristic follows:

1. On the plate characteristics draw the load line specified by Eq.
(7-76). This is illustrated in Fig. 7-31.

‘2 Epyg,

N~ Load line Ry,

E 1~ei(*E q+ipi Ry)
E ez

E.3—+>e3
Ecq>ey
ipo-———— E.s—+es
E.6—+es

€

Epp
!~ ep2 d—ex- "bZRIc—'l
|

Fra. 7-31. Graphical construction for finding the dynamic characteristic of a cathode
follower with cathode resistor Ry.

2. Note the plate current at each point of intersection of the load line
with the plate characteristics. For example, the current at the intersec-
tion of the load line with E,, is labeled .

3. Now relabel the plate characteristics with the appropriate symbol e,
according to Eq. (7-75). Thus

E.— e (= E. + 1, Re)
Eo— e (5 Eco + teRy)
etc.

4. The dynamic characteristic is a plot of the (#n,e.) characteristic,
where 7,, is the current corresponding to the input e,. This requires cal-
culating the value of e, for each value of E.,, and its corresponding i..

Often the complete dynamic curve is not required, but only the cur-
rent [, for a specified value of ¢, say E. By Eq. (7-75) this is

E - E.
Ib= Rk

For several values of ¢, (and the available E, values are used), the value
of 4, is calculated, and noted on the plate characteristics, as shown in
Fig. 7-32. The intersection of the load line and the line connecting the
calculated points is the appropriate current I, for the specified E.

It should be specifically noted that the value of the input signal E will
be quite large before E., the actual grid-cathode potential, becomes posi-
tive with the consequent grid current. That is, since the cathode poten-
tial follows the grid potential rather closely (for a gain almost equal to
unity), the input signal may swing considerably positive before the onset
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of grid current. The larger the values of Ry, the larger will be the allow-
able positive swing. When cutoff occurs, no potential difference appears
across R;. Consequently, the applied signal required to reach cutoff is
independent of R.

%
Epp
Ry

o ——— 2

y e
Epp i
Fig. 7-32. Graphical construction for obtaining the value of I, for a specified input
potential E,.

Example. Consider a 6J5 tube with E,, = 300 volts and R, = 10,000 ohms.
Find the maximum positive and negative input swings for positive grid-cathode
potential and cutoff, respectively.

Solution. From the plate characteristics of the 6J5 (see Appendix B-9) and the
specified Ey and Ry, the following data are found:

For E. = 0: Iy, = 15.7 ma
ForE,= —18: I, =0

This shows that the cathode follower may swing from 4157 volts to —18 volts
without drawing grid current or driving the tube beyond cutoff.

Clearly, the operation of the cathode-follower circuit of Fig. 7-30 is
unsymmetrical. For small potential excursions, this causes no difficulty.

E +
1 Ry, }Ez

Fia. 7-33. Two ways of achieving more symmetrical operation of a cathode follower.

Also, if only positive signals are to be used, no difficulty exists. How-
ever, if large negative signals are to be applied, it is necessary to estab-
lish the grid at a large positive potential with respect to the bottom end
of R, (ordinarily ground), although the actual tube bias E. will still be
negative. This bias may be achieved in several ways, as illustrated in
Fig. 7-33. For symmetrical operation, the bias will be established to set
the d-c level across Ry at about half of the peak-peak potential swing.
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PROBLEMS

7-1. a. Evaluate the rms thermal noise potential across the parallel network
shown.
b. Comment on the results.

R

"—4\/\/\/\/\«—

g

7-2. a. Determine the rms shot noise current in a temperature-limited diode
in a 10-kc bandwidth for an average tube current of 10 ma.

b. If this current flows through a temperature-limited diode, how much noise
is developed in a 10-kilohm series resistance in the diode circuit?

7-3. Consider the circuit shown, for which 7, = 7,700 ohms, g.. = 2,600 ymhos,
R; = 25 kilohms, and C is chosen to yield a 12-k¢ amplifier bandwidth.

+

‘RL (44 ]\ es
R
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Direct-current sources have been omitted for convenience. Calculate the
noise potential in the output when R = 0; when B = 10 kilohms.

7-4. Compare the value of R,, of a 6AC7 when triode-connected with the value
when pentode-connected. The operating potentials are those specified for normal
operation.

7-5. Consider a resistor having a resistance R at room temperature. When
this resistor is connected in the circuit that includes a temperature-limited diode,
the d-c current I, passes through E. Under these circumstances the effective
fluctuation noise is doubled. Calculate the d-c potential across R.

7-6. Consider a simple grounded-grid amplifier stage to have fluctuation noise
to be produced in the grid circuit, the cathode resistor, and both the plate resist-
ance and the plate load resistance. Neglect transit-time effects.

a. Find an expression for the mean-square noise in the output.

b. Denote the ratio of the mean-square noise potential of (a) to that of an
ideal tube (one with zero grid and plate noise) by the quantity N. For a speci-
fied R; find the approximate value of R, for which N is a minimum. Caution:
Recall that the component potentials are random.

¢. Deduce the value of N, under the conditions of (b).

7-7. A radar receiver has an over-all bandwidth of 1.2 Me, a noise figure of
11 db, and a gain of 110 db. Find the rms noise potential across a 500-ohm out-
put resistance.

7-8. A type 1N21 silicon crystal diode is used in the converter of a microwave
receiver. If the converter has a loss of 5.5 db and a noise figure of 9 db and is
used with an i-f amplifier that has a noise figure of 3.5 db, calculate the over-all
noise figure. Assume that the converter band contains the i-f band, which is
the usual case in radar receivers.

7-9. An amplifier has a gain 3,000/0. When negative feedback is applied, the
gain is reduced to 2,000/0. Determine the feedback network.

7-10. An amplifier without feedback gives an output of 46 volts with 8 per cent
second-harmonic distortion when the input is 0.16 volt.

a. If 1 per cent of the output is fed back into the input in a degenerative circuit,
what is the output potential?

b. If an output of 46 volts with 1 per cent second-harmonic distortion is per-
missible, what is the input potential?

7-11. Given the amplifier stage with cathode degeneration shown in the accom-
panying diagram,

Ey = 250 volts R: = 100 kilohms
gm = 1,200 umhos u =70
R, = 1 megohms

a. What should be the value of Ry to give an over-all gain of 8?
b. What is the value of E.,, and the largest value of ¢, to yield an output without
distortion?
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7-12. Plot the gain as a function of frequency of the simple amplifier shown in
the accompanying figure. Also plot on the same sheet the gain of the stage when
fixed bias is used.

40kn
{g,,, =2000e mbos\+
Ip=/0kn
+
E
E; 2
2kn == 0uf

7-13. The first stage of the circuit of Fig. 7-10 uses a 6SJ7 pentode with
E, = 250 volts E,, = —3 volts E... = 100 volts Iy = 3ma

The second stage is a 6C5, with E, = 250 volts, E.., = —8 volts, I, = 8 ma.
The other factors are

R;; = 100 kilohms R, = Ry, = 250 kilohms R, = 25 kilohms
C = 0.04 uf Crp = 10 uf Cr2 = 2.5 pf Ca = 0.1 pf R, = 200 ohms
R; = 150 kilohms

a. Specify the values of Rii, Riz, Ew-

b. Draw the complete mid-frequency equivalent circuit.

c. The total shunting capacitance across R, is 80 puf. Calculate and plot a
gain-frequency-response curve over the range from 20 to 50,000 cps.

d. Repeat (¢) if R, = 0, R, = 150 kilohms.

7-14. Given the two-stage circuit which is provided with negative-potential
feedback. The tubes have r, = 108 ohms, g, = 1,200 gmhos.

a. Calculate the output impedance.

b. Calculate the impedance between points AA.

$70kn }*
2

S30a
S

7-15. Given a simple pentode amplifier stage as illustrated, the screen by-pass
capacitor being omitted. Derive an expression for the gain of the amplifier
stage. Assume that 7, is independent of E, and that u., of the screen grid is
the same relative to plate and to screen currents.
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7-16. Calculate the gain of the inverse feedback pair.* Assume that the tubes
are identical and that R, > R..

7-17. Obtain an expression for the output potentials of the cathode-coupled
two-tube circuit shown in the accompanying figure.

7-18. An RC coupled amplifier has a mid-frequency gain Ko = —27. Poten-
tial feedback is applied, the amount of feedback being such as to reduce the lower
half-power frequency to one-tenth its no-feedback value.

a. Find the feedback fraction 8.

b. Find the resulting mid-frequency gain under feedback conditions.

7-19. Given a three-stage RC coupled amplifier, each stage of which has an
1-f cutoff of 20 cps, and h-f cutoff of 84 ke, and a mid-frequency gain of 220. Plot
the locus of the complex potential gain.

T7-20. The locus of the complex potential amplification of a certain amplifier is
illustrated. If 1 per cent negative feedback is applied, determine the value of
the gain K at the following frequencies: 100 cps, 10 ke, 40 ke. Assume that g is
independent of frequency and that the potential fed back is in phase with the
output potential.

K=/1500/155°
£=5700

£:246000
K=/#400

Ke=jr000
£=100

7-21. Three identical RC coupled amplifier stages are connected in cascade,
inverse feedback being provided between the output and input, as indicated in
the diagram at the top of page 182. The per stage constants are (see Fig. 7-4
for a typical stage)

; = 20 kilohms C = 0.01 uf
C, = 20 ppf R, = 1 megohms
Tube: r, = 1 megohms gm = 1,000 umhos

* G. R. Mezger, Electronics, 17, 126 (April, 1944).
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a. Determine the maximum value of R for which the amplifier will operate
without oscillations.
b. Calculate the mid-band gain under these conditions.

+

+
3 stage RC Rg }
E,; —

coupled amplifier R

7-22. Consider the amplifier stage illustrated in the accompanying figure.
Calculate the following (neglect the effects of interelectrode capacitances):

a. Input impedance Z,;. Compare this with the value R,.

b. Effective internal impedance Z,,.

¢. Output-terminal impedance Z,,.

G = 1500umhos

1;,,=66kn

7-23. The circuit of Prob. 7-22 is rearranged by connecting the grid resistor
to the cathode rather than to ground, as shown. Repeat Prob. 7-22 for the
rearranged circuit.

G = 1500umhos
Ip,=664n
100kn

7-24. a. Refer to the cascode circuit illustrated. Find expressions for the
following: gain K, output-terminal impedance Z,,.

b. Compare the results under (a) with the corresponding results when tube 7'1
and its cathode resistor R are replaced by a resistor E;.

T1
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7-26. Calculate the effective input impedance at 10 ke of the circuit in
the accompanying figure. Each tube has the value g, = 2,000 pmhos,
r, = 10 kilohms. Neglect all tube and wiring capacitances.

10upf= JOka

I

+ >
E ,{ 500/«1‘%
T

7-26. Derive an expression for the effective input impedance of the cathode-
coupled amplifier shown. Under what conditions is this impedance negative?

ke
Lo ¢

E

7-27. What must be the value of Ry in Fig. 7-27 if Z,; = 300 ohms at 1,000 cps?
A 6J5 tube is used.

7-28. Given the cathode-follower circuit with the grid resistor R, tied from
grid to cathode, as shown in the accompanying figure. Derive expressions for
the effective input impedance Z,, and the output-terminal impedance Z,.
Neglect tube capacitances. Show that Z,, can be written in the form
Z,, = R,/(1 — K). Find an expression for K.

+
Ry }Ez

7-29. Compare the values of gain, effective input impedance, effective internal
impedance of the two cathode-follower stages illustrated.
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7-30. Calculate and plot as a function of frequency on semilog paper the gain,
output impedance, and input impedance of the cathode-follower amplifier shown

1

]

EI LAY +
Bz Rz Comm (E;

at the following values of w: 250; 2,500; 250,000; 2.5 X 10%; 5 X 10° rad/sec.
Choose a 6J5 tube for which

rp, = 7,700 ohms p =20 Cop = 3.4 puf Co = 3.4 upf Cor = 3.6 puf

Also choose
R, = 10 kilohms R, = 200 kilohms C = 0.01 uf C, = 40 ppf

7-31. Consider the circuit shown in the accompanying diagram. Determine:
. The positive signal that will drive e, to zero.

. The negative signal to drive the tube to cutofi.

. The mid-frequency gain.

. The input admittance when C,, = 3.4 uuf, Cp = 4 puf.

Qo o8

l 100kn
320kn

7-32. Repeat Prob. 7-31 when the tube is changed to a 6AC7 pentode. The
tube operates in its linear region, with g,, = 9,000 gmhos, 7, = 1 megohm.

7-33. Plot the dynamic characteristic of a 6J5 tube in a simple cathode-
follower circuit, with Ey, = 250 volts, for the following values of cathode resist-
ance R: 5,000 ohms; 25,000 ohms; 100,000 ohms.

7-34. A video amplifier is coupled to a cathode follower, as shown in the figure
at the top of page 185. The frequency-response curve of this amplifier is also
sketched. Choose the transconductance g,, = 9,000 umhos.

a. Calculate the approximate value of the coupling capacitor between the two
stages.

b. Calculate the approximate value of the total shunt capacitance.



SPECIAL AMPLIFIER CONSIDERATIONS 185

AAAA-SAAAA
AAAAA
YWW

L)

By % 3won T

30

/| \
/

s
(.4
10

X 70 0 100 1000

Frequency, cps x 103

7-35. The essentials of a double cathode follower!® are illustrated.
a. Show that the expression for the gain is

K, = u? + urp/R
Tt e+ 1+ (2R

b. Show that the output admittance is
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7-36. Consider the double cathode follower shown in the diagram. Calculate
the gain and effective output-terminal imipedance of this amplifier.




CHAPTER 8

UNTUNED POWER AMPLIFIERS

The potential amplifiers discussed in Chap. 6 are designed to increase
a potential signal from a low level to one which is adequate for operat-
ing some low-power circuit. Such amplifiers are generally operated in
class A since the amplification is to be accomplished without distortion.

A power amplifier serves to supply an appreciable amount of power to
some power-absorbing circuit, although in general it must be accom-
plished under very low grid-driving-power demands. Power amplifiers
may be operated as class A, B, or C or at any point between these limits,
the choice of operating conditions being determined by the ultimate
purpose of the amplifier. If the amplifier is to reproduce the audio
spectrum without distortion, then the amplifier must be operated in class
A if a single tube is used. If two tubes are used in a push-pull circuit,
then the amplifier may also be operated in class AB or class B. If the
amplifier is to reproduce the input waveshape over a very narrow range of
frequencies, tuned class B or tuned class C amplifiers may be used. Only
a-f amplifiers will be considered in this chapter.

8-1. Class A Triode Power Amplifiers. The basic schematic diagram
of a typical series-fed power amplifier and its equivalent circuit is given

{ ol 7 | +T*f
"Eec
Fi1c. 8-1. The schematic and equivalent circuits of a simple series-fed power amplifier.

in Fig. 8-1. It is observed that this circuit is identical with that of Fig.
6-1 for the simple potential amplifier.

If it is assumed that the dynamic curve is linear over the entire range
of operation, then the plate current is given by

) 2 i
1= (8-1)

187
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since E, = E;, and the power supplied to the load is

wiE? 4 R

—_— 2 - -+ __ =
P =Dk = ¥ R/r)rs

(8-2)
A sketch showing the variation of the output power as a function of R,/r,
is given in Fig. 8-2. It can be seen that the power curve reaches a maxi-

mum at the point at which R;/r, = 1, although this maximum is quite
broad. Pisa slowly varying function

uE,? . . .

( Units of = L } of R;in the neighborhood of the maxi-
1.0 } — mum, and the power is at least 88 per

8“2 7 — cent of its maximum value for values
Pl of R;/r, ranging from 0.5t02.0. This
0.2 condition shows that the power loss is

0, N 2 3 less than 2.25 db for all values of R

Ry [rp between 0.57, and 2r,.
F1c. 8-2. Variation of power output Since the maximum power trans-

as a function of resistance ratio R;/rp. fer occurs when the load resistance

equals the internal plate resistance of the tube, it is necessary to use tubes
with low values of r, in order to obtain reasonable amounts of power with
nominal values of plate supply potential. Since the g of a tube cannot
be designed over very wide limits, then tubes with low 7, also possess low
values of u. As a result, large grid excitation potentials are required for
appreciable amounts of power output. Note from Eq. (8-2) for a given
value of E, that tubes which pos-
sess large values of

2

m
Tp &E"-'J
high output t iz Fo 1B "
possess high output-power output. R wf—

In fact, the powersensitivity which
was defined by Eq. (3-4) becomes,
under the conditions of maximum
power transfer, simply ug./4.

To determine the power output directly from the static plate character-
istic of the tube, it is necessary only to draw the appropriate load line on
these characteristics and read the significant information from the dia-
gram. Thus, by referring to Fig. 8-3, it follows that

F1G. 8-3. The output current and potential
waveforms in a triode power amplifier.

I — h _ Imax - Imiu

\/§ a 2\/§
E _Emux—Emin

5T e

(8-3)
and E =
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The power output is
Enl. ILR,
2 2

P=

which may be written in the form

P _ (Emax - Emin)s(lmax - Imin) (8—4)

If distortion is not negligible, the harmonic components must be evalu-
ated according to Eqgs. (4-32). The total power output is then

R,

P=(Bi+Bi+Bi+ )%

This may be written as

_ B2\ | (BsY L .. .| Bt
P—[l+<E)+(E)+ ]—2-31

which becomes, by Eq. (4-33),

P=Q1+D}+ D} + - - )P,
or
P = (1 + DY)P, (8-5)

where D is the total distortion. Notice, however, that if the total dis-
tortion is high, say 10 per cent, then P = 1.01P,. That is, a 10 per cent
distortion represents a power of only 1 per cent of the fundamental.
Thus, with little error, the output power is approximately that of the
fundamental-frequency component only.

8-2. Output Circuits. It is not always feasible, nor is it generally
desirable, to connect the load directly in the plate lead, as shown in Fig.
8-1. Among the reasons for this are:
that the quiescent current through the
load resistor represents a considerable
waste of power, as it does not contri-
bute to the a-c component of power;and
that the quiescent current may cause a
serious polarization of the output. For
example, it i1s inadvisable to pass a
large d-¢ current through the voice coil
of a loud-speaker. For these reasons, the transformer-coupled load is
used extensively, although the parallel-feed system may be used.

