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PREFACE TO THE SECOND EDITION

The present edition of ‘“Radio Engineering,” while following the same
method of presentation as the first edition, has been completely revised
to take into account the rapid advances in radio communication during
recent years. The extent of this revision is indicated by the fact that
the entire book has been rewritten except for the first several chapters,
and over half of the illustrations of the present edition are new.

The order and details of presentation have been modified in a number
of instances in order more readily to include new developments and
present trends. The fundamental principles of all types of electron
tubes are now given in one unified chapter. The sections on power

" amplifiers have been expanded into a full chapter that represents the
most complete treatment of this subject now available in book form.
A brief chapter on television has also been added because of the increas-
ing importance of this field. In order to take care of these and other
additions without undue increase in length, the chapter on measurements
has been omitted. It is believed that with the appearance of the author’s
book ““ Measurements in Radio Engineering’’ the need for such a chapter
has been greatly lessened.

The present edition carries the analysis of many topics much farther
than did the first edition. A complete treatment of the diode detector
is presented, including the effects of the a-c—d-c ratio. The power-series
method of analyzing distortion, modulation, etc., in tubes is fully covered,
with the results boiled down to an equivalent circuit that greatly sim-
plifies the application of this analysis to engineering problems. There is
increased attention given also to the design and analysis of power ampli-
fiers of all types, and of modulators. The chapter on wave propagation
now includes sufficient material to permit calculation of ground-wave

coverage, determination of optimum frequency for sky-wave transmission .

from ionospheric data, and the calculation of received field strength at
ultra-high frequencies.

A certain amount of new material is presented here for the first time.
This includes an accurate analysis of condenser-input filter systems,
universal amplification curves of resistance- and transformer-coupled
amplifiers, the analysis of the directional characteristics of radiation
from a nonresonant wire in space, and the high-efficiency grid- and

suppressor-grid-modulated amplifiers.
v



vi PREFACE TO THE SECOND EDITION

Problems are given at the end of each chapter. In compiling these
an effort has been made to include at least one problem on every important
topic in the text. This has been done even for such subjects as radio
transmitters, for which it is difficult to formulate problems. As a result
it will be possible for the teacher to supplement all text assignments with
corresponding problem assignments that cannot be filled until an under-
standing of the corresponding parts of the text has been gained. In
order to further this, the problems have in the main been so worded that
they cannot be answered by copying from the text or by simple substitu-
tion in formulas, but rather call for an understanding of how to apply
the principles given in the text. In using these problems, the instructor
is expected to fit them to his own particular requirements. Thus the
total number of problems available is greater than can be included in
any ordinary radio course. Also, some of the problems are rather long
and difficult, and an instructor may find it desirable to shorten them.
Other problems are intentionally presented in a manner similar to the
way the corresponding problem is encountered in practice. That is, -
the desired result is specified, and the student is asked to design apparatus
and circuits that will give the required performance without any details
such as number and types of tubes, etc., being given. It is believed such
a comprehensive group of problems will suggest to an instructor the
various possibilities that are present and will serve as the basis for
problem sets suitable for any circumstance.

The author is indebted to a number of individuals and organizations
for assistance rendered in the preparation of this edition. Mr. Harold A.
Wheeler and the Hazeltine Corporation very generously made certain
material available to the author before publication. Thanks are also
due Bell Telephone Laboratories, RCA Radiotron Company, Inc.,
RCA Manufacturing Company, Inc., RCA Communications, Inc.,
Philco Radio & Television Corporation, The Crosley Radio Corpora-
tion, Jensen Radio Co., and the Stromberg-Carlson Telephone Company
for photographs, circuit diagrams, and data on commercial equipment.
Mention should also be made of Lowell Hollingsworth, F. Alton Everest,
John Donahue, Robert Sink, J. S. Anderson, and John R. Woodyard, all
students or former students at Stanford, who assisted in drawing figures
and checking the manusecript and proof. Acknowledgment is.made for
suggestions, criticisms, and other help rendered by Dr. R. L. Freeman,
formerly of Crosley Radio, and James M. Sharp, instructor at Stanford
University. ’

IFrEDERICK EMMONS TERMAN.

STanForDp UNIVERSITY,
June, 1937.



PREFACE TO THE FIRST EDITION

The aim of “Radio Engineering” is to present a comprehensive
engineering treatment of the more important vacuum-tube and radio
phenomena. Electrical circuits and vacuum tubes behave according
to exact laws, which in the main are simple and easily understood,
and which can be used to predict the performance of radio circuits and
radio apparatus with the same certainty and accuracy that the perform-
ance of other types of electrical equipment, such as transformers, motors,
and transmission lines, is analyzed. It is this ability to reduce a problem
to quantitative relations that predict with accuracy the performance
to be expected or explain the results already obtained that represents a
real mastery of the subject such as the radio engineer is expected to
possess.

The principal prerequisite for undertaking the study of radio engi-
neering is a good working knowledge of the fundamental concepts of
alternating currents, such as reactance, impedance, power factor, phase
angle, and vector representation. An elementary idea of complex
quantity notation is also desirable but not absolutely essential. This
means that radio work as outlined in this volume can be taken up in
the senior year of the usual electrical engineering curriculum.

