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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
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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
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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
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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
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