The circuit of the parallel-feed system is illustrated in Fig. 8-4. It is
clear that this is just the impedance-capacitance coupled system dis-
cussed in Chap. 5. In this system the plate supply is connected to the

Fig. 84. A parallel or shunt-fed
power amplifier.
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plate of the tube through a high inductance L, the load resistor being
connected across the output through a blocking capacitor C. The induc-
tor L must be so chosen that wL > R,, and C must be so chosen that
1/wC K R; over the operating range of frequencies.

The potential and current relations for the parallel-feed system are illus-
trated in Fig. 8-5. Observe that
the quiescent current through the

/D_ynamfc load line

dipax F=———— Static loadl line tube is determined by R, the re-
I &t Ry, sistance of the inductor, although
Lyin % tarR;  the ‘“dynamic” resistance into
s B B w.hlch the t,ub.e is x'vorkmg 1s)Rl.

56 Since the static resistance of the

F1g. 8-5. The dynamic and static load  choke or the transformer winding is

lines of a shunt-fed or transformer- . . .

coupled amplifier. usually sma:ll, the static load line is
almost vertical.

Suppose that the load resistance into which the tube works is small; for
example, the resistance of the voice coil of a dynamic loud-speaker usually
ranges from about 5 to 15 ohms. If such a low resistance load were used
in either the series- or the shunt-feed circuits, only a very small power
output would be possible, most of the power being lost within the tube
resistance. In this case, and in fact in any case in which the load resist-
ance does not properly match the tube resistance, the use of a transformer
as an impedance-matching device will permit optimum power transfer.
Such a system is illustrated in Fig. 8-6.

The impedance-transforming property of an ideal transformer follows
from the simple transformer rela-

tions +
E, = ]\_71}3;2 S % K,
N,
(8-6)
and I, = & I,
2 Nl

Frg. 8-6. A simple transformer-coupled

, .
where E; and E, are the primary 5 ." power amplifier.

and secondary potentials, respec-
tively, and I} and I, are the primary and secondary currents. The ratio

of the above yields
Ey _ &)21_3_2
I, \WV,) L
R =(¥Y r-Llr (8-7)
1 N2 l n2 1

since E}/I; and E,/I, represent the effective input and output impedances,
which are resistances. When the turns ratio N,/N, is greater than unity,

which may be written as
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the transformer is called a step-down transformer; with the ratio N;/N,
less than unity, it is a step-up transformer.

Equation (8-7) is true for an ideal transformer. In general, however,
the coupling is not perfect, the primary and secondary resistances are not
negligible, and the core losses cannot be neglected. By taking these fac-
tors into account, the input impedance is given by

’
z;=R,+%+jw<L;+%;>+n5; (8-8)
where R; and R, are the primary and secondary winding resistances, L}
and Lj are the primary and secondary leakage inductances, and Z,; is the
load impedance.

The same distinction between the static and dynamic load lines must
be made for transformer-coupled loads as for the shunt-feed circuit, and,
as noted, Fig. 8-5 applies for both circuits. But for the reasons discussed
in Sec. 6-10 the frequency response of the transformer is not flat for all
frequencies. However, the effects are less severe than for a transformer
interstage coupling, since over the audio range the transformer capac-
itances, tube capacitances, and stray capacitances appear across a rela-
tively low plate-resistance tube or across the low-output load resistance.

8-3. Maximum Undistorted Power. The foregoing analyses, which
are based on the linear equivalent plate circuit, are not completely valid
owing to the curvature of the dy-
namic characteristic, particularly
in the region of small plate cur- Z,,,t+—-————-
rents. In order to obtain the A
maximum possible power output

. . . min B ‘
without making the 1nstant?1neous / B Eon 1Es B ]
plate current too small during the LQ% sy A,

H_’OSt’ negative part of t’h_e .applled F1c. 8-7. Graphical construction for deter-
signal, and without driving the mining the operation conditions and maxi-

grid positive at the positive peak ~mum undistorted power output from an
. . o amplifier.

of the applied signal, it is neces-

sary to maintain a careful balance among the grid bias, load impedance,

plate supply potential, and plate resistance.

To find the expression for the output power under these conditions, and
also to determine the appropriate conditions in order to achieve the
present results, refer to the graphical construction of Fig. 8-7. Since the
distortion that results at small plate currents arises from the curvature
of the static characteristics, this region is eliminated by setting /., at an
appropriate value. This specifies the crosshatched area of the diagram.
Thus the grid is allowed to swing from any point @, corresponding to the
potential E, (which would be E, if an ideal shunt-fed or transformer-
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coupled load were used) between zero grid bias and that bias which corre-
sponds t0 Iwin. It will be assumed that the distortion is negligible in
this region. The characteristics are essentially linear in the operating
region, with a slope corresponding to r,.

To find the value of load resistance for which the power will be a maxi-
mum, refer to Fig. 8-7. It is noted that

Eb = ED + 2[,,.7‘,, + Em
But since
Em = RII,,.
then it follows that
Eb = ED + 21,,.7‘p + ImRz
= ED + I,,.(Rz + 27'1,)

Solving this expression for I,, there results

_E, - Ep |
In=%F2, ®-9
The power to the load is then given by the expression
2 — 2
P= IR, (E, — Ep) 4R,/2r, (8-10)

2 16r, (1 + Ri/2r,)?
A sketch showing the variation of the output power as a function of R;/r,

2 is given in Fig. 8-8. This curve, like
(Un//sof(ib_—p) ) that of Fig. 8-2, reaches a maximum,

1.0 222 — but in this case at the point at which
0.8 /‘ = R, = 2r,, although the variation is not
p 06 7/ rapid in the region of the maximum.
04 The power remains at least 88 per cent
0.2 of its maximum value for load resist-

0 0 1 2 3 4 5 ances R, ranging from r, to 4r,.
Ri/rp To find the appropriate bias for
Frc. 8-8. Variation of output power these conditions, combine Eq. (8-9)
as a function of load . with the fact that the current changes

from I, to I.. when the signal potential E, is equal to E.. Thus
kE,

I, = R+r, (8-11)

The result, by equating Eq. (8-9) to (8-11), yields
3
E. = i (Ey — Ep) (8-12)

in which R; has been set equal to 2r,. The value of Ep is obtained
directly from the curves.
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The maximum undistorted power output becomes, from Egs. (8-10)
and (8-12),
uE;
97,

Pmax=

Further, since E. = E,,, this becomes

wEz, 2

Pmax = grp = _9- #ngg (8‘13)

and the power sensitivity at optimum power output is
s P 2
Power sensitivity = B2 = g Hn mhos (8-14)
g9

which is slightly less than that for the conditions of Sec. 8-1.

The results showing the power output and second-harmonic distortion as
a function of R; of a type 6A3 triode are illustrated in Fig. 8-9. Optimum
output is obtained at about R; = 2,500

ohms, which is approximately three 4 Lo [
times the plate resistance r, of the tube. 5 3 T o
Although the second-harmonic distor- § £ Lo
tion is not negligible at this point, a 5 50 %2 2!
per cent distortion is usually tolerable. ¢ § \{‘%X

The above analysis is based on the 4? 5 & \\%9,6
use of a plate-supply source of so-called & \j?’bo,,,é
nominal value (about 300 volts). Ifit <0 ol—{ 1 1 1 7= J
is assumed that a plate source of any Load resistance, kilohms

potential is available, then with in- Fic. 8-9. Power output and second-
creases in the value of Ej, the ultimate harmonic distortion of a type 6A3
e e . . . triode as a function of load re-
limitation will be imposed by the allow- ;o ~

able plate dissipation. Under these

circumstances, it is found that the circuit should be operated with a value
of R, that greatly exceeds 2r,.!

8-4. Plate-circuit Efficiency. The foregoing discussion gives the meth-
ods for calculating the output power of a power amplifier. The a-c power
so obtained is converted from the d-¢ plate supply by the vacuum tube.
The ratio of these quantities is called the plate-circuit efficiency of the

amplifier. Thus

_ a-c power output to the load
? = d-c power input to the plate circuit X 100% (8-15)

N

Suppose that P, denotes the average power dissipated by the plate.
Then by the principle of the conservation of energy

Ebeb = IgRl + Eplp + Pp
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where R, is the static load resistance. By solving for P,, there obtains

P, = Ewl, — I!R, — E,I,
But as
Ebb = Eb + Ile
then P, has the form
P, =EJI, — E,I, (8-16)

This equation expresses the amount of power that must be dissipated by
the plate and represents the kinetic energy of the electrons that is con-
verted into heat at the plate. Notice in particular that the heating of the
anode is reduced by the amount of the a-¢c power that the tube supplies
to the load. Hence, a tube is cooler when delivering power to a load

"b Ec=0
I Ty-2
E,
L /| e
I+ L _41 — A -NQ |
L = 7" B >{ e
mn /7 E’
.ZImIA;,-JE " e HErmax

Fic. 8-10. The plate characteristics of an ideal triode.

than when there is no such a-c power transfer. This is a very important
factor in the operation of high-power r-f transmitting tubes, since such
tubes are ordinarily operated close to the rated allowed plate dissipation.
If for any reason the output circuit becomes slightly detuned, with a
consequent decrease in output power, the plate power may become
dangerously high.
The plate-circuit efficiency may be written in several different forms.
From Eq. (8-15),
_ El,
" = Eul,
This may also be written as

X 1009 (8-17)

" = P, + P, + IR,

Clearly, a large value of 4, means a small value of P, for a given output.
This means that a smaller tube with a smaller plate-supply source may
be used.

It is possible to obtain an approximate expression for the theoretical
value of 7, for the series-fed and the shunt-fed circuits. Consider that
an ideal tube is used in an amplifier circuit. The plate characteristics of
such a tube would have the form illustrated in Fig. 8-10. Suppose that
the grid does not swing beyond E, = 0 and may swing to give zero cur-

X 100% (8-18)
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rent. Then, by the proper choice of E.,

Iy = In
and
— EZ’IP . EmIm _ Em
"= Byl, = 3Enl, ~ CE, 7 (8-19)

For the series-fed circuit, the point marked E... = Ej, and from the
diagram,
Emax = Ebb = 2Em + 2Imrp

Hence Eq. (8-19) becomes

E. _ 2
T =0 E F Ty 1 F Lury /B P
from which, since
E, =1,.R;
then
25
= T R % (8-20)

The theoretical maximum plate-circuit efficiency for the series-fed ampli-
fier is 25 per cent. For the conditions of maximum power output, when
Ry = r, 1, = 12.5 per cent. Actually, owing to the limited range of
operation without distortion, », seldom exceeds 10 per cent in practice.
Evidently, the linear vacuum-tube amplifier is an inefficient device for
converting d-c into a-c power.

In the shunt-fed system a means has been devised for eliminating the
d-c power loss in the load. This results in an improved plate efficiency.
If the static resistance is assumed negligible, then

Ebb = E(, = Em + 21m7.p
and

En _ gy E,

Ey E, +2I.r, %

7, = 50

This reduces to the form
_ 50
T> =1 + 2r,/ R

The theoretical maximum plate-circuit efficiency of the shunt-fed or
transformer-fed amplifier is 50 per cent. Thus the elimination of the
static power loss in the load reflects itself as an improved plate efficiency.
For the conditions of maximum output power, when R; = 2r,, 1, = 25 per
cent. However, since the static resistance is not negligible and since the
current /.., cannot be taken as zero if distortion is to be avoided, the
actual plate-circuit efficiency will be less than the 25 per cent figure.

% (8-21)
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8-5. Power Pentodes and Beam Power Tubes.

RADIO ELECTRONICS

[Cuap. 8

The plate character-

istics of the power pentode are markedly different from those of a triode,

and the graphical analyses given above are not valid for pentodes.

Since

the characteristics of the beam power tubes are similar to those of the
power pentode, the discussion to follow applies for both the power

pentode and the beam power tube.

100 Yy _
L F.=0
< 80
E- /'E -5
E N
260 N =
3 \
£40 . ~/5.
a —_
) -20
20
\ T -25
AN -Jo
0 \\ =J5
0 100 200 300 400 500

e, plate volts
F1a. 8-11. Plate characteristics of a 6F6 power pentode.

Power pentodes differ from triodes principally in the character of the

dynamic curve with increasing load resistances.
tortion decreases as the magnitude of the load resistance increases.

In the triode, the dis-
This

follows from the fact that the dynamic curve becomes increasingly linear
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F1c. 8-12. Dynamic characteristics of a

6F6 for three values of plate load resist-

ance.
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as the load resistance becomes
higher. In the power pentode, the
dynamic characteristic is critically
dependent on the load resistance,
with excessive curvature at both
the high and the low values of load
resistance. Moreover, the critical
load resistance to be used cannot
be related analytically with the
plate resistance of the tube. This
resistance is always less than the
plate resistance of the tube. It
might appear therefore that the

output-power capacity of the tube would be too low to make the tube fea-

sible.

Actually, owing to the large ug. product, even with the appro-

priate R; the power output is usually higher than with the tube connected
as a triode, and this with a smaller grid driving-potential amplitude.
To examine the matter in somewhat greater detail, refer to Fig. 8-11,
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which gives the plate characteristics of a 6I°6 power pentode. It will be
supposed that the load is transformer-coupled to the tube and that the
plate potential is maintained at 300 volts. Three load lines are shown,
2,500, 7,000, and 10,000 ohms. The
corresponding dynamic curves are SL
given in Fig. 8-12. The following
example will help clarify the 90
situation:

E-N
T

[
o

Power output

[
T

Example. Calculate the output
power, the plate-circuit efficiency, and
the second, third, and fourth harmonics
for the 6F6 that supplies power to a
loudspeaker, the effective resistance of
which is changed to have values of 2.5
kilohms, 7 kilohms, and 10 kilohms. A
300-volt source is available, and the T - -
tube is biased at —20 volts. 0 L 5! 10

) he important data from ?ad reasfance'

'Solutzon. The port . F1a. 8-13. Operating characteristics of a
Figs. 8-11 and 8-12 are included in the gpg pentode as a function of load re-
tabulation. Thegeneralcharacter of the jsiance.
results is given graphically in Fig. 8-13.

Notice that optimum power transfer occurs somewhat above 10 kilohms, which is
very small compared with the tube resistance of 78,000 ohms.

~N
o

~N
-

S
T

Per cent distortion

o
o

Bl g5 7 10 Bil 95 7 10
I kilohms | kilohms | kilohms B kilohms | kilohms | kilohms
Irnax 86 64 53 B, 9 4 1
Iy 52 49 46 B, 44 35 31
1, 25 25 25 B, 9 4 1
Iy 6 6 6 B; -1 —4 -5
Imiu 1 1 1 B; +}§ — }é
Rl g 7 10 Bl 95 | 7 10
D kilohms | kilohms | kilohms kilohms } kilohms | kilohms
[ S — S [ —
|
D, 20.5 11.5 3.2 I,. 45.0 | 35.5 31
D, -23 | ~11.5| —16 P 2.5 | 4.4 4.8
D, +1 —1.4 La 34 29 26
P, 10.2 @ 8.7 7.8
- 24.5 l 50.6 | 61.6

8-6. Push-Pull Amplifiers. The use of two tubes in parallel provides
the possibility of obtaining twice the output power of a single tube with
the same distortion. A push-pull amplifier circuit is a much more
desirable connection for two tubes. In this circuit, the two tubes are
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arranged as shown in Fig. 8-14. The excitation potentials to the grids of
the two tubes must be of equal magnitude, but of opposite phase. In the
circuit shown, a center-tapped transformer is used to provide these two
equal potentials that differ by 180 deg. A number of vacuum-tube
circuits are possible for achieving
these results, and several of these will
be examined below.

To examine certain of the features

R, .
¢ of such an amplifier, suppose that the
input grid potential to one tube is of
the form
Fic. 814. The basic push-pull circuit. eg1 = E,m cOS wt

The plate current of this tube will be represented in general by the expres-
sion (see Sec. 4-8)

i1 = By + Bj cos wt + By cos 2wt + B3 cos 3wt + - - - (8-22)
The corresponding signal to the second tube is
€2 = —E,n cos ot = K, cos (ot + )
and the output plate current is

2 = Bo + Bj cos (wt + m) + Bg cos 2(wt + ) + Bj cos 3(wt + )
+ . e .
which has the form

ie = By — Bj cos wt + B cos 2wt — B3 cos 3wt + - ¢ - (8-23)

But, from Fig. 8-14, the currents are in opposite directions through the
output-transformer windings. The total output is then proportional to
the difference between the plate currents in the two tubes. This is

1 = k(1 — 1p2) = 2k(B, cos wt + B; cos 3wt + - - *) (8-24)

This expression shows that the push-pull circuit balances out all even
harmonics in the output and leaves the third-harmonic term as the
principal source of distortion.

Another feature of importance in the push-pull system is evident
from the circuit of Fig. 8-14. It is observed that the steady components
of the plate currents flow in opposite directions in the windings, thus
opposing each other magnetically in the transformer core. This elimi-
nates any tendency toward core saturation and the resulting distortion
that might arise from the magnetization of the transformer core.

The effects of ripple potentials that may be contained in the power
supply due to inadequate filtering will be balanced out in the push-pull
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circuit. This is so because the currents that are produced by this ripple
potential are in opposition in the output transformer and hence will not
appear in the load. Of course, the effects of the ripple potential that
appear on the grids of the tubes will not be balanced out and will be
noticeable with the signal.

Another feature of this amplifier is that under self-biased conditions
there is no need for a by-pass capacitor across the cathode resistor. This
follows from the fact that the potential which appears across the self-bias
resistor Ry is (%1 + ©2) Rx. But this is, from Eqgs. (8-22) and (8-23),

(Z.bl + ’l:b2)Rk = 2Rk(1b + Bo + Bz cos 2wt + B4 cos 4wt + c )

But for tubes operating in class A the harmonic amplitudes are very small
and are therefore not significant.

One of the particularly significant features of the push-pull amplifier
is that the output power possible with the two tubes for a given total
distortion is higher than twice that of the single tube. This results
from the fact that with the automatic cancellation of even harmonics in
the output the tubes may be driven harder until the third harmonic terms
become significant.

Note also that, with the increased grid drive, the rectification com-
ponent 2B, R, becomes significant and adds to the bias 27, R, if self-bias
is used. As a result, the effective bias increases, with consequent reduc-
tion of output power. This means that the output power of a push-pull
amplifier under otherwise similar conditions will be higher with fixed bias
than with self-bias.