The order of presentation has been intentionally so arranged that-
the first part of the volume is devoted to the theory of tuned circuits
and the fundamental properties of vacuum tubes and vacuum-tube
applications, all of which are of importance and interest to every elec-
trical engineer. The latter part then takes up more specialized radio
topics, such as radio receivers and transmitters, wave propagation,
antennas, and direction finding. This makes it possible where desired
to arrange a two-semester course, the first term of which will be suitable
for all electrical engineers, with the second term continuing for those
with definite radio interests.

Particular care has been taken to avoid unnecessary equations in
developing the analytical side of the various subjects taken up. It
has been the author’s experience that the usual student when first coming
in contact with a new subject is confused by the presence of numerous
equations and, in such circumstances, frequently fails to realize which
relations are of real importance. By carrying on the reasoning in terms
of words as far as possible, by judicious use of footnotes, and by skipping
over purely routine mathematical manipulations, it has been possible
to cut down the number of equations appearing in the text to the point
where the important mathematical relations stand out by virtue of the

i



viil PREFACE 70 THE FIRST EDITION

fact that they stand nearly alone, free of attention-diverting trivial
equations. The result is that while “Radio Engineering” appears to
be relatively free from mathematics, yet it actually carries the analysis
much deeper than is customary. A typical illustration of this is the
treatment of the transformer-coupled amplifier given in Chap. V. As
far as the author is aware, this represents the only published analysis
that can be used to predict the complete amplification characteristic
of the transformer-coupled amplifier without an unreasonable amount
‘of work and with engineering accuracy. At the same time it is almost
devoid of mathematics as compared with the incomplete and often
incorrect treatment ordinarily found. This result has been achieved
by carrying the reasoning along in terms of physical concepts and words
and by writing down an equation only when the equation itself is of
importance.

A considerable quantity of original material is being published here
for the first time. Notable instances of this are the analysis of the
transformer-coupled amplifier mentioned above, the universal resonance
curve, the Class A power amplifier formulas, the analysis of the Class B
(linear) power amplifier, the analysis of regeneration resulting from a
common plate impedance, the concept of the effective @ of the tuned
amplifier, the analysis of the input admittance of amplifiers, the treatment
of the voltage and current relations existing in the screen-grid tube,

_and the approximate analysis of rectifier-filter systems having a shunt
condenser across the filter input.

The footnote references form an integral part of the text and have
been carefully selected with a view toward: helping the reader who desires
more information on a particular subject than is given in this volume.
No attempt has been made to compile complete bibliographies, the aim
having been rather to cite a limited number of comprehensive articles
that are really readable by the average student.

The author wishes to acknowledge the very helpful cooperation which
has been received on all sides. Particular mention should be made of
Philip G. Caldwell, the late Nathaniel R. Morgan, Paul F. Byrne, Dr.
Horace E. Overacker, William R. Triplett, Harry Engwicht, W. G. Wag-
ener, and D. A. Murray, all former students at Stanford University, who
assisted in drawing the figures and checking the manuscript and proof.
The author is also greatly indebted to the Bell Telephone Laboratories,
the American Telephone and Telegraph Company, the General Radio
Company, the De Forest Radio Company, the General Electric Com-
pany, RCA Radiotron, Inc., and the Stromberg-Carlson Telephone Manu-
facturing Company for supplying copy for certain of the illustrations.

STaNFORD UNIVERSITY, CALIFORNIA, FrepeErICK EMMONS TERMAN.

August, 1932.
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RADIO ENGINEERING

CHAPTER 1
THE ELEMENTS OF A SYSTEM OF RADIO COMMUNICATION

1. Radio Waves.—Electrical energy that has escaped into free space
exists in the form of electromagnetic waves. These waves, which are
commonly called radio waves, travel with the velocity of light and consist
of magnetic and electrostatic fields at right angles to each other and
also at right angles to the direction of travel. If these electrostatic and
magnetic fluxes could actually be seen, the wave would have the appear-
ance indicated in Fig. 1. One-half of the electrical energy contained
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Fig. 1.—Front and side views of a vertically polarized wave. The solid lines represent
electrostatic flux, while the dotted lines and the circles indicate magnetic flux.
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in the wave exists in the form of electrostatic energy, while the remaining
half is in the form of magnetic energy.

The essential properties of a radio wave are the frequency, intensity,
direction of travel, and plane of polarization. The radio waves produced
by an alternating current will vary in intensity with the frequency of the
current and will therefore be alternately positive and negative as shown
at b in Fig. 1. The distance occupied by one complete cycle of such an
alternating wave is equal to the velocity of the wave divided by the num-
ber of cycles that are sent out each second and is called the wave length.

1



2 RADIO ENGINEERING [CrAP. 1

The relation between wave length A in meters and frequency f in cycles
per second is therefore

o EEN -

The quantity 300,000,000 is the velocity of light in meters per second.
The frequency is ordinarily expressed in kilocycles, abbreviated ke;
or in megacycles, abbreviated mc. A low-frequency wave is seen from
Eq. (1) to have a long wave length, while a high frequency corresponds .
to a short wave length.