8-7. Equivalent Circuit of a Class A Push-Pull Amplifier. Suppose
that both tubes of the push-pull amplifier are identical and that x and r,

I %R{

(2]
Fic. 8-15. Equivalent circuit of the class  Frc. 8-16. The simplified equivalent cir-
A push-pull amplifier of Fig. 8-14, cuit of the class A push-pull amplifier.

are constant over the range of operation. The equivalent circuit of the
system then has the form given in Fig. 8-15. Observe that the connection
between the cathode terminals and the mid-point of the output trans-
former does not carry a fundamental-frequency component of current,
owing to the cancellation that occurs. This connection may be omitted
from the diagram without influencing the operation. The resulting cir-



200 RADIO ELECTRONICS [CHar. 8

cuit then has the form given in Fig. 8-16. In this diagram

, 2N1)2
R,=\5)] R 8-25
l (Nz i ( )
The resultant current is given by
_ 2uE,
1= TR (8-26)
which may be written in the form
__ B :
S 775 (&-20)
The total power delivered to the load is then
2 pr
= 2R = _—ﬂEg E_! -
P=DIR; =2 (r,, T R§/2> 5 (8-28)

This expression may be interpreted to mean that the total output power
is twice the power of each tube considered to be working into the equiva-
lent load resistance R;/2.

A more significant expression results by writing Eq. (8-28) in the form

_(__#E.  \'ER
P= (rp/z T R;/4> 7 (8-29)

This may be interpreted to show that the class A push-pull amplifier may
be represented by a single composite generator which has emf uE,, with
an internal resistance r,/2, and which works into a load resistance equal
to Rj/4. It is possible, in fact, to derive a set of static characteristics of
the composite tube from the tube plate characteristics and to obtain
significant operating information from this.

8-8. Composite Static-characteristic Curves. The composite static
characteristics of the push-pull amplifier may be obtained from the plate

F1c. 8-17. The potentials in the push-pull amplifier.

characteristics of the individual tube by a graphical construction.? It is
assumed that the output transformer is ideal, whence the potentials across
each half of the transformer are equal. The situation is illustrated in
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Fig. 8-17. The load potential is given by

—_ N2
e = . ép (8-30)
Also, in the ideal transformer, the total primary ampere-turns are equal

to the secondary ampere-turns, from which

Niyy — Nytse = Not (8-31)
Thus the load potential is
e = ‘LR[ = (7:1;1 - ’L.bz) %—1 Rl (8'32)
2

By combining Eqs. (8-30) and (8-32) there results

(N 3 Bec* e
ep = ('lrbl - ’Lbz) <ﬁl‘) Rz (8-33) to cc g
2
. . |- Ay P
which may be written in the form (s, — - A2
IC 4 E. e,
R’ | 0 cc “9
s = (i — i) % 830 N,
5
| | e
where Rj is the plate-plate resist- e~ - —-eg 7 Eyrep -~ -~ -
ance.
The following relationships are Eectey
evident from an inspection of the E,
diagram of Fig. 8-17:
€py = Eb — €p

e = Ey + ¢,
€1 = Ecc + eg
€c2 = Ecc — €

(8-35)

It follows from these equations
that when the plate-cathode po-
tential e, of tube T'1 decreases
from the quiescent-point value E,
by an amount e,, then the corre-
sponding potential e, of tube T2
increases beyond E, by a like pig g8 To construct the composite
amount. Also, when the grid- static characteristics of a push-pull ampli-
cathode pot,ential €. increases fier from the plate characteristic.

beyond E. by the signal potential e, the corresponding value of e
decreases below E,. by ¢,. These conditions are shown in Fig. 8-18 for
three different values of e;. In these diagrams point A corresponds to
conditions e,1 = Ey, — e,, €1 = E. + e, the tube current being ;.
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Point B is that for e,s = Ey + ep, €2 = E.. — ¢, and the tube current is
2. Point C has the ordinate ¢, — % for the chosen value of e,.

The composite static characteristics are the family curves of 4;1-%;2 Vs. e,
with grid signal potential as a parameter. Clearly, point C is one point
on the composite static curve for the signal potential e,. Other points

.. €,
(prlgo)———— 7

c’ 65
-Composite
static curve

Fic. 8-19. The composite static curve derived from the constructions of Fig. 8-18.

on this characteristic are found by maintaining e, constant and by vary-
ing e,. The construction for two other values e, and e, are given in
Fig. 8-18b and 8-18c. These locate two other points C’ and C”’ on the
composite static characteristic. The complete composite static is given

in Fig. 8-19.
Several significant features are evident from Fig. 8-19. The composite
static characteristic extends above and below the zero-current axis.
Also, the composite static curve is

isg | B vey much more linear than the plate

E v
/ . 2 . characteristics of the individual
7/ tube.
}/cf 7 An alternative method for ob-
/7 Ry . .
€2 i s, taining the composite static char-
/ 2, acteristics was described by Thomp-
%cc’ey K/ son.® According to this method,
the plate characteristics of the tube
E_teg i

are plotted in the usual way. The
curves are alsoplotted inaninverted
Fiec. 8-20. The Thompson method of manner, with the potential scale
obtaining the composite static character- shifted so that the potentials E, of
istics of a push-pull amplifier. p . a
both sets of curvesare aligned with
each other. This construction is shown in Fig. 8-20. The inverted
curves represent the plate family of tube 72. The two methods are
essentially equivalent.
The foregoing discussion of the graphical construction is general and
applies to any type of tube under class A, AB, or B conditions of opera-
tion. Although the illustrations are for triodes, the curves for other
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tube types are obtained in the same way. In fact, owing to their shape,
the composite static characteristics for pentode-type tubes are more easily
obtained than the triode curves. The simplification results because the
current %, remains substantially constant for large variations in e,. The
composite static characteristics for the 6F6 pentode are shown in Fig.
8-21.

s

Lb[ g
(g-ip )1

ip,

F———ep———ﬂg———ep——,—
Fic. 8-21. Composite static characteristics of a 6F6 pentode push-pull amplifier.
8-9. Composite Dynamic Characteristic. The composite dynamic
characteristic of a push-pull amplifier is obtained from the composite
static characteristics in precisely the same way that the dynamic curve
is obtained from the plate characteristics of a single-tube amplifier. This
requires drawing the effective com- .
posite load line on the composite L.;
static curves and noting the points 47t
of intersection of the two, which
are points on the composite dynamic
curve. This construction also per-
mits obtaining the load line into
which each tube is working and
hence also the dynamic characteris-
tic of the individual tubes. The
construction is shown in Fig. 8-22.
Clearly, the intersection of the Frc. 8-22. The load line of the composite
push-pull load line with the com- tcf}ilrcuit, and the load line of one tube of
. .. . e push-pull amplifier.
posite plate characteristics gives
points on the composite dynamic characteristic. That is, points 4, B,
C, D are points on the composite dynamic curve. These points are
replotted in Fig. 8-23 to give the composite dynamic curve.
To find the dynamic characteristic of each tube, the procedure is
essentially the reverse of that of Sec. 8-8. In particular, consider the
point B in Fig. 8-22. This point is a representation of %~ corre-

Composite
load line
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sponding to the appropriately chosen value of ¢,. But the point %, lies
vertically above this point, by an amount 7., and must lie on the plate
characteristic of the tube. This defines the point A;. The other points
are obtained in a similar way, and the results are shown in Fig. 8-22.
These points are plotted also in Fig. 8-23. The points A,, By, Cs, D,
for tube T2 are obtained by symmetry from the corresponding points of
tube T1.

It is interesting to note that the composite dynamic curve is practically
a straight line, although the individual tube dynamic curves are markedly
curved. Thus, for a sinusoidal input, the total output current is closely
sinusoidal, although the current in each tube is not sinusoidal, in general.

5 Y ipr-tsz
4 FR————
5 /
Q/ JB
Cr
_;D’/W __.U_ wt wt
+ 2] ——
/}Bz
0/02
C2
D L _\J__
l.(Dz
[ >
wt

Fr1g. 8-23. The single-tube dynamic characteristics and the composite dynamic of the
push-pull amplifier. The waveshapes in each tube and in the output are also shown.

If only the output current is desired, there is no requirement for the
individual tube dynamics. If the plate-circuit efficiency is required, the
individual tube dynamics are required in order to calculate the value of
I, and the d-c component B, that results from the partial rectification
due to the curvature of the dynamic. The total d-c power input to the
amplifier is 2E, (I, 4 By).

8-10. Power Output and Distortion in Push-Pull Amplifiers. Owing
to the fact that the dynamic curve must be an odd function, by virtue of
the manner of its construction, then for the composite circuit

I,=0
Imax = _Imin k8‘36)
Iy = — 14 :

Under these circumstances the five-point schedule of Eq. (4-30) reduces to
By=By=By=0
Bl %(Imnx + I}é) (8‘37)
Bs = }é(lmnx - 21%)

{
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The fundamental power output is given by the expression

B 2 p/ B2R!

By neglecting the harmonic components of power, the total power is
given by

P, = (8-39)

where E, and I. denote the peak values of the a-c output voltage and
current, respectively. These values are obtained directly from the curves
of Fig. 8-22, since I, = I, and E,, = E, — E4, whence

P = (_E’%EA)I:‘ (8-40)

To find the maximum output power in the push-pull class A system
utilizing triodes, use is made of the fact that the load resistance should
equal the internal resistance of the equivalent or composite generator.
This follows from Eq. (8-29) for the class A amplifier and requires that

/4 = rp/2. This requires that the slope of the effective load line must
be equal to the reciprocal of the composite static characteristic, which
has a value of r,/2.

Suppose that the tubes are operated in push-pull class B. Now, since
the tubes are biased to cutoff, then either one or the other of the two tubes
will be supplying current to the circuit and each contributes power for
one-half of each cycle. Consequently, the equivalent generator will be
one with an internal resistance equal to r, of the tube. The maximum
power under these conditions will be obtained for Rj/4 = r,. It is
reasonable to expect that the internal resistance of the equivalent source
of a push-pull class AB amplifier will lie between the value for the class
A circuit r,/2 and that for a class B circuit r,. In all cases, however,
recourse should be had to the composite static characteristics, and then
Rj}/4 should be set equal to the reciprocal of the slope of these lines.

The situation for pentodes is different from that discussed above for
triodes and follows roughly the reasoning of Sec. 8-5. The optimum load
is that which yields the maximum power with low distortion. The opti-
mum load line is drawn through the point @’ so that it intersects the peak
composite grid-voltage curve in the neighborhood of the knee of the
curve. This is illustrated in Fig. 8-21 for the 6F6 tube.

8-11. Driver Stages for Push-Pull Amplifiers. The driver may be
considered to comprise the circuit that supplies the two potentials of equal
magnitude but in phase opposition to the grids of the push-pull power
amplifier. A variety of suitable circuits exist, the most direct of which
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is illustrated in Fig. 8-24. This circuit consists of a simple amplifier
with a transformer in the output, the secondary of which is center-tapped.
The characteristics of this stage are determined by the grid driving-power
requirements of the power amplifier. If the push-pull circuit requires
substantially no driving power, then there are no serious requirements
imposed on the driver stage. If the driver stage is called upon to supply
power, and this would seldom exceed 15 per cent of the output of the

push-pull stage, although it is ordi-

}; narily less than this amount, the
+ ?  driver stage must have a relatively
e,{ = }t,z low internal resistance if no distor-

‘ tion is to be introduced into the

grid circuit of the push-pull am-
plifier. It isadvisable insuch cases
that a step-down transformer be
used to couple the driver stage to the push-pull input in order to reduce
the effective resistance in the grid circuit.

If the power requirements are low, then any one of a wide variety of
‘‘paraphase’ circuits may be used. A paraphase circuit is one which
provides two equal output potentials which are 180 deg apart in phase
from a single signal source.

Single-tube Paraphase Amplifier. A single-tube amplifier in which the
load resistor is divided equally between the plate and cathode circuits
is the simplest form of paraphase amplifier. The circuit, redrawn for
convenience in Fig. 8-25, is discussed
at some length in Sec. 7-8. The re- R
sistors R; and R, have the same value,

F1g. 8-24. A simple driver circuit for
a push-pull amplifier.

whence the amplitude of the potential *
developed across each is the same, + Eyp
since the same current flows through £z R }}2
each. The polarity is opposite be-

cause the cathode outputis taken from Fic. 8-25. A single-tube paraphase
the more positive end of R, and the amplifier.
plate output is taken from the less positive end of R;. The analysis of
this circuit in Sec. 7-8 shows that the gain of the stage is less than unity
and is given by the expression
. +uR . i
B =GFor+rn " tite (84D
Two-tube Paraphase Amplifiers. In the two-tube paraphase amplifier,
one tube is used as a conventional amplifier, and a second tube is used as
a phase-inverter amplifier. Figure 8-26 illustrates such a circuit. The
resistors R; and R comprise a potential divider across the output of a
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conventional amplifier, the ratio of the resistances being chosen so that
the output of T'1 is equal to the output of 72. Also, the operating
conditions of the tubes are carefully chosen to allow the curvature of
the characteristic of 72 to compensate for the curvature of T1. Thus
the output potentials relative to ground are both slightly distorted to
provide a comparatively undistorted po-

tential difference between the output ter-

minals. This method is difhcult to apply T1 1
in practice because the adjustments neces- ~—— 3R,
sary to reduce distortion to a minimum 3 SR,
are critical. ¥+ -

A second form of two-tube paraphase SR
amplifier employs the differential potential T2 3
between the outputs of two tubes as the (——1—

input signal to the phase-inverter section.
This circuit, which is also referred to as the
floating paraphase amplifier, is illustrated
in two versions in Fig. 8-27.

In the circuit of Fig. 8-27a tube T'1 is an amplifier to increase the ampli-
tude of the applied waveform. The cathode resistors Ry, if not by-passed,
will provide some degeneration, which will help to reduce distortion. The
output from T'1 is coupled through C; to R, and Rj, both of which have
the same value as R;. The potential which appears across Rj; is applied
to the grid of T2. The output of T2 is passed through C; and is applied
across Ry and R; Thus half the output of both 71 and T2 appears

F1g. 8-26. A two-tube paraphase
amplifier.

.|||-<

A DAY
7

EP3

(a)

F16. 8-27. Two forms of floating paraphase amplifiers.

across R;. Since these potentials are of opposite polarity, the resultant
potential across R; is the difference between these two. The output of
T1 is larger than the output of 72, and in order that this difference should
be kept as small as possible, pentodes are used, so as to take advantage

of their high amplification.



208 RADIO ELECTRONICS [CHap. 8

The feature of the circuit of Fig. 8-27b is that the difference between
the output potentials is taken care of in the choice of the resistors R; and
R, so that the output potentials have the same amplitude. To do this
requires that the following condition be satisfied:

K—1_.R

KT+i~ &, (8-42)

where K is the gain of the stage.

Fic. 8-28. A cathode-coupled paraphase amplifier.

The cathode-coupled paraphase amplifier, which is closely related to
the cathode-coupled amplifier which was discussed in Sec. 6-8, is illus-
trated graphically in Fig. 8-28. This circuit is used extensively to provide
push-pull deflection potentials for the plates of a cathode-ray tube, and
also as the driver of a push-pull amplifier.

An analysis of this amplifier circuit is readily effected in terms of the
Thévenin equivalent circuit as viewed from the cathode-ground terminals.

L— ~—1Ip
MWW MW
rp+}zl + I,’P‘RL
&E + u+l > T
e+l Ex (%R.k

Fig. 8-29. The equivalent circuit of Fig. 8-28 as viewed from the cathode-ground
terminals.

The resulting equivalent circuit is given in Fig. 8-29. It follows directly
from this figure that the potential drop across Ry is given by

7‘+R1
LR, 2T 1
B - LT e
t a1 P
* v+ 1
From this
L _ 4 mthR (8-43)

v

Rk(# + 1)
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Notice from this expression that the current I, is always greater than I,.
For example, for a typical triode with, say, r, = 10,000 ohms and x = 19,
and with R, = R, = 10,000 ohms, I,/I, = 1.10. In general, if the
magnitude of I, is not to exceed the magnitude of I by more than, say,
10 per cent (this requires than —1I,/I, < 1.1), then

T,,-*‘R[
pt+1

It should be observed that the more nearly I, and I, are to be the same,
the larger must R; be. In fact, the two currents are equal only if
Ry = «, an impractical condition. As a result, this circuit can never
give exactly equal outputs, although by making R, large compared with
(r, + Ri)/(x + 1) almost equal outputs are possible.

To determine the output potentials, it is noted from the diagram that

u T+Rz T+Rl
1, I
P e T

10

Ry

(1%

=0
from which
rE
Tp + Rl
If it is assumed that I, = —I, approximately, as discussed above, then
-
2(r, + R))

Il"—Iz*:

IL = -L

whence
nE

B s e S R

(8-44)
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PROBLEMS

8-1. A 6F6 tube is operated as a triode and supplies power to a 4,000-ohm load.
With Ep = 300, E.. = —25 volts and with a peak signal of 25 volts, calculate the
following:

a. Output power. b. Plate-circuit efficiency.

¢. Per cent second-harmonic distortion. d. Plate dissipation.

8-2. Repeat Prob. 8-1 when the load is transformer-coupled to the tube.

8-3. It is supposed that the plate dissipation at the operating point is kept
constant. Prove that for class A operation the plate load is made larger with
increasing values of Ey, and the plate efficiency increases,
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8-4. A 6V6 is operated with Ey = E., = 250 volts and with E,, = —12.5
volts. The grid signal is sinusoidal, with a peak value of 12.5 volts. Calculate
the following for a shunt-fed load of 5,000 ohms:

a. Output power. b. Total distortion.

c. Plate dissipation. d. Plate-circuit efficiency.

8-6. Repeat Prob. 8-4 if the load is 2,000 ohms; 8,000 ohms.

8-6. Two 6F6 tubes are connected as triodes and are operated in push-pull
class A from a 350-volt plate source, with a grid bias of —30 volts. A 30-volt
peak signal is used.

a. Draw the composite static characteristics.

b. From this, determine the plate-plate resistance for maximum output power.

¢. Calculate the power output, third-harmonic distortion, and plate-circuit
efficiency.

8-7. Two 6F6 tubes are connected as pentodes and are operated in push-pull
class AB from a 350-volt plate source, with a grid bias of —25 volts. The screen
potentials are maintained at 250 volts.

a. Draw the composite static characteristics.

b. Plot the composite dynamic and the dynamic characteristic of each tube.

¢. Calculate the output power, third-harmonic distortion, and plate-circuit
efficiency for a plate-plate resistance of 10,000 ohms. The peak grid signal is
40 volts.

8-8. Two 2A3 triodes are operated in push-pull with Ey = 300, E.. = —60
volts.

a. Draw the composite static characteristic.

b. From this, determine the plate-plate resistance for maximum power output.

¢. Calculate the power output under these conditions.

d. Repeat ¢ for 34 and 2 times the optimum value.

e. Construct the paths of operation for the individual tubes.

8-9. A 6N7 zero-bias tube is connected as a class B push-pull audio amplifier
and is to furnish 10 watts into a dynamic loud-speaker, the voice coil of which
has a resistance of 8 ohms. A 35:1 step-down transformer is used. The plate
supply is 325 volts. Determine the following:

a. D-c plate current. b. Grid driving potential.

8-10. The typical operating characteristics of a 6L6 beam power tube when
used in push-pull class A are shown below. Values shown are for two-tube unless
otherwise specified.

Plate supply..... ..ot 270 volts
Screen supply............. . 270 volts
Cathode resistor. .. ............................ 125 ohms
Zero-signal plate current........................ 134 ma
Maximum-signal plate current................... 145 ma
Zero-signal plate current........................ 11 ma
Maximum-signal screen current.................. 17 ma

Plate resistance. ... ......... ... .. ... .. .. 23,500 ohms
Transconductance.....................c.oou.... 5,700 pmhos
Effective load resistance (plate to plate).......... 5,000 ohms
Maximum-signal power output................... 18.5 watts

The 6L6 tubes are to supply the 18.5 watts to the grids of a pair of 806 triodes
which are operating in class B push-pull. The required peak grid driving poten-
tial is 660 volts.
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. Calculate the turns ratio of the output transformer.
. What is the peak a-c plate potential on each tube?
. What is the peak a-c grid-potential swing on each tube?
. Does grid current flow during any part of the input cycle?
. Calculate the plate-circuit efficiency.
8-11. The diagram gives the basic circuit of what has been called a single-
ended push-pull amplifier.*
a. Prove qualitatively that push-pull operation is achieved with this amplifier.
b. Choose E,; = —E,;,. What is the output potential E,? From this find an
expression for the power output, and show that it is the same as Eq. (8-29).

S

o /o o

+ —
Ey1 [
g + £Es>
AW M-

/L Ry 22
+ @

E, * B
1 R,
7.4 Eg2
T

8-12. Verify the conditions (8-42) imposed on the floating paraphase amplifier
for balanced output potentials. What conditions are imposed on R;?

8-13. It issuggested that the paraphase principle be combined with a push-pull
amplifier to yield push-pull operation without a separate driving source. The
push-pull amplifier feeds a dynamic speaker. Discuss the suggested operation
from the point of view of class of operation possible; of distortion.

* A. Peterson, and D. B. Sinclair, Proc. IRE, 40, 7 (1952).
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CHAPTER 9

TUNED POTENTIAL AMPLIFIERS

Tuned potential amplifiers are used in those cases in which it is desired
to amplify a relatively narrow band of frequencies centered about some
designated mean or carrier frequency. Potentials whose frequencies lie
outside of this range are undesirable and are to be rejected. The use of
tuned networks accomplishes this, as it is possible to adjust the tuned
network so that the impedance falls steeply to low values outside of the
1+ +

e
- ~ -

+ + ’ ’F

€2

QP
——

AAA
VVV

1

=l

(6)

T (®

=
(c)
Fi1g. 9-1. The three basic tuned amplifier circuits: (a) single-tuned, direct coupling;
(b) single-tuned, transformer coupling; (c) double-tuned.

desired frequency band, with the consequent reduction in amplifier gain
to negligibly low values. The resulting nonlinear distortion that is
produced in these amplifiers is very small, both because the stage is
operated under class A conditions and because the tuned plate-circuit
impedance may be very low for any harmonic frequencies that might be
generated within the tube.

There are three basic amplifier circuits, and these are illustrated in
Fig. 9-1. Pentodes are ordinarily used in such amplifiers, and the
circuits are drawn showing such tubes. In two of these types, a single
resonant circuit is used, which may be included directly in the plate
circuit (direct-coupled) or which may be inductively coupled to the plate
circuit (transformer-coupled). In the third type, a double-tuned band-

212
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pass arrangement is used, both the primary and secondary circuits being
tuned. An analysis of the operation of each of these amplifier circuits
will be given.

9-1. Single-tuned Direct-coupled Amplifier. The equivalent circuit of
a typical single-tuned direct-coupled stage is given in Fig. 9-2. Included
in this diagram are the output tube capacitances [see Eq. (5-23)] and the
input and wiring capacitances to the following stage. The coupling
capacitance may be neglected, as this is presumed to be large.

G pP ‘
+
’
+ | gmEy 1= ¢ L
E l I;g = C) Rg /"\Cg EZ
2,

Vg
Fic. 9-2. The equivalent circuit of a single-tuned direct-coupled class A amplifier

In accordance with the discussion of Sec. 5-7, the gain of the amplifier
can be written directly as

K= —y.Z (9-1)

where Z is the total load impedance. This impedance has the complex

form given by
1

E,

| =

Lyl (9-2)
TP

N| —~
N

t

where Z, is the impedance of the antiresonant circuit and comprises the
inductance L and the sum of the various capacitances C; = Cy, + C, + (’,.
where C, is defined as in Eq. (3-23).

The impedance Z, has the form

.1 .
~J o (Bo + jol)
. 1

which may be written in the form

)
7, = C wL (9-4)

. wL 1
RL[”’%L(l ~ i C>}

(9-3)

Z¢=
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By writing
1
“ T VIc
w
6= o 1 (9-5)

Q_ﬁ‘é_ 1 _ 1 L
" Rr wlCRr R.\C

the impedance function becomes

Zg=
1+jQ<io—ﬂ)

Zo= T T2 19 (9-6)
At resonance w = wo, and 6 = 0. Then
.1
Z, = R.Q? (1 -7 @> (9-7)

Since @ for the circuit used is usually high, with @ = 10, then with

good approximation
Z, = Ry, = R.Q? (9-8)

This result shows that the shunt impedance R, of the antiresonant circuit
for circuits with @ > 10 is essentially resistive at the resonant frequency.
By combining Eq. (9-8) with Eq. (9-2), the gain at resonance becomes

— —Ggm —gmwolQ
Krea - 1 + i + 1 - 1 + O)OLQ + (-UOLQ (9—9)
;'; Rg RLQ2 rP RO

This expression may be written in the form
Kres = _gmwOLQe (9‘10)
where Q., the effective @ of the amplifier, is

_ Q .
Q= 1 + woll@/rp + willQ/R, (®-11)

This is the equivalent @ of the resonance curve of the tuned amplifier and
is the @ of the actual resonant circuit as modified by the shunting resist-

ances R, and r,.
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To find the gain of the amplifier when the input frequency and the
resonant frequency of the tuned circuit are slightly different from each
1.0
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FiG. 9-3. Plots showing the amplitude K /K:.. and phase of the output of a single-tuned
direct-coupled amplifier. (From F. E. Terman, ‘“ Radio Engineering,” 3d ed., M cGraw-

Hill Book Company, Inc., New York, 1947.)
other, it is supposed that w = wo, whence & is small. From Eq. (9-6), it

follows that
1 —j(1/Q) . R.Q?
= 2 = -
Z, = R.Q T 250 1+ 250 (9-12)
The corresponding value of the gain, given by Eq. (9-9), is

- — G -
K= I, 1 1+25@Q ©-13)
Tp Rg RLQ2

The gain ratio K/K,., is then

K 1
K.~ ¥, &1

from which the amplitude ratio is

K 1

= 9-15

K"" '\/1 + (26Qe)2 ( )
A plot of these results is given in Fig. 9-3. This is essentially the ‘‘uni-
versal resonance” curve. Note from Eq. (9-15) that when

26Q, =1
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then
K 1

Ko V2

But since the bandwidth of the circuit is the frequency width between
the 3-db power points, then for a symmetrical gain characteristic

B = 2(f3db —'fo) —_ 2(f3db —fo)fﬂ
fo
or
B = 28umfo = 12
= 283afo = (9-16)
Q¢

In order that the potential gain at resonance be large, the resonant
impedance of the tuned circuit, and the grid resistor R,, must be large
compared with r,. It might appear from Eq. (9-10) that higher gains
are accomplished by choosing large values of L/C. Note, however, from
Eqgs. (9-5) and (9-8) that an increase of Z, at resonance by increasing the
L/C ratio is accompanied by a decreased Q., with a corresponding increase
of bandwidth or decreased frequency selectivity. This is an undesirable
condition if a narrow bandwidth is desired, but it is an important con-
sideration in wide-band tuned amplifiers. Note also that if the circuit
Q of the tuned circuit is increased at fixed values of wo and L/C ratio,
then the effective Q. of the amplifier is increased, with a corresponding

increase of frequency selectivity or decreased bandwidth.
9-2. Single-tuned Transformer-coupled Amplifier. The general be-
havior of the single-tuned transformer-coupled amplifier is quite similar
to that of the direct-coupled circuit.

¢ 7 To examine the operation of the

+ | omE, circuit in some detail, refer to Fig.
E, 9-4, which gives the equivalent cir-
cuit of this amplifier. An approxi-

mate expression for the potential

Fic. 9-4. The equivalent circuit of the gain of the amplifier is readily ob-

single-tuned transformer-coupled poten- tained. If it is noted that r. is
tial amplifier. : ; »
usually large compared with £;and

wLy, then the potential induced in the secondary of the transformer is given
by
Eing = joM(gnE,) = joM(gmE1) (9-17)

since in this circuit E, = E;. The output potential, which is the poten-
tial across the capacitor C,, is then

JoM(gnE1) 1

E, = R; + j(wLy — 1/wC3) + o?M?/r, juCs

(9-18)
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where w?M?/r, is the reflected impedance of the primary into the second-
ary circuit. The expression for the gain then becomes

B uM/Cy _
K - E - rp[R2 +J(wL2 —_ l/wCZ)] + w2M2 (g 19)

The corresponding expression for the potential gain at resonance is

_ IJM/C2
Ko = oo (9-20)
This result may also be expressed in terms of Q: = wol2/ R = 1/woC2R>
and is
_ woM Q. :
Kres - gm 1 + O)gM2/TpR2 (9 21)

which may be written as
Koo = gnwoMQ, (9-22)
where the effective value Q. is

Q2
Q = TF /R, (9-23)
A comparison of this expression with Eq. (9-10) shows that trans-
former coupling modifies the amplification by the ratio M/L. This
provides a means for controlling the gain of the stage and still retaining
the high @ required for selectivity. It might appear that there are no
limits on the gain and that it continued to increase with increasing values
of M. This is not so, owing to the appearance of M in the denominator
of Eq. (9-20). An optimum value of gain exists, and this occurs when M
has the value required to make 9K,./dM = 0. This yields, for the
optimum value of M,

OKnw  u/Ch (eM/C2)203M

O " roRs o (rRs + i) = O
or
M., — Yok (9-24)
wo
Equation (9-21) becomes
Kres,apt = 0gm ‘\"%2&
_#Q [Ry ]
=5 . (9-25)

To find the bandwidth of the amplifier, consider the general expression
for the gain given by Eq. (9-19). By writing, as before,
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1
VLC

w
b= -1 (9-26)
wolls 1 1 |[L,

=R, T etk - RN

and noting that in the neighborhood of resonance

wo =

1 _ L2 w _ ﬂ
M“Ja—VaQ;w>
= 25 \/Iég = 20R.Q (9-27)
2
Eq. (9-19) becomes
K = uM/Cr
R (1 riL2s \/-Li) + w2M? (5-28)
Tplig J R2 02
The gain ratio [Eqgs. (9-28) to (9-20)] then becomes
K 1 (9-29)

K. 1+;2Q.

which has the same form as for the direct-coupled connection [Eq. (9-14)].
The bandwidth of this amplifier is, following the same reasoning as that
which led to Eq. (9-16),

- % (9-30)

The optimum value of M is not of much importance, owing to practical
limitations. This follows from Eq. (9-24), which shows that for pen-
todes, with the corresponding large values of r,, the value of M would be
large. Infact, to achieve these values of M, the distributed capacitances
of the windings may become excessive, and the self-resonant frequency
may be so low as to make the coils useless. Owing to this, the mutual
inductance is usually chosen far below the optimum value in the pentode
amplifier.

9-3. The Double-tuned Amplifier. Both the single-tuned direct~
coupled amplifier and the double-tuned amplifier are extensively used
in radar, television, and communication receivers. For the i-f ampli-
fiers of both a-m and f-m types, the double-tuned amplifier is commonly
used. This is so because such an amplifier can provide substantially
constant amplification over a band of frequencies and the gain falls more
sharply outside of this band than does the single-tuned stage.

To examine the operation of the circuit, refer to the equivalent circuit
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of the amplifier given in Fig. 9-5. This circuit can be further simplified
by applying Thévenin’s theorem to the portion of the circuit to the left
of the points aa. The equivalent generator has the potential

E = LEi0/0eC) 93 ¢ b la
7y + 1/jaCy —1
Iy
where C, = C}, + C;. But since E,+ p.:: ;z, .%% # E,
r, > 1/wC, for the pentode, then WEq 1% o |C:
with good approximation + 1
a
. E wE F16. 9-5. The equivalent circuit of a double-
E= "L - Im 21 (9-32)  tuned amplifier.

- jwr,,Cl a ijl

The internal impedance of the equivalent generator will have the value

_ rp(1/jCy)
Tp + 1/](.001
which is, to the same approximation as above,
1
e M = - -
Z ol (9-33)

N/

LAY _L. z +
JwCy ) &S ok ) Then the equivalent circuit of Fig.

F16. 9-6. The equivalent series form of 9-5 reduces to the form of Fig.
Fig. 9-5. 9-6.

This circuit is analyzed by the
standard methods of network analysis. Accordingly, if one writes

E= 91111 + 91212

9-34
0 = p1:d1 + g2l ( )
then the current in the secondary is
E912
L= - ——-— -35
: o122 — of: (9-33)
where o = R, +j(wL1 - c%)
1
o12 = joM (9-36)
. 1
022 = R, +] (wL2 - ;C—')
The gain of the amplifier becomes
K = E_2 - (gm/]wCl)(l/]ng)]lel (9_37)

E, 011022 — 012

But it must be noted that both circuits are tuned to the same resonant
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frequency. Thus

1 1
T VLG T VG
Also define*
Q _ woL1 _ 1
! Rl woClRl
_ w()Lz _ 1
02 - Rg - w002R2 (9_38>
and write
wnM ~
a = =k
‘\/R1R2 VQIQ2

Then, by Eq. (9-27),
. 1 )
=R+ <wL1 - m) = R:(1 + j26Q,)

011
and 012 = ]O)M

The expression for the gain [Eq. (9-37)] then becomes for frequencies near
resonance

K — —Jgm(M /oC1C)
RiR:(1 + 728Q0) (1 + 728Qq) + w2M?
. M

T 1+ &}M?/RiR: + 2j5(Q: + @) — 48010,
or finally

_ —jagnQ:1Q: V R\R, (9-40)
1 4 a? + 526(Q: + Q2) — 45%°Q.Q:

The gain at resonance is obtained by setting 6 = 0 in this expression.
There results

K

_ —Jagn@hQ: \/Rle g
K, = T+ a2 (9-41)
The gain ratio at frequencies slightly different from resonance is given by
K£ - ! (9-42)
res 1 — 48°QhQ; + ~25(Q1 + Q2)
1 + a? 1 + a?

The exact shape of the response curve of the double-tuned system
depends upon the parameter a, or, correspondingly, on k, the coefficient
of coupling between the primary and secondary coils. The resonant gain

* If the amplifier is one of a chain, the loading effect of the following stage should
be included in Q..
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is 2 maximum when a = 1, as may be verified by examining dK/da = 0.
Moreover, if the primary and secondary @ values are the sameand a = 1,
the response curve has the maximum possible single-peak flatness in the
vicinity of resonance. This is the condition for critical coupling k.. A
value of a greater than unity (overcoupling) results in double peaks,
whereas a value of a less than unity (undercoupling) causes the response
to be rounded on the top. If the circuit is considerably undercoupled,
then the gain may be less than that at resonance. The situation dis-
cussed is illustrated graphically in Fig. 9-7.

An analytic expression for the positions of the peaks in the output of
the overcoupled circuit is readily possible. These are given, of course, by
the values of frequency at which Eq. (9-40) is a maximum. To find these

Fq
Units of g, Q, Q, VR, R,
0.5

TRIX
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aQ

Fia. 9-7. The response characteristics of a double-tuned amplifier for various values of
coupling.

values, it is noted that the gain is a maximum without regard to the phase.
Thus the square of the absolute value of Eq. (9-40) is differentiated with
respect to 8 and maximized. The results are

2 _ D D \2 a?
|K|? = (gn@:1Q: V/R1R») 0T a8 = 15°0.0)° T 230, T 0T (9-43)
and the derivative 38|K|?/d6 = 0 yields
1+ a® — 45°Q,Q: = (Q§ ngciz)z
from which
il e L1+ QY 9-44
5_i2\/k+QlQ2 2( QIQQ) (9-44)

Frequently the circuits are designed with @, = Q.. Even if this condi-
tion is not true, ordinarily @, does not differ too markedly from @,, and
it is possible to assume that

Ve = 81t
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Subject to this approximation, Eq. (9-44) becomes

1/, 1

which becomes, in the manner of representation of Fig. 9-7, simply
8V @1Q: = + 14?2 — 1 (9-46)

The value of the gain at either peak K... is obtained by combining
Eq. (9-46) with (9-40). The result is

Konx = —j(gn@1Q2 V' RiR) 20 + 7 :/{ﬁ——T)

or
Kooz = Y5(gn@1Q2 V/ B1Ry) (9-47)

This shows that for the overcoupled case the maximum gain is the same
as that for critical coupling @ = 1, and at resonance & = 0.

The gain at the dip, at the frequency wo, can be found readily by setting
6 = 0in Eq. (9-40). The result is

Ko = —j(gn@:1Q: V' RiR) ﬁ
or
Kuio = gn@1Q2 VER2 710 (9-48)

It follows from Eqs. (9-46) and (9-47) that increased coupling increases
the frequency separation of two peaks but does not change their ampli-
tudes. If the coupling is very large, then the approximation made in
Eq. (9-40) is no longer valid. The effect of the factor w/w, in this equa-
tion is to increase the lower frequency maximum and decrease the higher
frequency maximum.