The strength of a radio wave is measured in terms of the voltage
stress produced in space by the electrostatic field of the wave and is
usually expressed in microvolts stress per meter. Since the actual stress
produced at any point by an alternating wave varies sinusoidally from
instant to instant, it is customary to consider the intensity of such a wave
to be the effective value of the stress, which is 0.707 times the maximum
stress in -the atmosphere during the cycle. The strength of the wave
measured in terms of microvolts per meter of stress in space is exactly
the same voltage that the magnetic flux of the wave inducesina conductor
1 meter long when sweeping across this conductor with the velocity of
light. Thus the strength of a wave is not only the dielectric stress
produced in space by the electrostatic field, but it also represents the
voltage that the magnetic field of the wave will induce in cutting across
a conductor. In fact, the voltage stress produced by the wave can be
considered as resulting from the movement of the magnetic flux of the
same wave. '

The minimum field strength required to give satisfactory reception
of the radio wave varies with the amount of interference that is present. -
Under the most favorable conditions it is possible to obtain intelligible
signals from waves having a strength as low as 0.1 uv per meter, but ordi-
narily interfering waves generated by both man-made and natural sources
drown out such weak radio signals and make much greater field strengths
necessary. Thus experience has shown that in rural areas a field strength
in the order of 100 uv per meter is required to give what the listener
considers satisfactory service from a-broadcast station, while in urban
locations, where the man-made interference is much greater, a field
strength of 5000 to 30,000 uv per meter is needed to insure good reception
at all times.

A plane parallel to the mutually perpendicular lines of electrostatic
and electromagnetic flux is called the wave front. The wave always
travels in a direction at right angles to the wave front, but whether it goes
forward or backward depends upon the relative direction of the lines
of electromagnetic and electrostatic flux. If the direction of either the
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magnetic or electrostatic flux is reversed, the direction of travel is reversed,
but reversing both sets of flux has no effect.

The direction of the electrostatic lines of flux is called the direction
of polarization of the wave. If the electrostatic flux lines are vertical,
as shown in Fig. 1, the wave is vertically-polarized; when the electrostatic
flux lines are horizontal and the electromagnetic flux lines are vertical,
the wave is horizontally polarized.

Propagation of Radio Waves of Different Frequencies.—As radio waves
travel away from their point of origin, they become attenuated as a result
of spreading out and because of energy lost in travel. The amount of
this attenuation depends upon the frequency of the wave, the time of
day, the season of the year, and the character of the earth’s surface.

Waves having frequencies below about 100 kc are called low-frequency
waves, and travel with an attenuation that is small and relatively
independent of time of day and season. These frequencies are therefore
well suited for carrying on continuous radio communication over dis-
tances as great as 5000 miles. '

Frequencies ranging from 100 to 1500 kc are referred to as medium
radio frequencies. The distinguishing characteristic of these waves is
high received energy at night, particularly in the winter, and high
attenuation during the day. This effect becomes more pronounced
as the frequency is increased toward 1500 ke and is well illustrated by
the characteristics of broadcast waves. Medium-frequency waves are
suitable for covering distances up to several thousand miles at night but
only a few hundred miles in the daytime.

As the frequency is increased from 1500 toward 6000 ke, the attenua-
tion, particularly during the day, becomes less, and these waves, which
are said to be of medium-high frequency, are therefore suitable for carry-
ing on communication over distances in the order of several thousand
miles. The attenuation is greater during the day than at night, and
greater in summer than in winter, but is sufficiently small even under
unfavorable conditions to permit communication over distances of one or
more thousands of miles.

Waves of frequencies ranging from 6000 to about 30,000 kc are called
high-frequency waves. They are capable of traveling great distances
with small attenuation, but whether or not they reach a particular
destination depends upon the conditions existing in the ionized regions
in the upper atmosphere. In general, the frequency best suited for
reaching a very distant receiving point is highest on a summer day,
somewhat lower on a winter day or summer night, and lowest during a
winter night. In order to maintain reasonably continuous communica-
tion over great distances using high frequencies, it is necessary to change
the frequency of transmission as conditions warrant.
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Radio waves having frequencies less than about 12 kc have not been
found useful for commercial radio communication because these waves
require such large radiators for efficient radiation as to be impracticable
from an economic point of view. Waves having frequencies higher than
about 30,000 kc are likewise of limited use because they travel along
straight lines and are not reflected back to earth by the ionized region
They are therefore of use only over distances
so short that the earth’s curvature permits a substantially straight-line
path between transmitting and receiving points.

in the upper atmosphere.

TaBLE I.—CrAssiFicATION oF Raprio WavEs

Fre-
quency W7 .
Class range, length Outstan(fhn.g Principal uses
Kilo- range, characteristics
meters
cycles |
Low frequency....| Below Over |Low attenuation at|Long-distance trans-
100 3,000 all times of day and | oceanic service re-
of year quiring continuous
operation
Medium frequency| 100 to | 3,000 | Attenuation low at|Range 100 to 500 ke
1,500 | to 200 | night and high in| used for marine com-
the daytime; greater | munication, airplane
in summer than win~ | radio, direction find-
] ter ing, etc. Range 550
to 1500 ke employed
for broadcasting
Medium high fre- |1,500to| 200 to | Attenuation low atl Moderate-distance
quency. 6,000 50 night and moderate | communication of all
in the daytime types
High frequency. . .| 6,000 to |50 to 10 | Transmission depends | Long-distance  com-
30,000 solely upon the ioni- | munication of all
zation in the upper | kinds; airplane radio
atmosphere, and so
varies greatly with
the time of day and
season. Attenuation
extremely sm all
under favorable con-
ditions
Very high fre-| Above | Below | Waves travel in | Short-distance com-
quency. 30,000 .10 straight lines and are | munication, tele-

not reflected by ion-
ized layers, so can
only travel between
points in sight of
cach other

vision, two-way
police radio, portable
equipment, airplane
landing beacons
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As a result of the different characteristics of propagation possessed
by radio waves of different frequencies, each particular range of fre-
quencies is best adapted for a particular type of communication service.
The outstanding properties of the different classes of radio waves are
tabulated in Table I, as well as the uses to which each class has been found
best suited.