The corresponding dependence of the current in the primary winding
on the frequency is of some interest. It is obtained directly by solving
Eq. (9-34) for I,. The results are illustrated in Fig. 9-8. For the case
when the coefficient of coupling k is small, the secondary circuit has little
effect in the primary, and the resulting response is essentially that of
the simple resonant circuit. When k& = k., the reflected resistance from
the secondary decreases the current at resonance. On each side of
resonance, the reflected reactance is either inductive (below resonance)
or capacitive (above resonance). A point is reached on each side of
resonance when the reflected reactances cancel the primary reactances,
which are capacitive below resonance and inductive above resonance.
As a result, the current shows peaks. For values k > k., the double
peak in the primary circuit becomes more pronounced.
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For the case where the primary and secondary @ values are not the
same, Aiken! has shown that a somewhat higher value of k is needed to
produce double peaks in the secondary. The flattest selectivity curve
may be shown to occur when

-39

although the mid-band gain is not a maximum under these conditions.
When Eq. (9-49) is satisfied, the circuit is said to be transitionally coupled.
The transitional value of coupling coefficient is, by Egs. (9-49) and

(9_38))
_ (1 1 )
ke = 2(@%*@) (9-50)

For a coupling coefficient larger than this value, the selectivity curve
divides into two peaks. For values less than this, the curve has a single
peak.

&
.- '.kc
K >kc

Q

Frc. 9-8. The primary current of a double-tuned amplifier, corresponding to the
conditions of Fig. 9-7.

For different primary and secondary @ values, but with L, = L, = L,
and for k greater than the transitional coupling coefficient k,, Aiken has
shown that the frequency spread between peaks is .

2 2
Aw = %\/(wOM)Z - Rl—;ﬁ? (9-51)

If R, = R, = R, this becomes
Aw = %\/(woMV =

from which it follows that

Ao _ —(I;L V(@M)E = R? = \/k* = k2 (9-52)

wo w
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The dip at resonance when k exceeds k, is a function of the ratio k/k..
Aiken shows this relation to have the form illustrated in Fig. 9-9. The
bandwidth over which the response remains above the center value is

V2 Af.

It is interesting to compare the gain of the double-tuned circuit with a
single-tuned circuit having the same @. The gains of the two circuits at
resonance are given by Eqgs. (9-10), and (9-41) for optimum value of a,

and are

Single-tuned direct-coupled: Koo = —gmwolQ.
Double tuned (with ¢ = 1 and identical coils):

Kres = _Jo5ng2R = —]05gmw0LQ

It is observed that for critical coupling the gains at resonance of the two
amplifiers are identical if it is assumed that the tuning capacitance of the

T/ T~

06 / ~

I, at center
1, max

%6 [ 2 3 4 5
k/kc

Fic. 9-9. The effect of the ratio of actual to critical coupling in a double-tuned circuit.

individual tuned circuit in the double-tuned circuit is one-half the tuning
capacitance for the single-tuned case.

Despite the fact that the response characteristics are optimum under
critical coupling conditions, the transformers in narrow-band double-
tuned amplifiers are usually undercoupled slightly. This is done in
order that the frequency alignment of the tuned circuits may be made
easier, since, with undercoupled stages, each stage can be adjusted sepa-
rately to give maximum response at the specified frequency. If over-
coupled circuits exist, owing to the interactions between coils and the
resulting double peak, this alignment is more critical. The critical
coupling case is likewise difficult to align.

The bandwidth of the amplifier, under optimum conditions a = 1 and
with equal primary and secondary values of Q, is readily calculated.
Under these conditions Eq. (9-42) becomes

K 1
K. 1 —262Q°+;26Q (9-53)




SEc. 9-4] TUNED POTENTIAL AMPLIFIERS 225

and the magnitude becomes
K 1
Ko /1 + 48%Q¢

Since, by definition, the bandwidth gives a measure of the frequency
spread over which the gain remains within 3 db of the maximum value,

then

(9-54)

454Q4 = 1

from which it follows that the bandwidth is
B = 28fy = \/§% (9-55)

A comparison of this result with Eq. (9-16) for the single-tuned stage
shows that the 3-db band width of the double-tuned circuit is 1.414 times
that of the single-tuned stage.

9-4. Cascaded Tuned Amplifiers. It is frequently necessary to incor-
porate more than one stage of amplification in a given amplifier.
Although such a practice provides a higher gain, this higher gain is
accompanied by a narrower bandwidth than for the single stage. The
situation here is sensibly the same as that which was considered in Sec.
6-6. Analytic expressions for the effect of cascading identical amplifiers
are readily possible, following the previous method of analysis.

Consider first n single-tuned stages in cascade. The gain of such an
n-stage amplifier becomes, from Eq. (9-15),

K Y\ 1
<T> ~ 1+ (28Q)7T (9-56)

To find the corresponding bandwidth, it is noted that
[ + (26007 = V2

from which
1+ (20Q.)* = 2V
so that
26Q, = V2" — 1
But the bandwidth is given by
N
Q./fo

This may be expressed in terms of the bandwidth of the single stage B;, in
the form

Bi = 25f0 = (9-57)

Bi. = B, V2V — 1 (9-58)
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Table 6-1 gives the bandwidth reduction function 4/2V* — 1. It is
seen, for example, that two stages in cascade have a bandwidth that is
only 0.64 times that of a single stage. To maintain a given bandwidth,
it is accordingly necessary that the Q of the individual stages be decreased
as the number of stages is increased.

A corresponding expression is possible for the double-tuned amplifier.
For such an n-stage amplifier, with critical coupling @ = 1 and equal
primary and secondary values of @, the relative gain becomes, from Eq.
(9_54)7

(L)" N S
Kre. - (1 + 484Q4)™2

It follows from this that
Jy——
2l/n —_— 1
0Q = —

The bandwidth of the n-stage amplifier then has the form

4om ]
Ban = 280 = 2 \/—4—%

which may be written in terms of one-stage bandwidth as
Bz = By V200 — 1 (9-59)

The band-width reduction factor is tabulated in Table 9-1. For a
two-stage double-tuned amplifier with the coils critically coupled, the
bandwidth is 0.802 times that of the single-stage amplifier. Note that

TABLE 9-1

THE DOUBLE-TUNED-AMPLIFIER BANDWIDTH REDUCTION
FACTOR FOR a =1
Vo =1
1.00
0.802
0.713
0.659
0.622
0.592
0.568
0.548

NN W= 3

this reduction is considerably less than the corresponding reduction of the
two-stage single-tuned amplifier. This arises from the fact that the
amplification or selectivity curve of the double-tuned amplifier has
steeper sides than that of the single-tuned circuit and with successive
stages drops away less rapidly than for the single-tuned case. In par-
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ticular, an ideal amplifier with a rectangular response curve would show
no bandwidth reduction with the addition of successive stages.

9-6. Gain-Bandwidth Product.* It is of interest to tabulate the gain
at resonance of the three amplifier circuits that have been studied. These
follow:

Single-tuned direct-coupled: Koo = —gmwolQ,
Single-tuned transformer-coupled: K, = gnwoM Q.
Double-tuned: K. = —j0.50.Q:1Q: V R\R;

These expressions may be interpreted as showing that the gain in each

case has the form
K... =gl (9-60)

where g, is the transconductance of the tube and Z is the effective
impedance of the load. Moreover, the foregoing analyses for these
amplifiers show that the bandwidth in each case varies inversely with the
effective Q of the tuned circuit. Clearly, therefore, the higher gains are
accompanied by a decreasing bandwidth.

The gain-bandwidth product of the single-tuned direct-coupled ampli-
fier is obtained by combining Eq. (9-10) with Eq. (9-16). There results

- Jo_ il
K:eeB = gmwolQ. Q.= Im o
which may be written in the form
= Im
KB = 27 C

In the limit where the capacitance C is due only to interelectrode capaci-
tances, the limiting gain-bandwidth product is

KresB = (9—61 )

Gm
21I'(C;u + Cout)
and is the same value as found in Sec. 6-5 for the RC amplifier.

The gain-bandwidth product of the double-tuned amplifier is found by
combining Eq. (9-41) with Eq. (9-55) and is

fo
V' Q:Q,

gm V' Q1Q:R 1R, %

KresB = g—2—m Q1Q2 \/RlRZ '\/—2_
-1
V2

1
=9m___
2‘”' ‘\/5 '\/CoutCin
This expression shows that the gain-bandwidth product of the double-
tuned amplifier is 1/2 as great as that for the single-tuned circuit. That

(9-62)

* Refer to Sec. 6-5.
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is, by splitting the tube input and output capacitances by the use of the
double-tuned circuit, there is an increase in the gain-bandwidth product.

9-6. Stagger Tuning.? If it is desired to build a wide-band high-gain
amplifier, one procedure is to use either single-tuned or double-tuned
circuits which have been heavily loaded so as to increase the bandwidth.
The gain per stage is correspondingly reduced, by virtue of the constant
gain-bandwidth product. The use of a cascaded chain of stages will
provide for the desired gain. For example, a particular amplifier com-
prising nine cascaded single-tuned stages each having a 6 Mc bandwidth
has an over-all bandwidth of 1.7 Me. A nine cascaded chain of double-
tuned amplifiers, each also of 6 Mc bandwidth, yields an over-all band-
width of 3.2 Mec. Generally, for a specified gain and bandwidth the
double-tuned cascaded amplifier is preferred, since fewer tubes are often

) y \ )
INRD//> @\e=
: VYV TN\

5 T4 3 2 a4 0 1 Z 3 4 &5

X
F1c. 9-10. The adjustments of frequency of a stagger-tuned pair.

possible, and also since the pass-band characteristics of the double-tuned
cascaded chain are more favorable, falling more rapidly outside the pass
band. From practical considerations, the double-tuned stages are more
difficult to align, and they also are more sensitive to variations in tube
capacitance and coil inductance than the single-tuned circuits.

A means is available for achieving the large bandwidth and other
characteristics of double-tuned circuits by using single-tuned circuits.
This consists in taking two single-tuned circuits of a certain bandwidth,
and displacing, or ‘‘staggering,” their resonance peaks by an amount
equal to their bandwidth. The resultant staggered pair will have a band-
width that is 4/2 times as great as that of each of the individual single-
tuned circuits making up the pair; the over-all selectivity function will be
identical in form with that of a single-stage double-tuned system. The
general situation is illustrated in Fig. 9-10.

An analytic expression is readily obtained for the over-all character-
istics of the stagger-tuned pair. If it is noted that the general selectivity
function of the single-tuned direct-coupled circuit is, from Eq. (9-14),
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K __ 1 _ 1
K. 1+43520Q. 1+ jzx

and the bandwidth between the 3-db points is, from Eq. (9-16),

then the corresponding selectivity functions of the two circuits are,
respectively,

<K>_ 1
Krea 1_1+]($+1)

(L) N N
Kres 2 N 1 +](x - 1)

By multiplying the selectivity functions together, there results

£> Ky___ 1 -
Kresl Kres 2_2_x2+2j$

The magnitude of the resulting function is

K K 1 _1 1
(1?‘)1 (7{_> T Vits 3vitamg O
where §, is the value of § referred to the new frequency wo and where @
is the value of Q, for each circuit referred to wo. A comparison of this
expression with Eq. (9-54) for the double-tuned circuit shows that the
forms of the variation are identical.

It is of some interest to compare the gain-bandwidth products of the
following: two synchronously tuned stages, a stagger-tuned pair, two
synchronously tuned double-tuned stages. The results are found to be,
respectively, 0.643K?B,, 0.707K?B,, 1.13K?B,. Thus, not only are the
resultant gain-bandwidth products higher for the more complicated
coupling systems, but the selectivity is also better.

The advantage of stagger-tuned amplifiers, and the principle may be
extended to stagger triples (and to stagger n-uples in general), lies in
the fact that simple single-tuned circuits are used throughout. This
makes the alignment of the stages relatively easy, especially if stagger
triples or higher were to be used, since no interaction exists among tuning
elements of the several stages. To attempt a triple-tuned single-stage
coupling network proves an almost impossible practical tuning task. A
practical disadvantage of the stagger-tuned circuit exists which makes
the double-tuned circuit preferable and often almost necessary for 60 Mc
and above. The input impedance of an amplifier stage at these high
frequencies is low and may be no more than several thousand ohms.

and
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This input loading of the tuned circuit of the previous stage may make it
almost impossible to effect stagger tuning for a prescribed over-all band-
width, whereas this loading affects the double-tuned response character-
istics to a lesser degree, with a consequent less stringent restriction on the
operation.

As noted, the principle of stagger tuning can be extended, and staggered
triples have been used in radar receivers. In this case a centered single-
tuned circuit of relative bandwidth 2 and relative resonant gain 14 is
combined with two single-tuned circuits, each of relative bandwidth 1
and relative gain 1, staggered so that their resonance peaks are + 1/3/2
from the band center. The resulting sensitivity function is of the form

K _ 1
Kres ’\/]_ + x6
This selectivity function has the same form as that for an optimally flat

triple-tuned circuit.
9-7. The Parallel- or Twin-T Circuit.® The use of RLC resonant net-
works for achieving band-pass am-

(9-64)

A &) J&— plifiers with high selectivity has

” Q@ R @ been considered in some detail in

+ o +  the foregoing sections. Such am-
E; 2n2c= %? E, Dlifiers are not suitable for use at
] the low frequencies, since it is diffi-

cult to obtain high-@ coils at the
low frequencies, and moreover the
circuits become rather bulky at these lower frequencies. In fact, a tuned
circuit which has a high @ at, say, 30 cps would be extremely difficult to
build. Fortunately, a number of RC networks possess frequency-selective
properties like those of resonant and band-pass filter sections. They
have, as a result, found widespread application. The parallel-, or twin-T,
circuit is one of this type and will be examined in some detail.

@ ¢ ©

Frc. 9-11. The parallel-T circuit.

EIGT G T2n?C

F1G. 9-12. The parallel-T circuit drawn for a junction analysis.

The form of the parallel-T circuit to be analyzed is illustrated in Fig.
9-11. While this is not the most general choice of parameter, it is a form
which has received widespread use. To analyze this network, the
current-source form of the network is used, and the circuit is rearranged
as in Fig. 9-12. The output potential can be written in determinantal
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form by inspection. It is

2(G + jwn?C) GE, 0
-G 0 —JjC
. q .
L: = e F7om0) =G 0 (9-65)
-G G + juC ~jwC
0 —jwC 2 (% + ij)
The expansion of these determinants yields
E, 1 — w?n?R2C?
E, = 1= oBCT + 2" ¥ DkC (9-66)
Now define the quantity
1
wo = b (9-67)
and combine with the above. This gives
E, 1 — (w/wo)? -
E w>2 2T D) . ZST‘””"’“ /
which assumes the form \ 20 (n=1)
5= E: \ /
E, 1 s J/
= "y ol S F 1) \ Bandwidth B
I T = @w): n \__l0
(9-68)
A plot showing the variation of 8 as >
a function of w/wy for n = 1 is given
in Fig. 9-13. Note that the ratios |
E./E, are the same for equal values 0% 08 '-ow /wo'-i 1416

w/wo and wo/w. F1e. 9-13. The relation between E./E,
It should be observed that at reso- and w/we for the parallel-T circuit.

nance E; = 0, and the network may

be terminated in any impedance Z across the terminals without any effect.
However, a finite terminating Z will greatly affect the frequency-response
characteristics of the network, except at the resonant value, although the
general characteristics remain substantially unchanged. For example, if
the load is comparable with the network parameters, the off-resonance
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response is seriously affected, the selectivity is poor, and the curve is no
longer symmetrical about the resonant point.
To find the bandwidth of the network, write

g=2_2 (9-69)
wo wo
Equation (9-68) then becomes
_E, 1
G'E_l_.gn“rl (9-70)
J Q n

But the bandwidth is defined by the requirement that the amplitude ratio
fall by 3 db over the frequency range. This ocecurs when

2w+l
Qb n a
or
2
g =2 1 (9-71)

n
But for w = wq
w? — wl | (w4 wo)(w — wo) QAL"
wwo w?, wy

Q =

Hence it is seen that the bandwidth is given by

B = 2aw =10 @ (9-72)

Q 2 %
As already noted, if the network is loaded, the sharpness of the null
point will be affected, and the bandwidth or the @ of the network will be
correspondingly changed. It is of importance therefore that the input
impedance of the network be ascertained. This is readily accomplished
by noting from Fig. 9-12 that the total current from source E, is made up
of two components, that toward junction 1 and that toward junction 3.
Evidently

I, = Ei(G + juC) (9-73)
which is
_ 1 + juCR
L=E——F%—
so that
_ E _ R _ R - \
5= Y, ST FjaCR ~ . neCR (9-74)
14y

At the resonant frequency nwCR = 1, and for n = 1

R
1+ /1

z, = =fa- (9-75)
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In fact, Z; does not vary rapidly in the neighborhood of resonance, and
this expression may be used for Z, for ordinary calculations. Attention
is also called to fact that the network is symmetrical, so that Z, = Z,.
For the normal circuit parameters used, the output impedance is fairly
large. Consequently a load of several megohms might still constitute an
appreciable load on the network. This fact will dictate both the location
of the grid resistor when such a network is used in an amplifier and also
the form of the amplifier circuit. Moreover, the network is inherently a
rejection device, and its use in a cascade circuit with the network in
either the input or the output of an amplifier will provide a rejection, or
‘““notch,” type of device. By combining the network in appropriately
chosen feedback circuits, a frequency-selective band-pass amplifier may
be achieved. The simplest form is sketched in Fig. 9-14. Loading of the

I(
LAY

| feedback
network E,
L

+

F1a. 9-14. A simple form of parallel-T band-pass amplifier.

output of the network is avoided by injecting the signal in the cathode
circuit. To avoid loading of the input, more elaborate circuits must be
used.

Three circuits incorporating such parallel-T networks in negative feed-
back amplifiers are given in Fig. 9-15.

The output response characteristics of such amplifiers are of consider-
able interest. Observe that in these circuits 3 = 0 at the resonant fre-
quency and 8 # 0 for all other frequencies. Consequently feedback
occurs at all frequencies except at the frequency w, at which g = 0.
Thus the circuits have maximum gain at w,, and, owing to the feedback,
the gain falls at all other frequencies. This means that the circuit
attenuates all frequencies except wo, so that a ‘‘band-pass’ amplifier
does exist.

If the nominal gain of the amplifier is K, then with feedback the form
will be

K

K,
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_~

+
+ _"l — Feedback
network E
| 2
E; §
WV —J T
{(a) Single Tube
It
+ @ @ |~ Feedback
network L E,
E { p:
z ‘L By
= = y
(&) Cathode-Coupled
< I
12N +
+
Feedback E;
E; <€’ network
< I <:
(c) Cascode

Fia. 9-15. Practical parallel-T feedback band-pass amplifiers.



Sec. 9-7] TUNED POTENTIAL AMPLIFIERS 235

Now combine this expression with Eq. (9-70). The result is

K, = K ]
l—Kl_ E T
‘79 n
Then
2
1:(1—j?22” :L”)
K,=1—K_ SRS (9-77)
]Q n
from which it follows that
2
L (2E0)
Kf Q n
—= = . (9-78)
B e g (2 ty
Q n

It is of interest to define the effective @ of this circuit, as a basis of
comparison with an RLC circuit. At the half-power points the gain ratio
must be 1/4/2, whence

2 n? 4+ 1\°
(575 1
2 n?+ 1\ 2
— K| el
1 — K> + ( & )
Upon solving for €, from this expression, there results
()
S U OV AR | (9-79)
1 —K[2—2 b
Ordinarily K is negative and greater than 1. Then when |1 — K|23> 2,
Q = 2(n* 4+ 1)/n
* K]
Also, when —K >> 1, which is the usual case,
2
Q, = &.%D_/’l (9-80)
But by Eq. (9-72)
1
Q==
*TQ
Then
Q 2 (9-81)

= 2(n* 4+ 1)/n
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The use of a pentode in a single-tube parallel-T feedback circuit will
ordinarily have a nominal gain of 100 or more at audio frequencies.
Consequently such an amplifier with a parallel-T loop becomes equivalent
to a resonant circuit with a Q of the order of 25 or more, forn = 1. A
triode amplifier will, because of the lower gain, give a lower effective Q.
However, this may be ample for many applications. Of course the cas-
code circuit of Fig. 9-15¢ has a high gain with triodes and will yield
appreciable @ values.

9-8. The Bridged-T and Wien-bridge Circuits. The parallel-T circuit
discussed in the foregoing section is only one of a number of different

TABLE 9-2
FREQUENCY-SELECTIVE RC NETWORKS
1. Bridged T 2 Q. wol
wo = \[35 = 55~ where @ = —-
m N 21R . f
6 = S —
w/wo 12
+ c c }* Vi e T ag,
Q==
* T Q
2. Bridged T n
— AW “* = RC
R 2
1—-7—=
I I g= — "¢
+ C“ l\c + ; _7 1n? + 2
R _ a2
E] n2 E2 - j_l i n_ i
Q = \/@—zn =1forn=1
n

RC frequency-selective networks which may be used to yield band-pass
characteristics somewhat like the RLC tuned resonant circuits. Among
others,* the bridged-T (in several forms) and the Wien-bridge networks
also have the desired characteristics. The final results are tabulated
without proof in Table 9-2 (see Probs. 9-24 to 9-26).
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PROBLEMS

9-1. A 6SJ7 pentode is used in a certain class A r-f amplifier, with Ey = 250
volts, E.. = 100 volts, and E.; = —3 volts. At these conditions the tube
parameters are approximately g, = 1,600 umhos, r, = 1.2 X 10¢ ohms. A
single-tuned load consists of a 1-mh coil in parallel with a 100-uuf capacitor.
The resonant @ of the load is 200.

a. Determine the potential gain of the stage at the resonant frequency.

b. Determine the potential gain of the stage 10 ke above and below resonance.

9-2. In a single-tuned direct-coupled amplifier stage using a 6SJ7 tube that is
tuned to 1,100 ke, it is found that the bandwidth is 18 ke. Determine the @ of
the circuit.

9-3. It is discussed in the text that the response of the single-tuned direct-
coupled or transformer-coupled amplifier for small deviation 6 and high @ is
given by either Eq. (9-14) or Eq. (9-29).

a. Calculate the error in each case for @ = 3, & very small.

b. Repeat for @ large, § = 0.1.

9-4. A single-tuned circuit employing a 6SK7 tube feeds a diode detector.
The equivalent output circuit is illustrated. The tank is tuned to fo = 1 Me,
L = 0.5 mh, @ = 60. Assume for the 6SK7 that r, = 10% ohms, g. = 2,000
umhos. Determine: .

LY

a. Gain at resonance.

b. Gain at resonance if detector is ) Diode defector
removed. = = equivalent load SO*

¢. Bandwidth with and without the

detector circuit.
9-5. A direct-coupled single-tuned amplifier has a band width of 150 ke and a

resonant shunt impedance of 50 kilohms. What must be the value of the shunt-
ing resistance across the tank if the gain is to be constant within 10 per cent over
the 150-kc band?

9-6. A direct-coupled single-tuned amplifier has a bandwidth of 50 ke, when
¢ = 25 puf. Calculate the bandwidth under the following conditions:

a. C is increased to 100 puf, and the resonant frequency is kept constant by
appropriately changing the number of turns on the coil.

b. C is increased to 100 uuf, but L is maintained constant.

¢. Cis maintained at 25 uuf, but L is increased by a factor of 4 by changing the
position of the slug-tuning core.
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9-7. A single-tuned direct-coupled stage has a Q@ = 100 when tuned to 800 ke.
Two equal signals are fed to the grid, one of which is 50 cps off resonance and the
other of which is 5,000 cps off resonance. What will the amplitude ratio be in
the output of the amplifier?

9-8. A direct-coupled single-tuned amplifier is to have a bandwidth of 200 ke
at 4.7 Mec. If the total capacitance is 25 ppuf:

a. Calculate the maximum impedance and the value of L.

b. Over what frequency band is the total phase shift through this amplifier
less than 30 deg?

9-9. The circuit of a cascode band-pass amplifier (often called the Wallman
circuit) is shown in the accompanying diagram. Z, and Z, are parallel resonant
circuits tuned to the same resonant frequency.

a. Find an expression for Y, i, assuming that g, is much larger than @, G,,
and 1/rp., where ¢ and @, are the shunt conductances of the tuned circuits at
resonance.

b. Subject to these same conditions, find an expression for the over-all gain
of the amplifier, and show that it is the same as that of a single grounded-cathode
stage with a parallel resonant interstage network [Eq. (9-13)].

The advantage of such a cascode amplifier over that of a single-stage circuit
utilizing a pentode is that it provides the low noise level of a triode with the
operating characteristics of a pentode. Triodes may be used because the Miller
effects are negligible owing to the very low potential gain of the first stage. Also,
the cathode lead inductance in the second tube is unimportant because of the low
impedance level.

9-10. Repeat Prob. 9-8 for the transformer-coupled single-tuned amplifier,
for optimum coupling.

9-11. A double-tuned circuit with C = 12 uuf has a bandwidth of 1 Mc at
10 Me for the critically coupled stage. Determine the value of L and @ if both
primary and secondary windings are identical.

9-12. A single-stage double-tuned amplifier using a 6SK7 tube is critically
coupled. It operates at 455 ke and has a bandwidth of 12 ke. The total primary
C and total secondary C are each 26 uuf. The coils and loading are the same.

a. Calculate the values of shunt resistance of each circuit, L and M.

b. Calculate the mid-frequency gain. Choose g,, = 1,500 umhos.

¢. If the resonant frequency and the bandwidth are maintained constant,
calculate the mid-frequency gain as C is varied from 10 to 100 uuf.

9-13. A 6SK7 double-tuned circuit comprises two identical 200-uh coils, with
@ = 80, which are tuned to 500 ke.

a. Calculate the critical coefficient of coupling.

b. Calculate and plot the gain of the stage as the mutual inductance is varied
from zero to twice the critical value.

9-14. Determine the proper design for the winding of an i-f transformer with
L, = L, and each winding tuned to resonance by a capacitance of 100 uuf. The
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secondary potential is not to fall below 0.88 of the peak value in a 10-ke band,
centered at 465 ke. Find k, Ly, L,, @1, @2 and the secondary potential, with 1 volt,
465 kc to the primary. Assume critical coupling.

9-16. A 6SJ7 is used in a double-tuned circuit which feeds a diode detector and
automatic-gain-control circuit. The significant portion of the circuit is shown,
The rms potential across the secondary feeding the detector-automatic-gain-
control circuits must be 10 volts.

Ry 00puf | pioae Aeteclor and age
equivalent load %00/"

Q60
i-f=456k¢

a. What is the coefficient of coupling?

b. What is the value of ¢, to give the required output?

9-16. The i-f amplifier section in a radar receiver consists of four identical
stages, each of the form illustrated. The maximum over-all gain of the four
stages is 10,000, and the gain at 28.5 and 31.5 Mc is 7,070. 6AC7 tubes are used,
with gm = 9,000 umhos, C; = 11 upf, Cq = 5 ppuf.

A
'A%

80

a. Calculate the value of the plate-load resistance.

b. Calculate the wiring capacitance.

¢. Calculate the value of the inductance of the coil.

9-17. A six-stage single-tuned i-f amplifier using 6AC7 tubes has a maximum
over-all gain of 4,100 and an over-all bandwidth of 6.0 Mc. If the over-all gain
had to be obtained from four stages instead of six stages, what would have been
the bandwidth?

9-18. A six-stage single-tuned amplifier using 6AC7 tubes has a maximum
over-all gain of 530,000 and an over-all bandwidth of 2 Me.

a. If it is found that the over-all bandwidth need not be greater than 1.5 Mc,
what would be the corresponding over-all gain by an appropriate change in the
value of the effective shunt resistance of each stage?

b. If the original over-all gain of 530,000 had been obtained from four stages
instead of six, calculate the over-all bandwidth that would result.

9-19. Suppose that three identical stages having the characteristics of Prob.
9-2 are connected in cascade. Calculate and plot a curve of relative gain in
decibels vs. frequency. Carry out the calculations to frequencies 2t which the
gain is down at least 75 db below the optimum value.

9-20. A three-stage direct-coupled single-tuned amplifier is used in a broad-
cast receiver. A three-ganged 165-uuf capacitor is used to tune the receiver
over the range from 550 to 1,650 ke. The loading is chosen to give a minimum
bandwidth of 10 ke.
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a. Determine the variation of bandwidth as the receiver is tuned over the entire
range, assuming that @ remains constant.

b. Repeat for the case where C is fixed at 100 uuf and L is varied.

9-21. Refer to a tube manual, and prepare a table of the merit of the following
tubes: 6AB7, 6AC7, 6AG7, 6AKS5, 6C5, 6K7, 616, 65F5, 65J7, 6SK7, 6V6, 6Y6.

9-22. A two-stage direct-coupled single-tuned amplifier using 6AC7 tubes
operates at 60 Mc and is to have a 2-Mc bandwidth.

a. What gain is possible if both stages are tuned to the same frequency?
Assume that the shunt capacitance is 25 uuf.

b. If the stages are to be stagger-tuned to be critically flat, what gain is
possible?

9-23. Show that, by choosing the three single-tuned stages in the manner
discussed in the text to yield a staggered triple, the relative response function has
the form given by Eq. (9-62). Sketch the individual response characteristics
and that of the resultant staggered triple.

9-24. Analyze the bridged-T network, given as circuit 1 in Table 9-2, in the
manner of Sec. 9-7. Verify the data given in Table 9-2 for this network.

9-25. Repeat Prob. 9-24 for the bridged-T network, given as circuit 2 in Table
9-2.

9-26. Repeat Prob. 9-24 for the Wien-bridge network, given as circuit 3 in
Table 9-2.

9-27. The network shown is used in a simple potential-feedback circuit.

a. Calculate the transfer function § of the network, when R,C, = R.C..

b. Calculate and plot on a decibels vs. log f scale the relative gain of the

amplifier.
&, R,

W J_ oy _l_ .
E; ¢ C'z*|~ E2

9-28. Repeat Prob. 9-27 for the network shown.

G %]
o +
E; R, R, E;

9-29. The two amplifiers of Probs. 9-27 and 9-28 are connected in cascade.
Calculate and plot the gain of the resulting two-stage band-pass amplifier.




CHAPTER 10

TUNED POWER AMPLIFIERS

10-1. Introduction. In common with the operation of the classes of
tube circuits being studied, it is the function of an r-f power amplifier to
convert d-c power from the power supply into r-f power. Owing to the
amounts of power that may be involved, it is essential that this conversion
be effected at the highest possible efficiency. Essentially, therefore, the
power amplifier may be regarded as a power converter, as contrasted with
the r-f and i-f potential amplifiers that are used to raise a potential level.
The settings of the r-f power am-
plifier are chosen to ensure a high tp
conversion efficiency.

The basic circuit of a tuned power
amplifier is substantially that of the :%
single-tuned direct-coupled type dis-
cgssed in Sec. -9-1. The efssential T
dlffere.nces. are in the ma,gm'tude of F1c. 10-1. Schematic diagram of a tuned
the grid-bias supply potential E., power amplifier.
the corresponding value of the grid
input signal e,, and the amount of power involved. A schematic diagram
of a tuned power amplifier is given in Fig. 10-1.

Owing to the negative bias on the tube, which is adjusted approximately
to plate-current cutoff in the class B amplifier and which is adjusted
beyond plate-current cutoff in the class C amplifier, harmonic currents
are generated in the plate which are comparable in amplitude with the
fundamental component. However, if the @ of the tuned plate circuit
has a value of 10 or more, the impedance of the tank circuit to the second
or higher harmonics will be very low. As a result, the higher-harmonic
potentials across the tank will be very small compared with the funda-
mental potential. That is, the effect of the harmonic generation in the
tube plate current is largely suppressed by the tuned plate load.

But the requirement that the @ of the tank circuit must be high in order
to suppress harmonics in the output imposes a limitation on the fre-
quency-response characteristics of the amplifier, since then the gain is
constant only over a very narrow band of frequencies. Consequently
such amplifiers are confined in their operation to narrow frequency bands.
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In fact, as will be discussed in some detail, the class B amplifier may be
used to amplify a narrow band of frequencies of differing amplitudes,
whereas the class C amplifier is confined to a narrow band of frequencies
of constant amplitudes. Despite these severe restrictions, both classes
of amplifier are extensively used in restricted applications, the class B
amplifier to amplify an a-m r-f carrier wave, the class C amplifier as a
frequency multiplier or as a source for the production of an a-m carrier
" wave.

22 10-2. Properties of the Tank Cir-
Ry cuit. The tuned plate load in the
23 Cr, diagram of Fig. 10-1 is drawn as
o a simple parallel resonant circuit.
Fig. 10-2. A typical tuned-amplifier Ordinarily the load is coupled induc-
tank circuit. tively to the plate tank, and a more
typical coupling network is that shown in Fig. 10-2. The capacitor C,
is assumed to be so adjusted that 1/2r \/L,C;, the resonant frequency
of the secondary circuit, is equal to the operating frequency of the ampli-
fier. Because of the resonance in the secondary circuit, only a resistive
component R}, = wM?/(R} 4+ R») is reflected into the primary of the
tuned circuit. The equivalent cir-

o

L L
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>
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>
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cuit then becomes that shown in Z, Z
Fig. 10-3. ¢ R __, ¢ !
If the characteristics of the tank Y B,

circuit were ideal, the impedance at

resonance would be resistive and F.IG. 10-3. The equivalent circuits of
equal to the shunt resistance R, of I& 10-2

the resulting network. The impedance would be zero at any of the.
harmonic frequencies. That is, the impedance would be

Z(wo) = Ro
Z(nw) =0 n=2234 ... (10-1)

These ideal conditions do not prevail in practice, although it is possible
to achieve relatively low impedance for Z(nwo). To examine this, refer
to Eq. (9-6) for the impedance function of the simple tuned circuit,

1+6—,0/Q)
- 10-

1+ 647062+ 3) (10-2)
At resonance w = wo, and § = 0. Equation (10-2) reduces to

.1 1 1
RLQ? <1 —J 6) = R,Q? \/l + o /tan—! 0
Note, however, that, if @ = 10, then

Z(wo) = R.Q* X 1.005/—5.7°

Z = R.Q"

Z(wo)
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which shows that the impedance of the tank circuit is essentially resistive
and is given by

Z(wo)) = Ro = RLQ? (10-3)
Under these conditions it follows that
L, L,
= 2 = = - = _— -
RLQ wOLlQ RLC] Q \/Cl (10 4)

Now consider the situation at the second-harmonic frequency. When
w = 2wy, 6 = 1 and Eq. (10-2) reduces to

1
Z(2ws) = RLQ? "l _, Q* v (2Q T 5Q> (10-5)
0 ¥ 1 4+ 515Q L 1 4 2.25Q7
For @ = 10 this reduces to
Z(2w) = RQ*— = ;L [ (10-6)
0 @950~ T 1s\G

The ratio of the second harmonic to the fundamental-frequency imped-
ance is then

Z(200) _ RiQ*(1/1.5Q) _ 1

Z(wo) n RLQ2 - 15Q
In fact, under the extreme conditions when 7,, = I,;, the relative power
ratio is

P I, Re Z(w) R.QI5, = 4(1 + 2.25Q?)