2. Radiation of Electrical Energy.—Every electrical circuit carrying
alternating current radiates a certain amount of electrical energy in the
form of electromagnetic waves, but the amount of energy thus radiated
is extremely small unless all the dimensions of the circuit approach the
order of magnitude of a wave length. Thus a power line carrying 60-cycle
current with 20-ft. spacing between conductors will radiate practically no
energy because a wave length at 60 cycles is more than 3000 miles and
20 ft. is negligible in comparison. On the other hand, a coil 20 ft. in
diameter and carrying a 2000-kc current will radiate a considerable
amount of energy because 20 ft. is comparable with the 150-meter wave
length of the radio wave. The com-

mon radio antenna consisting of a \ X
vertical wire with a flat-top structure A
as shown in Fig. 2 is essentially a Sntenna
condenser in which one plate is the Tuning indoctance

ground while the other plate is the flat

top. Such an arrangement will be i el

a good radiator of electrical energy
when the ratio of height to” wave  pg 2.—A simple system for pro-
length is appreciable, z.e., at least ducing radio waves, consisting of flat-top
1:100, and preferably 1:10. Similarly :22:22: cit:cr\lxlirég inl&durc::;;?nc;o atbr;r}:g
a coil will be a good radiator of elec- frequency of the waves to be radiated,
trical energy provided the size of the and a generator of radio-frequency energy.
coil is sufficiently great. The usual loop antenna consists of a coil and
will be an efficient radiator to the extent that the ratio of loop diameter
to wave length is appreciable.

It is apparent from these considerations that the size of radiator
required is inversely proportional to the frequency. High-frequency
waves can therefore be produced by a small radiator, while low-frequency
waves require a high antenna system for effective radiation. The
practical result of this fact is that the antennas of low-frequency trans-
mitting stations are sometimes suspended from towers over 500 ft. high
and yet are less efficient radiators than an antenna of one-tenth this height
operating on a very high radio frequency.

Every radiator has directional characteristics as a result of which
it sends out stronger waves in certain directions than in others. Thus,
while a vertical wire radiates the same amount of energy in directions
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that are perpendicular to the wire, the radiation in a vertical plane varies
from a maximum in a horizontal direction to zero in a vertical direction,
as shown in Fig. 3. Directional characteristics of antennas are taken
advantage of to concentrate the radiation toward the point to which it is
desired to transmit. ‘

The amount of energy sent out from any radiating system is pro-
portional to the square of the radio-frequency current that flows in the
radiator. Since all the common sources of radio-frequency energy are
relatively low-voltage high-current sources, it is necessary that the

radiating system offer .a relatively
~Antenna g .
Rodiation mtersity  10W impedance to the radio-frequency
> energy that is to be transmitted.
" This is accomplished by tuning the

antenna circuit to resonance with the,

. e 3~—Directional characteristios freqyency to be radiated, which makes
in a vertical plane of radiation from an . A N
antenna consisting of a vertical wire. the impedance of the antenna circuit
The length of the radius vector from t.’,he low and enables & relatively small
base of the antenna represents the relative .
intensity of wave radiated in the direction applied voltage to produce a very
of the vector. large antenna current and hence a
high radiated energy. This is the only reason for tuning the trans-
mitting antenna, as the mere tuning of the radiating systems to the
frequency being transmitted does not increase the radiated power per
ampere of current. The tuning is accomplished by inserting an induc-
tance or a condenser in series with the antenna, as circumstances require.
Thus in the flat-top antenna of Fig. 2 the antenna has a capacity reactance
and so is tuned by the use of the inductance coil shown in the figure.

3. Generation and Control of Radio-frequency Power.—The radio-
frequency power required by the radio transmitter is practically always
obtained from a vacuum-tube oscillator. Vacuum-tube oscillators are
capable of converting direct-current power into alternating-current
energy of any desired frequency up to 300,000,000 cycles or higher.
Over the range of frequencies used in long-distance radio communication,
z.e., 12 to 30,000 ke, the power that can be obtained from vacuum-tube
oscillators is in the order of tens to hundreds of kilowatts, and the
efficiency with which the direct-current power is transformed into
alternating-current energy is in the neighborhood of 50 per cent or higher.

A number of other methods of obtaining radio-frequency energy
have been used at one time or another during the history of radio.
Among these are the high-frequency alternator, the Poulsen arc, the
frequency multiplier, and the oscillatory spark discharge. The high-
frequency alternator is a special high-speed inductor-type alternator
with many poles. Such alternators can generate several hundreds of
‘kilowatts with reasonable efficiency when operating at frequencies of

z
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50,000 cycles or less. A number of high-frequency alternators are now
in commercial use, although it is improbable that any more will ever be
built.! The frequency multiplier utilizes a moderately high frequency
alternator from which the desired radio frequency is obtained by the use
of magnetic-type harmonic generators. In this way it is possible with an
alternator giving a frequency of 5000 cycles to produce considerable
quantities of power at frequencies of from 20,000 to 40,000 cycles. This
type of arrangement at one time had a very prominent place in radio but
has now practically disappeared.? '

The Poulsen arc takes advantage of the negative-resistance charac-
teristic of an electric arc to convert direct-current power into radio-
frequency energy. The arc as ordinarily employed takes place between
carbon and copper electrodes in an atmosphere of hydrocarbon vapor
and with a magnetic field at right angles to the axis of the are. Such
an arrangement, when properly designed, will generate large quantities
of radio-frequency energy at a fair efficiency. The Poulsen arc operates
most efficiently at frequencies below several hundred thousand cycles,
but it will function after a fashion up to frequencies approaching 2000 ke.
For the frequencies to which it is adapted the arc is a very simple and
rugged generator of radio-frequency energy, and hundreds are still in
regular use. It is, however, being rapidly replaced by the vacuum-tube
oscillator because of the latter’s flexibility, frequency stability, and
freedom from harmonics.?

The oscillatory spark discharge was the earliest and for many years
the only method known for the generation of radio-frequency power.
In this type of transmitter a condenser is charged to a high potential,
which then breaks down a spark gap, permitting an oscillatory discharge
through an inductance. This process is repeated about 1000 times
each second. The spark transmitter thus radiates a series of wave
trains, each of which is a damped sinusoidal oscillation. This method
is capable of generating large quantities of radio-frequency energy with

1 A description of the widely used Alexanderson alternator is to be found in an
article by Ernst F. W. Alexanderson, Trans-oceanic Radio Communication, Proc.
I.R.E., vol. 8, p. 263, August, 1920. For information on this as well as other types of
alternators see G. G. Blake, ‘“History of Radio Telegraphy and Telephony,” pp.
230-232, Chapman & Hall, Ltd.

2 Extensive discussions of frequency multipliers are to be found in practically
every book on radio communication written prior to about 1920.

3 For further information regarding the Poulsen arc, the reader is referred to the
following articles: Leonard F. Fuller, The Design of Poulsen Arc Converters for
Radio Telegraphy, Proc. I.R.E., vol. 7, p. 449, October, 1919; P. O. Pedersen, On the
Poulsen Arc and Its Theory, Proc. I.R.E., vol. 5, p. 255, August, 1917; Some Improve-
ments in the Poulsen Arc, Proc. I.R.E., vol. 9, p. 434, October, 1921, and vol. 11, p.
155, April, 1923.
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good efficiency but is in disfavor because the radiated waves are not
simple sine waves but rather waves of a number of frequencies super-
imposed on each other. The result is excessive interference with radio
signals being transmitted on slightly different frequencies.?
Modulation.—The transmission of information by radio waves requires
that some means be employed to control the radio waves by the desired

(o) Telegraph Code Signal (d) Sound Vibration

l [ 1 ] TN
—

(b} Radio Wave Affer Modulation (e) Radio Wave After Modulation
by Code Signal by Sound Vibration

Carrier?
amplitude

Modulated Waves After Rectification
: Showing Average Volues

(]

Il
CUTE Ty
F1c. 4.—Diagram showing how a signal may be transmitted by modulating the ampli-

tude of a radio wave, and how the original signal may be recovered from the modulated
wave by rectification.

| S——
—

intelligence. In radio telegraphy this control is obtained by turning
the transmitter on and off in accordance with the dots and dashes of the
telegraph code, as illustrated in Fig. 4. In radio telephony the trans-
mission is accomplished by varying the amplitude of the radio-frequency
wave in accordance with the pressure of the sound wave being trans-
mitted. Thus the sound wave shown at d in Fig. 4 would be transmitted
from a radio-telephone station by causing the amplitude of the radiated
wave to vary as shown at e. In the transmission of pictures by radio a
similar method is employed, in which the amplitude of the wave radiated

1 An extensive art has been developed in connection with the spark generator of
radio-frequency energy, which, though obsolete as far as radio communication is con-
cerned, is still of value in other applications. Interested readers will find an excellent
treatment of the spark generator in J. H. Morecroft, “Principles of Radio Communi-
cation,” 2d ed., Chap. V., John Wiley & Sons, Inc.
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at any time is made proportional to the light intensity of the part of the
picture that is being transmitted at that instant.

When the amplitude of the alternating-current wave is varied from
time to time, the wave is said to be modulated. Thus the wave radiated
from a radio-telephone station is modulated by the voice or sound wave,
while during the transmission of a picture the modulation is in accordance
with the light intensities of different portions of the picture, and in the
case of radio telegraphy the modulation is by the telegraph code.” Except
in the case of telegraphy, the modulation of the radio-frequency wave is
usually accomplished by means of vacuum tubes that control the ampli-
tude of the generated or radiated high-frequency energy in accordance
with the intelligence that is to be transmitted.

4. Reception of Radio Signals.—In the reception of radio signals
it is first necessary to abstract energy from the radio waves passing the
receiving point. After this has been done, the radio receiver must first
separate the desired signal from other signals that may be present, and
then reproduce the original intelligence from the radio waves. In addi-
tion, arrangements are ordinarily provided for amplification of the
received energy so that the output of the radio receiver can be greater
than the energy abstracted from the wave.

Any antenna system capable of radiating electrical energy is also
able to abstract energy from a passing radio wave because the electro-
magnetic flux of the wave in cutting across the antenna conductors
induces a voltage that varies with time in exactly the same way as the
current flowing in the antenng radiating the wave. The voltage induced
in an antenna is equal to the product of the effective antenna height
and the strength of wave, and the resulting current flowing in the antenna
is the current that is produced by this induced voltage acting against
the impedance of the circuit. The energy represented by the induced
current flowing in the antenna system is abstracted from the passing
wave and will be greatest when the impedance of the antenna system has-
been reduced to 2 minimum by making the antenna circuit resonant to the
frequency of the wave to be received.