P~ I, Re Z(2w0)  RiLQ'TZ/4(1 + 2.25Q7)
where Re denotes ‘‘the real part of.” With @ = 10, this reduces to

Py
5 = 900
Pr,
Clearly, therefore, the second-harmonic power is negligible under these

conditions.
Obviously, there will be losses in the tank circuit owing to the resistive

component of the coils, and perhaps the capacitor. The power delivered
to the load is

,, wiM? R}
PL (QIpl) R// + R R + Rz (10—7)
and the power lost in the tank circuit is
2M2 R
= 2 w 2 ~

The circuit transfer efficiency, which is defined as the ratio of the power
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delivered to the load to that supplied to the tank circuit, is given by

Py P}, — Pr

X 100% =
An interesting and informative form for the circuit transfer efficiency
is possible by writing it as follows:

_ _ power delivered to secondary power delivered to load
T = M2 = “hower delivered to primary - power delivered to secondary

where 75, is associated with the first ratio and 5, is associated with the
second ratio. These may be written as

_ IR, _  Rj
" T R+ Ry RitR

Similarly
__ BRY _ Ry
" T T%R, + RY) R.+ R}

The expression for ; may be written in the following forms:

_willi/Ry — wolli/(Ry + R) _ Qo — Qoiz _ Qo
m= wol /Ry N Qo1 =1 Qo (10-10a)

where Qo; = wol;/R; is the unloaded @ of the primary coil at resonance
Qoiz = woli/(Ry + R)) is the loaded @ of the primary circuit at
resonance, including the reflected resistance

of the secondary in the primary circuit
In an entirely similar way, the expression for 5, may be written in the form

pe =1 — o (10-10b)
Q02
where Qo = wols/ R, is the unloaded @ of the secondary coil at resonance
Qozr. = wols/(R2 + R}') is the loaded Q of the secondary coil at reso-
nance but without any effect of the primary
circuit on the secondary
The complete expression for the circuit transfer efficiency becomes

_f; _ Qu _mﬁ _
7 (1 Qm)(l O (10-11)

For high circuit transfer efficiency, the loaded values Qo and Q.
must be low, and the unloaded values Qq; and Q.. should be high. Ordi-
narily the loaded @’s must be 10 or greater in order to provide for a low
harmonic content in the output. The unloaded @’s are subject to purely
practical limitations; the possible values depend on the power output, the
character of construction of the coil, and the frequency of operation.
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Typical values for coils of conventional design vary somewhat as follows
for frequencies in the range from 500 to 1,500 kc:

Unloaded @ ~ 100-200 for low-power coils
~ 500-800 for high-power coils

10-3. Choice of Qr. It is of some interest to examine the factors which
influence the choice of Q. Several of the factors have already been
considered, but for completeness these will also be included in the tabula-
tion below. The following conditions prevail for low Q.:

1. High circuit transfer efficiency 7.

2. Broader bandwidth.

3. Higher harmonic components.

4. Greater L/C ratio.

Factor 1 has been considered in considerable detail in Sec. 10-2. Factor
2 relates to the width of the pass band. This must be adequate to pass
the desired frequency band but must attenuate the frequencies outside
the specified band. A measure of the response is obtained from Eq.
(10-2), which becomes, for frequencies near resonance

Z(w) _ 1
Z(wo) (wQ/wo)[1 — (wo/w)?

Factor 3 was discussed in some detail in Sec. 10-2, where it was shown that
the harmonic output is small if @, is fairly high. When Q. is low, the
harmonic output is not negligible and might result in troublesome har-
monic potentials in the circuit.

Factor 4 is examined through Eq. (10-4) for the lowest @, for a specified
R,; this demands that the L/C ratio must be high. The highest L/C
ratio exists when C is a minimum, which, in the extreme, is the tube plus
stray wiring capacitances. If a capacitor is used, it should be relatively
small, in parallel with a large inductor. In any design considerations Q.
is established by the allowable harmonic content and by power consider-
ations. Normally, as already discussed, Q. will range from 10 to 20.
The unloaded Q. is determined by requiring that the circuit transfer
efficiency should be high, perhaps 90 per cent, at the lower powers and
should be higher for high powers. With @, and Q. known, the circuit
constants can be determined.

(10-12)

Example. Evaluate the approximate circuit constants of a tank circuit which
is to deliver 500 watts to a 72-ohm load at 2 Mc from an a-c supply of 2,000 volts.

Solution. Choose Q1 = 12; 7 = 90 per cent. Also given, R} = 72 ohms,
P} = 500 watts.

a. Power input

500
P, = 00 = 556 watts
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b. From expression (10-11)

QL _
Qu = o1 = 120
¢. Since
Q. = %‘ = wolil i1y _ EI,
L R, IRy, I’R,
~ then
12 X 556
I, = W = 3.33 amp
Also
E 2,000
= — = 3 _ e
L wl;, 2 X2 X 10° X 3.33 47.8 X 107¢ henry
I, 3.33

= L= = 132.4 X 101 farad
©F ~ 2X 2 X108 X 2,000 1324 X ara

d. To find M, note that
MI, = I,R} P = IR}

Hence

3

_ LRy +/PR]
M— 11(.0 - Ilw

/500 X 72
7333 X2 X2X 108

= 4.53 X 10~¢ henry

e. Current I,

556
Ipl = 2'0—00 = 0.277 amp
f. Loaded R,
2,000
Loaded R, = 0277 = 7,220 ohms

g. Unloaded R,
Unloaded R, = 129{5 X 7,220 = 72,200 ohms

10-4. Class B Tuned Amplifiers. Considerations regarding the actual
choice of tube will be given in Sec. 10-16. Transmitters may employ
high- or low-impedance triodes, tetrodes, or pentodes. It will be found
that the plate-circuit efficiency, i.e., the ability of the tube to convert
d-c power from the supply into a-c power, is not particularly dependent
on the type of tube that is used. This fact will become clearer in the light
of subsequent discussions.

Under class B operation, the grid-bias supply potential E.. in Fig. 10-1
is made negative by an amount sufficient to reduce the plate current to
zero for zero signal potential e,. If the dynamic characteristic of the
amplifier is linear over the range of operation, then for sinusoidal input
signal potential the current will consist of half-wave rectified pulses.
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The construction for deducing the output waveshape is sketched in
Fig. 10-4.

It is important that it be recognized that Fig. 10-4 represents an ideal-
ized picture which depends upon a linear dynamic curve. This is not
completely true, although, in the analysis to follow, it will be assumed
that the linear relation does apply. If the dynamic curve is not linear,
then a graphical solution must be used in order to determine the shape of
the plate-current curve and the linear class B analysis is not valid.

To find the operating path of an amplifier with a tuned load, a special
construction is required, since the conditions are different from those of
an amplifier with a pure resistance load. This is so because of the inter-
relation of a number of factors and the different manner of operation of
the circuit. Among the important factors that must be considered are

12 173
|
|
y l wt
Eee €c
! f €c
|
|
' |
|
|
l N
wt

F16. 10-4. The output waveshape from a class B stage, with a linear dynamic curve.

the allowable plate dissipation of the tube, the @ of the circuit, the effec-
tive shunt resistance of the tank circuit, the grid driving potential, the
shape of the plate-current wave, and the corresponding harmonic com-
ponents in the plate current. Ordinarily a method of successive approxi-
mations is necessary in which a given set of conditions is assumed and a
calculation is made. If a consistent solution is not found, a second trial
must be made. This procedure must be continued until a consistent
solution is found.

Although the determination of the operating path is not essential for
the linear analytical solution to follow, the method will be discussed here,
since it will permit a check on the validity of the linear assumptions.
Moreover, it is a general method and will also be used later in the discus-
sion of the tuned class C amplifier. The details of the construction are
illustrated in Fig. 10-5.

To find the operating path, it is assumed that the plate-potential swing
is sinusoidal when the grid input signal is sinusoidal. Also, as a starting
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point, it is assumed that e, i, is approximately 10 per cent of E,. The
value of ec, .. must not be allowed to reach an instantaneous positive
potential that is higher than the plate potential e, nin; otherwise the cur-
rent to the grid will increase very rapidly. This may cause serious dam-
age to the tube. Even if no damage results, the increasing grid current
is accompanied by a decreasing plate current, and in consequence the
analysis will no longer be valid owing to the resulting nonlinearity of the
dynamic curve. With the indicated choice of conditions, the analysis
can be completed, and a calculation can be made of the following: the
d-c power from the plate-supply source, the a-c power output to the load,

L, ) . Z b e
@ A < |-= Plate
?7] { current
o werve
Ny |
‘ |
£, 7%1 I ;
].. |
.

Fhp @ O 60 0 B0 w#

._._._r._

0
0 0 P
60 60
120 120
180f (e "’J pofenf/a/ 180
Pla fc potential
wt swing wt

ebmm
F1c. 10-5. The construction for determining the plate-current waveshape graphically
from the plate characteristics.

and the plate dissipation. If the plate dissipation is within the rating
of the tube, then the resulting calculations will indicate the adjustments
of the circuit parameters that are necessary to achieve the indicated
results.

The specific procedure is the following (refer to Fig. 10-5): Select any
particular instantaneous grid potential e., such as that corresponding to
the point 4,. Determine the corresponding instantaneous plate poten-
tial e, by locating the point A4, at the same phase angle in the operating
cycle. By projecting A, up to its intersection with the curve for the
selected grid potential, the point A on the operating path will be located.
Other points are determined in a similar manner. For class B operation,
the operating path should be approximately linear and should intersect
the plate-potential axis at Ey, approximately.

To determine the shape of the plate-current pulse as a function of the
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phase angle, the current corresponding to each point A on the operating
path is plotted as a function of the appropriate phase angle. The corre-
sponding plate-current pulse is plotted in Fig. 10-5 as (4,wf). The curves
of Fig. 10-6 illustrate the important
waveshapes of the amplifier. A ]
10-6. Analytic Solution of Tuned o b
Class B Amplifier.! An analytic S
solution of the tuned class B am- .
plifier is based on finding an analytic \/ “
form for the tube characteristics.
From Eq. (2-14), the general rela-
tionship between the plate current
and the plate and grid potentials is
of the form

ib=k<ec+?1’) e +2>0
" I

Actually, it is found that for power
triodes over a wide range of param-
eters the plate current is of the form

. e F1c. 10-6. The important waveshapes in a
% =k\e + ; class B tuned amplifier.

which may be written in the more complete form

i = gm (ec + %) (10-13)

This is, of course, simply the first term in the Taylor expansion for the
current.
The instantaneous potentials are of the form

e. = E.. + E,n cos wt

€y = Ebb - Epl,,. cos wi (10-14)

But since the current is zero when the grid signal is zero, then, for 7, = 0,

€c + Sb =0
u
which requires that
Ecc + 'Eib =0
M
or, for cutoff,
E.= - I» (10-15)
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By combining Egs. (10-13) and (10-14), the expression for plate current
becomes

It

Om (Ecc + E,.. cos wt 4 % - %" cos wt)

T

= Gn (E,,,,. cos wt — Epim cos wt)
u

= Gn (E'g,,, — EZ‘"‘) cos wt (10-16)
which is written in the form
i = Iym COS wt —’—25<wt<§
. 3
=0 g < ot 7" (10-17)
where Lom = Gm (E,,,,, — E;‘"‘)
The average value of the plate current is
l 27
or
2 x/2 Ibm
Iy = — Iy, cos wt d(wt) = —= (10-19)
27 Jo T

Also, by Fourier analysis, the amplitude of the fundamental component
of the plate current is

27
Ipim = l/ iy cos wt d(wt) (10-20)
T Jo
or
2 [ Tom
Iplm = - Ibm cos? wi d(wt) = — (10-21)
T Jo 2

But at resonance Z(wo) = R, is resistive, and the fundamental-frequency
potential difference across the load is

Eplm = IplmRO (10-22)
Combining Eq. (10-22) with (10-21) and (10-17),

Rolim R Epin
Eplm = O2b = _2_'0 gm <Egm- __;L>

It follows from this that

R E,,. R
Eplm + 709"; Zl = ‘gongam
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or
#Eom
Ro + 27‘,,

which yields, for the rms value of the fundamental-frequency component
of current, the expression

Eplm = RO (10'23)

_ _HE ;
R ey o (10-24)
Also, from Egs. (10-21) and (10-24),
L 2421, _2+/2 LuE,
I = T T T 2r,+ R, (10-25)
The gain of the amplifier is given in Eq. (10-23) and is
— MRo ~
K T (10-26)

The d-c power input to the plate circuit, which is equal to the average
power furnished by the plate supply when the d-c power dissipated in the
plate load resistance is negligible, is given by

1 (= .
Py = Erﬁ Eyty d(wt)

This becomes
21
Pbb = Eb(, i / ’ib d(wt) = Ebblb (10—27)
27 Jo
The a-c power output of importance is that at the fundamental frequency

and is given by

1 [ .
PL = 51;/(; €rlp d(wt)

which becomes

27
P, = L E im cos wt 1,1, cOs wt d(wt)
2 0
P, =E,I, = IR, (10-28)

The plate-circuit efficiency, which is the ratio of P,. to Py, is

= _P_[_, _ Epllpl
= P, X 100% = Fnls X 1009
7] = Eplel = m Ej_l = 7_[' Eplm
? Ew2V2/m)I, 2+vV2Es 4 Ew
7, = 78.5 X Eyim % (10-29)

Ewy
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The plate dissipation is given by

1 2x
Pp = 51;‘/; (2123 d(wt)

or
2x
Py=2 | (Bw— e)isd(wl) = Ewls — Py (10-30)
2‘7!“ 0
which becomes, by virtue of Eqs. (10-27) to (10-29),
P, = (1 — n,)Pun (10-31)

It is of some interest to calculate the results corresponding to the opti-
mum c¢onditions €. mex = €smin. For this condition

€c,max = Ecc + Egm
' 10-32
€b,min = Ebb - Eplm ( )

from which
Eam + Eplm = Ebb - Ecc

By Egs. (10-14) and (10-23), this yields

#Ro _ &b
Egm+Eqmm—Ebb+ P
or
By = Bt Tl 2t B (10-33)

M 2rp + (l‘ + I)Ro

The corresponding expressions for the fundamental-frequency component
and the d-c components of current are, respectively,

_ Ebb(li + 1) 1
I, = NG % F (a + DRs (10-34)

and
1

27'p + (p, + 1)Ro
The corresponding values of the optimum P, P,., and 5, are readily
calculated from these expressions for I,, and I,. The expression for the
plate-circuit efficiency is found to be

Ew(p + 1) 1 2 R
_ I%LR, V2 o 2+ (w+ DR

M = =
Eul, = 2o, i
7 Bl + D o TR,

(10-35)

I = 2 Epu + 1)
™

which reduces to

_ Ro(u + 1)
7, = 78.5 X m % (10-36)
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Ordinarily the plate dissipation will be a fixed rating of the amplifier
and is the limiting factor on the output power. The appropriate value
of R, is then specified, since all aspects of the circuit may be expressed in
terms of it. To examine this, note that

P, = Ewl, — IR,

which may be written as

Py= B3 4 ) g — Ro| 1) |
P Ty 2, + (w+ DR |2 T V2, + (w+ DRo

This expression may be rearranged and yields the following quadratic
expression for Ry, from which R, may be evaluated:

R2 4r, _Efg<g—l>]R [ 4ry —%_L:I=O 10-37
°+[#+1 PG ) aF e P T Dn (10-37)

10-6. Analysis of Class C Amplifiers. An analysis of the operation
of the tuned class C amplifier can be made on the basis of the assumption
of a linear tube characteristic, essentially as an extension of the method
of Sec. 10-4.2 This analysis is considerably complicated by the fact that
E.. is no longer the single value chosen to yield a zero current for zero
excitation but is now a parameter. Moreover, it is no longer valid to
assume that the operating characteristic is linear. Hence, although such
a linear-tube-characteristic analysis is possible, it is a poor approxima-
tion. It does have the advantage over other methods of giving an explicit
solution for the optimum operating conditions. Owing to its approxi-
mate nature, other methods are preferred.

To see that the operating path is not linear, the construction of Fig. 10-5
is again employed. The only differences that exist arise because the
grid bias E.. is adjusted beyond the cutoff value. With such values of
E.. and with the appropriately increased value of grid driving potential,
the results have the form illustrated in Fig. 10-7. The curves of Fig. 10-8
illustrate the important waveshapes in such an amplifier.

A comparison of these curves with those of Fig. 10-6 indicates that in
the class C amplifier the plate current consists of pulses the duration of
which is less than 180 deg of the cycle. Also, it is not possible, in general,
to derive easily an analytic expression for the shape of the plate-current
pulse.

Some progress can be made in finding an approximate analytical solu-
tion if the curves of Fig. 10-7 are idealized. The idealization made is in
the assumption of linear curves, as illustrated in Fig. 10-9. This approxi-
mation permits the operating path to be represented by two straight-line
segments. It is now possible to write an expression for the plate-current
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Fic. 10-7. The construction for determining the plate-current pulses in a class C

amplifier.
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Fia. 10-8. The waveshapes at various points in the tuned amplifier.
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F1G. 10-9. The conditions in an idealized class C amplifier.
pulse. This is given by the relation
% = k[Epim cos wt — (Epim — Ej)] fori, > 0 (10-38)

where, by definition, for the condition of zero current

% _ wty = cos™! Epin = Ba _ cos™! (1 _ K > (10-39)
2 plm Eplm

Note that the maximum tube current is given by
Iymaz = kE, (10-40)

With the shape of the current pulse known, it is possible to compute
plate-circuit information. The average value of the plate-current pulse
is

1 2%
Ib = 5 / ’l.b d(wt)
27 Jo

which is given by the relation

IC /2
I, = _[) [Epim c0s wt — (Epim — Ea)] d(wt)

™
This integrates to the value

Ib = :-: [Eplm sin = — (Eplm Ed) %_b] (10-41)
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Similarly, the amplitude of the fundamental component is given by
the integral

2%
Iym = 1 / 7y co8 wt d{wt)
T Jo

which may be written in the form

2k 0/2
Im = - [Epim cos wt — (Epym — Ea)] cos wt d(wt)

0
This integrates to the value

I = % [E:"‘ (6 + sin 6y) — (Epim — Ea) sin %’—’] (10-42)

It is quite possible to continue with this analysis and obtain expres-
sions for the power transferred to the load, the plate dissipation in the
tube, the power supplied by the plate power supply, and the plate-circuit
efliciency, in a manner analogous to that for the class B amplifier. How-
ever, it is noted that the construction of Fig. 10-9 is necessary in order to
deduce the operating path before the approximate operating path may be
obtained. The results will be in error consequently, owing to the approx-
imations. Moreover, once the construction of Fig. 10-9 is available, a
semigraphical solution may be effected directly without the approxima-
tions involved in the foregoing. Because of this, the above method of
analysis will not be continued, but the semigraphical method will be
discussed in detail.

Attention is called to the fact that, with the class C amplifier, there
will be no output for small grid signals, since the plate current is zero
Consequently, the output potential is not proportional to the input poten-
tial, and these amplifiers cannot be used where such a linear relation must
be maintained. They are used extensively for amplifying a signal of
fixed amplitude. They are also used extensively in radio communica-
tions as either low-level or high-level modulation stages. This latter
application will be examined in detail in Chap. 12. When the amplifier
is biased to class B operation, a linear relation between the output and
input potentials does exist and such amplifiers find extensive use in those
applications requiring this characteristic. The most important applica-
tion is to increase the power level of a modulated carrier wave.