The characteristics of an antenna when used for receiving radio
signals are the same asin sending. Thus an efficient transmitting antenna
is equally efficient when used for the reception of radio signals, and in
general the size of receiving antenna will be proportional to the wave
length being received, just as is the case in transmitting. The directional
characteristics of an antenna are the same for reception as transmission;
that is, if an antenna radiates most of the energy delivered to it in one
direction, then that antenna will have a larger voltage induced in it by
waves coming from the direction in which radiation is large than by waves
coming from other directions. Similar types of aerial systems are used
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for both radiating and receiving electromagnetic waves, the only differ-
ence being that receiving antennas can be less expensive and smaller
than transmitting antennas because amplification at the receiver can
readily make up for a less efficient antenna.

Since every wave passing the receiving antenna induces its own
voltage in the antenna conductor, it is necessary that the receiving
equipment be capable of separating the desired signal from the unwanted
signals that are also inducing voltages in the antenna. This separation
is made on the basis of the difference in frequency between transmitting
stations and is carried out by the use of resonant circuits which can be
made to discriminate very strongly in favor of a particular frequency.
It has already been pointed out that, by making the antenna circuit
resonant to a particular frequency, the energy abstracted from radio
waves of that frequency will be much greater than the energy from waves
of other frequencies; this alone gives a certain amount of separation
between signals. Still greater selective action can be obtained by the
use of additional suitably adjusted resonant circuits located somewhere
in the receiver in such a way as to reject all but the desired signal. The
ability to discriminate between radio waves of different frequencies is
called selectivity and the process of adjusting circuits to resonance with
the frequency of a desired signal is spoken of as tuning.

Detection.—The process by which the signal being transmitted is
reproduced from the radio-frequency currents present at the receiver is
called detection. Where the intelligence is transmitted by varying the
amplitude of the radiated wave, detection is accomplished by rectifying
‘the radio-frequency currents. The rectified current thus produced varies
in accordance with the signal originally modulated on the wave radiated
at the transmitter and so reproduces the desired signal. Thus when the
modulated wave shown at e of Fig. 4 is rectified, the resulting current is
shown at f and is seen to have an average value that varies in accordance
with the amplitude of the original signal. In the transmission of code
signals by radio, the rectified current reproduces the dots and dashes of
the telegraph code as shown at Fig. 4c and could be used to operate a
telegraph sounder. When it is desired to receive the telegraph signals
directly on a telephone receiver, it is necessary to break up the dots and
dashes at an audible rate in order to give a note that can be heard, since
otherwise the telephone receiver would give forth a succession of unin-
telligible clicks.

Although intelligible radio signals have been received from stations
thousands of miles distant, using only the energy abstracted from the
radio wave by the receiving antenna, much more satisfactory reception -
can be obtained if the received energy is amplified. This amplification
may be applied to the radio-frequency currents before detection, in
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which case it 1s called radio-frequency amplification, or it may be applied
to the rectified currents after detection, which is called audio-frequency
amplification. The use of amplification makes possible the satisfactory
reception of signals from waves that would otherwise be too weak to give
an audible response. It also permits the strength of the signal as heard
in the telephone receiver or any other indicating device to be raised to
any desired volume, permitting radio reception in noisy locations, such
as on airplanes, and making possible the use of loud-speakers.
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Fic. 5—Waves having different degrees of simple sine-wave modulation.

The only satisfactory method of amplifying radio signals that has
been discovered is by the use of vacuum tubes, and before such tubes were
discovered radio reception had available only the energy abstracted from
the radio wave by the receiving antenna. As a result of the small ampli-
tude of this energy, the signals were always weak, and radio reception
from other than local stations was possible only in very quiet places.

6. Nature of a Modulated Wave.—The modulated wave that is sent
out by a radio station represents an oscillation of varying amplitude and
so consists of a number of waves of different frequencies superimposed
upon each other. The actual nature of a modulated wave can be deduced
by writing down the equation of the wave and making a mathematical
analysis of the result. Thus, in the case of the simple sine-wave modula-

. tions shown in Fig. 5, the amplitude of the radio-frequency oscillation
is given by E = E, + mE, sin 2rf ¢, in which E, represents the average
amplitude, f, the frequency at which the amplitude is varied, and m
the ratio of amplitude variation from the average to the average ampli-
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tude, which is called the degree of modulation. Waves with several
degrees of modulation are shown in Fig. 5. The equation of these
modulated waves can be written as

e = Ey(1 + m sin 2xft) sin 2xft (2)

in which f is the frequency of the radio oscillation. Multiplying out the
right-hand side of Eq. (2) gives .

e = E, sin 2xft + mE, sin 2xf, sin 2xft

By expanding the last term into functions of the sum and difference
angles by the usual trigonometric formula, the equation of a wave with
simple sine-wave modulation is

mEo
2

m2E° cos 2r(f + fot  (3)

e = Eysin 2nft + cos 2r(f — fot —
Equation (3) shows that the wave with sine-wave modulation consists
of three separate waves. The first of these is represented by the term
E, sin 2xft and is called the carrier. Its amplitude is independent of the
presence or absence of modulation and is equal to the average amplitude
of the wave, which is independent of the degree of modulation. The
two other components are alike as far as magnitude is concerned, but the
frequency of one of them is less than that of the carrier frequency by an
amount equal to the modulation frequency, while the frequency of the
second is more than that of the carrier by the same amount. These two
components are called the side-band frequencies and carry the intelli-
gence that is being transmitted by the modulated wave. The frequency
by which the side bands differ from the carrier frequency represents the
modulation frequency, while the amplitude of the side-band components
compared with the amplitude of the carrier determines the degree of
modulation, z.e., the size of the amplitude variations that are impressed
upon the radiated wave.