10-7. Semigraphical Analysis of Class C Amplifiers. Before carrying
out the details of the analysis, attention is called to a second method of
obtaining the operating path of a tuned power amplifier. This makes
use of the fact that the operating line appears as a straight line on the
constant-current (ese.) characteristics of the tube. These constant-
current tube characteristics are available for transmitting-type tubes
and are provided for this particular purpose.
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To verify that the dynamic characteristic is a straight line on the con-
stant-current characteristics, use is made of Egs. (10-13) for the grid and

plate potentials, viz.,
e. = E.. + E,n cos wi
€y = Ebb — Eplm cos wi (10-43)

This latter expression is valid when the @ of the tank circuit is 10 or
greater. Now combine these expressions by writing

€ Ecc

. = z,. + cos wt
€y Eg,

—=— = 57— — COS wi

E?ﬂm Eplm

Adding these expressions gives

€. €p _ Ecc Ebb

m Eplm Egm plm
This may be written in the form
_ B E,.
e, = Eplm €y + Ew + Eplm Ebb (10—44)

which is the slope-intercept form of the equation of a straight line. The
results are illustrated in Fig. 10-10.

€c

€c maxT K

7
Plate current(ma)
—
1 ‘{ =~ J(O-cut-offbias)
By

F16. 10-10. The operating line on the constant-current curves of a power tube.

In order to establish the range of operation, it is necessary to specify
the end points of the region of operation. Ordinarily this is done by
specifying Euw, €5, min, €. max, quantities which are determined from con-
siderations of economy, power output desired, efficiency, and tube
ratings. The manner of this dependence will be investigated below.
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With these factors specified, the operating characteristics of the amplifier
are obtained from the curves in the manner illustrated in Fig. 10-11.

/
/ Locus of constart S pmin /Ec,,,,,

3
___I, ec.f; _/
E,
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Vz_Eg ) (2
= ~— ’§ ° 1 eé
E, ! - J
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4 . g”l-la,f +—-— } = EZ‘: E;:c
” -

| om--ﬂbb //‘

wt
Fic. 10-11. The operating characteristics Lf a class C amplifier.

10-8. Grid and Plate Currents in Class C Amplifiers.® In order to
obtain a numerical solution of the operational features of the amplifier,
such as power output, efficiency, grid driving power, and plate dissipa-
tion, the average and rms values of the grid and plate currents are
required. These must be deduced from the plate- and grid-current pulses
as obtained from the curves, as discussed above. It is well to exam-
ine this matter before considering a detailed analysis of the amplifier
operation.

An inspection of Figs. 10-7 and 10-8 shows that the plate- and grid-
current pulses possess zero-axis symmetry. Consequently, these recur-
ring waves may be represented by a Fourier series involving only cosine
terms. In particular, the plate- and grid-current pulses may be repre-
sented analytically by series of the form

% = Iy + Ipim cOs wt + I,om cOS 20t + - * -
i. = 1.+ I,1m cos wt + Ijom cos 208 + -« -

The average or d-c value of the plate current is given by the integral

1 2r
I = o ﬁ i d(wi)

which becomes, by virtue of the zero-axis symmetry and the fact that
conduction proceeds over the angle 6,

(10-45)

1 0/2
=1 / iy d(ol) (10-46)
m™Jjo
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This integral expresses the area under the plate-current pulse. Since,
however, an analytic expression for the current pulse is not available,
recourse is had to any of the available methods of numerical integration,
e.g., through the use of a planimeter; by dividing the base of the wave into
equal parts, approximating the mean ordinates of the resulting rectangles,
and then summing the areas of these rectangles; or through the use of
other methods devised for numeri-
cal integration.

The details of the second method
are given. Suppose that Fig. 10-12
is the current waveform, certain |
features of which are to be ex- !
amined. Suppose that the half _p = =~
recurrence period is divided into n 0 *
equal parts; hence each division is Fic. 10-12. Current waveform and its
1r/n — 180/?1, deg long. Since the approximate representation.
current flow will proceed for less than 90 deg in each half period, and
taking account of the symmetry, the integral for I, is then given with good
approximation by the expression

where 4;(kr/n) denotes the value of the current at the angle kx/n.
The average value of the grid current is found in a similar manner from
the graph of the grid-current pulse. It is

1p

I
I
I
[
{
I
I

3r  wt
4

Ny

1 2
I, = o ,[o 1c d(wt)
which has the form
1 [o2
I, = ;/{; 7. d(wt) (10-48)

where 6. denotes the grid-current conduction angle. In terms of the
approximate calculation, this becomes

G

k=1,23,...

The amplitude of the fundamental-harmonic component of the plate
current is obtained from considerations of the general Fourier series
representation of the current. This leads to the form

2%
I, = 1/ iy oS wt d(wt)
T Jo



260 RADIO ELECTRONICS [Cuap. 10

which may be written, in view of the existing symmetry, in the form
2 /2
Ioim = - / iy cos wt d(wt) (10-50)
0

This integral may be expressed as a summation by the approximate
methods that have been employed above. This becomes

Im = % I:z___b(O)zcos 0 + z 1 (%) cos I%] (10-51)
P

The amplitude of the fundamental-harmonic component of the grid
current is obtained in the same way as the corresponding component of
plate current. It is given by

2%
Im = l/ 1. c0s wi d(wt)
w™Jo
which reduces to the form

2 0:/2
Iyim = ;/ 1. cos wt d(wt) (10-52)
0

In general, the grid current flows for a relatively small portion of the cycle
in the neighborhood of . = 0. But the value of cos «t does not appreci-
ably differ from unity during this interval. Then approximately

2 0c/2
Ipm = 2 / . d(wt)
m™Jo

from which it follows that
I, =21, (10-53)

In general, it is not necessary to plot the grid- and plate-current wave-
forms, since the information may be taken directly from the curve of
Fig. 10-11 and combined in a table like Table 10-1 to yield the desired
results.

10-9. Power Considerations in Class C Amplifiers. A number of the
results are the same as those considered in Sec. 10-3 for the class B ampli-
fier. Here too the d-c power input to the plate circuit, which is equal
to the average power furnished by the plate supply when the d-c power
dissipated in the plate load resistance is negligible, is given by

2n
Pbb = 2L-/' Ebbib d(wt) = Ebblb (10-54)
T Jo

The a-c power output of importance is that at the fundamental fre-
quency and is given by

27 2x
P = Zi’rﬁ ert, d(wt) = 2—1—1“/; Epim cos wtl pim cos wt d(wt)



Sec. 10-9] TUNED POWER AMPLIFIERS 261

which is
EplmIplm

Pp=—"5"" =Enln (10-55)

The plate-circuit efficiency is

—— X 100% (10-56)

The plate-circuit efficiency depends, of course, on the value of e. min,
since, for a specified Ey, E,. is dictated by esmia. A calculation of this
dependence may be accomplished, using the results of Sec. 10-6. The

TABLE 10-1
ANALYSIS OF CLASS B AND CLASS C TUNED AMPLIFIER
Tube
) E E,. €c.ma.
.min €b.mi E ih.ma
€c,max
in,m&x n k 0»,
7, = | = length of line PQ
1 [k 0 1 2 3 4 5 6 7 8 9
2 |6
3 cos 6
4 |lcos 6
5 | w(6k)
6 7rc(0k)
7 | 2(6:) cos B

1[40 kw

=[5+ 20 ()]

1 ( kw

a[ + 25 ()]

2 ’Lb(O) cos 0 kr kn\

20+ L () e (5)]

general form of the relationship is best presented graphically, as in Fig.
10-13, which shows the plate-circuit efficiency vs. the plate-current
conduction angle 8,, with E,1./Ew as a parameter. It might be noted
that typical values for class C operation are 8, in the range 120 to 150 deg,
with corresponding plate-circuit efficiencies approximately from 5, ~ 80
to 60 per cent.

i

Iplm
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The power dissipated in the plate of the tube is given by

1 [
Pp = 2——7'_'[) €ply d(wt) =

which reduces to

Pp=Ebeb_EpIIpl=Pbb_PL

O .
2‘—1r ﬁ (Eb(, — eL)zb d(wt)

(10-57)

By combining this with Eq. (10-56), there results

P, = (1 — 5,)Pw

(10-58)

This expression shows that the plate dissipation decreases as the output

95 | l
N V{Im/Ebb =10

& \

;85 \\ \\

3 NC

280 ~

£ o9 N

t -~

£ S \\

o \ 08 \

+ 4

z 0 \\
65 \\
60

80 100 120 140 160 180
Plate current angle 6

Fic. 10-13. Approximate plate-circuit
efficiency for different angles of current
flow. (After A. W.Ladner and C. R. Stoner,
“Short Wave Wireless Communication,”
chap. 10, John Wiley & Sons, Inc., New
York, 1950.)

power increases, for a given plate
power input.

The average grid power supplied
by the driving source is given by

N
P, = %ﬁ L. d(wt)

This reduces, under the assumption
that the grid potential is at its maxi-
mum value when the grid current
flows and does not vary appreciably
during this interval, to

1 2x
om ZF A ?:c d(wt)

P, = E,.I. (10-59)

The results of Thomas* have shown
that the grid driving power is given
more accurately by the expression

P, = 0.9E,,I. (10-60)

P,~E

which is

A somewhat better approximation is given by Maling,?

0

P, =E,.I. (0.85 -+ 0.16 cos ——°> for triodes

2

(10-61)

P, = E,.I. (0.81 — 0.20 cos g‘) for tetrodes and pentodes

2

The average grid dissipation is given by the expression

1

Pc=-2—7l’

2n
/ e d(wt)
0
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This may be written as
1 [* .
Pc = '27'_ L (Ecc + e,,)zc d(wt)
= Ecclc + Eymlc (10_62)

But the first term gives a measure of the amount of power that the grid
battery is absorbing from the input driving source, since

27
p.-L / B d(at) = Bel. (10-63)
27 Jo

and E.. is inherently negative. Hence the power dissipated in the grid
circuit is

P, =P, — |P.| (10-64)

Example. In order to illustrate the calculations for a typical transmitting tube,

consider the following specific problem: A type 806 triode having the constant-

320 T I
[ o8 =3
P TR | Constant current characteristics__|

§ 0 PES N 806 Triode
A B l
0

60 XN 0-0\5

240

Plate potential

200 B00N\T200-~600~2000<. 7400 2800 3200
ASSSVEE

Grid pofentiol

1
w
?/y

& B ‘ 07 Plat cirrent
. ale curreni,
M\ I~~~ armperes
-160 =,
-240 > Cut-off
Scale
[—
lem.

Frc. 10-14. Constant-current characteristics of an 806 triode.
current characteristics shown in Fig. 10-14 is used as a class C amplifier, under
the following conditions:
Ew = 2,500 volts E. = —500 volts

Somin _ 10 E,m = 755 volts

€c. max
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Determine the following:
a. Power supplied by the plate power supply.

b. A-c power output. ¢. Plate-circuit efficiency.

d. Plate dissipation. e. Grid driving power.
(Note: The details of the solution are given in Table 10-2.)

TABLE 10-2
ANALYSIS OF CLASS C AMPLIFIER
Tube—806
Ey = 2y500 E. = —500 Eqm = 755 lc.max = 255
:”—‘“ =10 esmin = 255 Epim = 2,245 Ibmax = 825 ma
Iomex = 185 ma n =18 k=29 6, = 120°
Length of line PQ = 27.8 cm

1)k 0 1 2 3 4 5 6 7 8 9
21 6, deg 0 10 20 30 40 50 60 70 80 90
3| cos 6i 1.00 0.985| 0.94| 0.86] 0.76] 0.64| 0.50 0.34] 0.17| 0.00
4|1 cos 6 27.8| 27.4 26.1 | 24.1]21.3{17.9113.9|9.5|4.8]0.0
51 4(6k) 825 |800 750 640 410 150 0 0 0 0
[ARACH) 185 (170 120 55 12 0 0 0 0 0
7|4 (0k) cos 6, 825 (788 1710 555 314 96 0 0 0 0

I, = 1{g(82% + 2,750) = 176 ma
I. = 1{g(18%4 4+ 357) = 25 ma
Ioim = 16(82%4 + 2,463) = 319 ma

Pu = 2,500 X 176 = 440 watts

PL= 2—2—45—;(—35’ = 357 watts

n = 357440 X 100% = 81%
P, = (1 — 0.81) X 440 = 83.5 watts
P, = 0.9 X 755 X 0.025 = 17 watts

10-10. Design Considerations for Class C Amplifiers. The analysis
presented above is based on the assumption that the locus of the operating
point of the tube characteristic is known. Frequently, however, the
engineering design carries with it the requirement for the selection of the
tube and the selection of the operating conditions that govern the locus
to give a high plate-circuit efficiency, and other specified results. A num-
ber of factors are important in such a design, and it is desirable to examine
the influence of these.

The important factors that are involved in the engineering design of a
class C amplifier are the following:
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1. The peak space current that should be demanded of a given tube.
This is usually controlled by the values of e, mi» and e., max, since the total
peak-space-current demand is given by

Ie,mux = Ib.max + Ic,max
f(eb,miuyec,max)

The minimum potential to which the plate falls, ep min.

The maximum value of the instantaneous grid potential, e; max.
The angle of plate-current flow, 6.

The angle of grid-current flow, 6..

. The plate supply potential, Ey.

The influence of each of these factors is considered in some detail.

Item 1. In so far as the total space current that may be safely drawn
in a vacuum tube is concerned, it is limited by the allowable emission
from the cathode, if saturation current may be drawn from the tube.
Although it might not be too unreasonable to draw emission saturation
current on the current peaks in a tube that is provided with a pure-tung-
sten filament, it is unwise to drive a tube with either a thoriated-tungsten
or an oxide-coated cathode to such extremes. Reasonable figures for
the average emitter are:

Tungsten filament—1, ... approximately 100 per cent of total emission
current.

Thoriated-tungsten—1, ... from 15 to 35 per cent of the total emission
current.

Oxide-coated cathode—1I, .- from 10 to 20 per cent of the total emis-
sion current.

Items 2 and 3. The optimum values of €y mi» and e ..~ Will be such that
the total allowable peak space current will not be exceeded. Moreover,
their relative values must be so chosen that the maximum plate current
occurs at wt = 0. This requires that the tube must not be driven so hard
that it operates in the region of rapidly falling plate current. Such a
condition is avoided by keeping epmin > €.msx. However, high plate-
circuit efficiency results when ey min = €.,max, although for low grid driving
power it is required that eymin > €cmax. Typical values of the ratio
€b,min/€c.mex USUally range from 1 to 2.

Item 4. The range over which plate conduction occurs, i.e., the con-
duction angle 6, influences both the average current I, and the first-
harmonic current amplitude 7,;,. For a large value of the first-harmonic
current amplitude, it is desirable that 6, be made large. However, in
order to provide a high value of plate-circuit efficiency, small values of 6,
are indicated. Consequently, it is necessary to compromise between
plate efficiency and power output. Typical values for class C operation,

ook W
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as already discussed, are 6, in the range from 120 to 150 deg, with corre-
sponding plate efficiencies 5 from about 80 to 60 per cent (see Fig. 10-13).

With the choice of I, € mis, €.,msx, and 6, specified, the other operating
conditions are established. It is desired, therefore, to examine the rela-
tion that expresses the grid bias, E.., and also the grid conduction angle
8., in terms of the fixed parameters. To find an expression for E.., it is
noted that the plate current becomes zero when wt = 6,/2. At this
point, the grid signal is given by

e, = Eyn cos wt = E,p, cos%’ (10-65)
But at this point it is necessary that e, + e,/x = 0. This follows from
the fact that the plate current may be written by an expression of the
form ¢y = f(e. + ey/u) and, for 7, to be zero, e, + e,/u must be zero. By
virtue of this
E, cosg'f-l—E +1<Ebb— E, cos&’> =0
m 2 cc i plm 2
But since
€c,max = Egm + Ecc
€b,min = Ebb - Eplm
it follows that
0 1 O
(Ecmax — Eee) cos 5 + E.. + ; [Ebb — (Ew — €bmin) COS 2—] =0

from which

. _Ebb €b,min CcOS (01)/2)
Ecc = n + <ec,mnx + u > m (10_66)

The angle of grid flow is readily determined, since the grid current
becomes zero when wt = 6./2. At this point

€. = Egmcos%c—{—Ecc =0

from which it follows that
05 - ECC
cos 5 = — z,, (10-67)
where E.. is obtained from Eq. (10-66).

10-11. Grid Bias. The foregoing mathematical discussion assumed
that the grid bias potential E.. was constant in magnitude. Often, how-
ever, the bias potential is obtained by means of a resistor-capacitor com-
bination in the grid line, in the manner illustrated in Fig. 10-15. The
choice of grid resistance R, is dictated by the required bias potential and
the average grid current I,. This is frequently referred to as grid-leak
bias.

It might be thought that 7. would be a definite value for a given peak
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driving potential E,., with the result that the grid resistance would be
firmly established. As a practical fact, variations of R, are accompanied
by an almost inverse variation of I., with the result that, for fixed E,,,
the potential E.. remains sensibly constant. It is desirable, therefore,
that the largest R, possible be used, with stable amplifier operation.
This follows from the fact that the loss in the grid resistor is due to the
heating, or I2R,, loss. But for a given negative bias, I R, is constant,
and I. varies inversely with R,. Consequently, by increasing R,, I. is
reduced, and the corresponding loss is
E,

reduced. R+

The grid driving power P, is usually

of the order of 5 to 10 per cent of the Co

a-c power output of the amplifier Py, + R, 7
when the tube is operated within its €
designed frequency limits. When op- ~9¢

erated above the normal frequency
limits of the tube, the grid driving Fic. 10-15. The use of a grid resistor
power increases rapidly, owinginsome and grid capacitor for biasing the
. . . amplifier.

measure to increased dielectric losses,

but principally because of transit-time loading. This latter factor is dis-
cussed at some length in Sec. 5-8. A limit is thereby set to the h-f limit
of the tube.

10-12. Grid Potential and Amplifier Linearity. It has been noted on
several occasions that the plate-circuit efficiency 7, depends upon the
plate-current conduction angle 6,. Moreover, the plate-current conduc-
tion angle depends upon the grid bias and the magnitude of the grid
driving potential, more negative values of E.. and higher E,,, being accom-
panied by smaller values of 8,. The general character of the variation of
output current and plate-circuit efficiency as a function of input grid
potential is shown in Fig. 10-16.

These curves show that the a-c component of current I,;, and the
efficiency 7,, increase with increasing values of E, over a wide range of E,.
A saturation value is reached beyond which there is no essential change,
except that the grid current, and so the grid driving power, continue to
increase. An interesting fact is that the situation remains roughly the
same whether fixed bias or grid-leak bias is used. With grid-leak bias,
however, the input power rises to larger values than with fixed bias.
This is so because an increased E, tends to result in a higher I.; but this
in turn causes an increase in E.. Hence, for a given output power, a
larger E,, is required, with a corresponding less linear relationship
between E, and I,;. Clearly, overdriving the amplifier merely res<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>