When the modulation is more complex than the simple sine-wave-
amplitude variation of Fig. 5, the effect is to introduce additional side-
band components. The carrier wave is always the same, irrespective
of the character of the modulation, and represents the average amplitude
of the wave, but there is a pair of side-band frequencies for each frequency
component in the modulation. Thus, if the wave of a radio-telephone
transmitter is modulated by a complex sound wave containing pitches
of 1000 and 1500 cycles, the modulated wave will contain one pair of
1000-cycle side-band components and one pair of 1500-cycle side-band
components. The amplitude of any side-band component is always
one-half of the amplitude of that particular frequency component which
is contained in the modulation envelope.
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Signaficance of the Side Bands.—The carrier and side-band frequencies
are not a mathematical fiction, but have a real existence, as is evidenced
by the fact that the various frequency components of a modulated wave
can be separated from each other by suitable filter circuits. The side-
band frequencies can be considered as being generated as a result of
varying the amplitude of the wave. They are present only when the
amplitude is being varied, and their magnitude and frequency are deter-
mined by the character of the modulation. The carrier frequency, on
the other hand, is independent of the modulation, being the same evens
when no modulation is present.

The intelligence transmitted by the modulated wave is carried by
the side-band components and not by the carrier, i.e., the intelligence
is conveyed by the variations in the amplitude of the wave and not
by the average amplitude. It is therefore desirable to put as much power
into the side-band frequencies as is possible, which is equivalent to
saying that the wave amplitude should be varied through the widest
possible range. When the amplitude is.carried clear to zero during the
modulation cycle, the modulation is at a maximum, or 100 per cent,
and the side bands contain the maximum amount of power possible.
With sine-wave modulation such as shown in Fig. 5 this maximum side-
band power is one-half of the carrier power. With degrees of modulation
less than 100 per cent the side bands will contain correspondingly less
power. .

It is apparent that the transmission of intelligence requires the use
of a band of frequencies rather than a single frequency. In speech and
music there are important frequency components as high as 5000 cycles,
so that speech and music modulated upon a wave will produce side-band
components extending as far as 5000 cycles on each side of the carrier
frequency. A radio-telephone station therefore utilizes a frequency band
about 10,000 cycles wide in transmitting high-quality signals. If this
entire band is not transmitted equally well through space and by the
circuits through which the modulated wave currents must pass, then
the side-band frequency components that are discriminated against will
not be reproduced in the receiving equipment with proper amplitude.
With telegraph signals the required side band-is relatively narrow because
the amplitude of the signals is varied only a few times a second, buta
definite frequency band is still required. If some of the side-band
components of the code signal are not transmitted, the received dots and
dashes run together and may become indistinguishable.



CHAPTER II
CIRCUIT CONSTANTS

, 6. Inductance—Whenever a current flows in an electrical circuit,
there is produced magnetic flux that links with (7.e., encircles) the current.
The amount of such flux actually present with a given current is measured
in terms of a property of the circuit called the inductance and depends
upon the arrangement of the circuit and the presence or absence of mag-
netic substances.

Inductance can be defined as the flux linkages per ampere of current
producing the flux; that is

flux linkages

Inductance L in henries = :
current producing flux

10-¢ (4)

A flux linkage represents one flux line encircling the circuit current once.
Thus in Fig. 6 flux line aa contributes eight flux linkages toward the coil
inductance because it circles the current flowing in the coil eight times.
On the other hand, flux line b of the same coil contributes only one-half
of a flux linkage toward the coil induc-
tance because this particular line encircles
only one-half of the coil current.

The inductance of an electrical cir-
cuit is computed by assuming a conven-
ient current flowing in the circuit,
determining the magnetic flux produced

Fio. 6.—Flux and current distri- by the current, and then counting up the
Do D e en: total number of flux linkages present in
density is indicated by the depth of the circuit. The inductance in henries
shading. is this total number of flux linkages
multiplied by 10—8 and divided by the circuit current.

The inductance of a circuit is the measure of a number of electrical
properties. When the current varies, as, for example, in the case of an
alternating current, the amount of flux linking with the circuit also varies,
and in doing so induces a voltage in the circuit just as magnetic flux
always does when cutting a conductor. The magnitude of this induced
voltage can be expressed in terms of the circuit inductance and rate of
change of current.

Induced voltage in circuit caused by change in current = —'L(-;—;' (5)

14
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A positive voltage in this equation is a voltage acting in the direction of
the current. The voltage that must be applied to the circuit to over-
come the induced potential is equal and opposite to that given by Eq. (5).
It will be observed that the voltage induced in the circuit by an increase
of current is always in a direction that tends to reduce the current, while
a decreasing current gives a negative di/di and produces a positive
induced voltage that tends to keep the current flowing. For the particu-
lar case where the current is alternating, di/dt = jwl, and substitution
- in Eq. (5) shows that the applied voltage required to overcome the induced
voltage is the familiar quantity jwLI.

Flux linkages can be created only by the expenditure of energy, and
these linkages represent electrical energy stored in the form of magnetic
flux. The amount of such storage depends upon the circuit inductance
and current according to the relation?

Energy in joules stored in magnetic field = 14112 (6)

Inductance Coils with Non-magnetic Cores.—Inductance coils intended
for use at radio frequencies usually have non-magnetic cores. This is
because the energy losses in magnetic materials are very great even at
broadcast and lower frequencies unless the magnetic material is finely
subdivided (see Sec. 12). Inductance coils with non-magnetic cores
are also used at audio frequencies when it is necessary to avoid effects
introduced by the variation of the permeability of magnetic materials
with changing flux density.

Skilled mathematicians have derived formulas that give the induc-
tance of all the commonly used types of coils with non-magnetic cores in
terms of the coil dimensions. These formulas are usually both com-
plicated and hard to derive because of the difficulty encountered in
calculating the magnetic flux produced by a current flowing in the coil.
In order to make such formulas of practical value, they are always simpli-
fied by the use of coefficients. Thus the inductance of a single-layer
solenoid, such as shown in Fig. 6, is given by the formula

Inductance in microhenries = N2dF (7)

where
N = number of turns
d = diameter of coil measured to center of wire
F = constant that depends only upon the ratio of length to diameter
and is given in Fig. 7.

! Equations (5) and (6) are direct consequences of Eq. (4) and are derived in most
textbools on alternating currents. For example, see V. Karapetoff, “The Magnetic
Circuit,” Chap. X, McGraw-Hill Book Company, Inc.
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The quantity F depends in a complicated way upon the ratio of coil
length to diameter, but, once this relationship has been determined, the
value of F for different ratios can be computed once for all and presented
in a curve such as Fig. 7 or by a table.

Formulas giving the inductance of all the commonly used types of
coils having non-magnetic cores are given in Appendix A. By the aid
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Fra. 7.—Values of constant F for use in Eq. (7), to obtain the inductance of single-layer
solenoid.

of these formulas it is possible to compute the inductance of practically
any type of coil with as great accuracy as the geometrical dimensions
are ordinarily known. Guessing at the number of turns and the coil
dimensions to obtain a desired inductance is therefore never necessary.
The inductance of all coils with non-magnetic cores is proportional
to the square of the number of turns if the dimensions such as length,
diameter, depth of winding, etc., are kept constant as the number of
turns is altered. The reason for this behavior lies in the fact that, if the
coil dimensions are kept constant, the amount of magnetic flux produced
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by a given coil current and the number of times each flux line links with
the coil current are both proportional to the number of turns.

The inductance of all coils having the same number of turns and the
same shape is always proportional to the size (z.e., to a linear dimension,
such as length or radius) of the-coil. Thus, if two coils have the same
number of turns, but one is twice as big as the other in every dimension
(such as diameter, length, width, depth of winding, etc.), then the larger
coil will have twice the inductance of the smaller one. This rule can
be verified by examining the inductance formulas in Appendix A; it
results from the fact that the cross section of the flux paths is proportional
to the square of the linear dimension of the coil, while the length of these
paths varies directly as the linear dimension.

Inductance Coils with Magnetic Cores—Magnetic cores greatly increase
the flux produced by a given magnetomotive force (z.e., a given number
of ampere turns), and so make it possible to obtain a large inductance
in a small volume and with the use of only a small amount of material.
Because of this, inductance coils with magnetic cores are used in prefer-
ence to coils with non-magnetic cores wherever this is possible. There
are, however, two important factors limiting the usefulness of magnetic
materials in coils intended for communication work, In the first place
the permeability of all magnetic materials varies with the flux density
and the previous magnetic history so that the inductance of a coil with
a magnetic core depends somewhat upon the current flowing through the
winding; furthermore, when this current is alternating, the inductance
will be different at different parts of the cycle, which causes the production
of harmonics. In the second place the eddy-current losses increase so
rapidly with frequency as to make magnetically cored coils useless even
at the lower radio frequencies unless special methods of subdividing the
core are employed. Even with the greatest subdivision of the core
material that it has been possible to obtain, the losses become excessive
at frequencies of the order of 1000 kc and more (see Sec. 12 for further
discussion).

It is relatively easy to compute the inductance of coils with magnetic
cores with at least fair accuracy because the high permeability of magnetic
materials restricts practically the entire flux to the magnetic core. This
results in simple flux paths that can be readily handled in computations
when the magnetic characteristics of the core material are known. The
inductance of ordinary types of coils with magnetic cores is given to a
good approximation by the formula!

L = 1.25N*P . 10-8 (8)

! Equation (8) is derived as follows: The flux produced by a current I flowing in a
coil of N turns with a core of permeance P is 1.257INP (i.e., magnetomotive force
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where

L = inductance in henries

N = number of turns

P = permeance of the magnetic circuit of coil, assuming permeability

of air as unity.
This equation can be used in the calculation of inductance coils having a
short air gap in the magnetic circuit provided the permeance P in the
equation is interpreted to mean the permeance of the complete magnetic
circuit, which in this case consists of the air gap in series with magnetic
material. )

The inductance of coils with magnetic cores is proportional to the
square of the number of turns if the dimensions of the coil are kept con-
stant, and is proportional to the linear dimensions if the number of turns
and proportions are the same. These two relations are identical with
those that exist in coils with non-magnetic cores and arise from the same
reasons.

Incremental Permeability.—The behavior of coils having magnetic
cores may become very complicated when the current through the winding
contains several components of different frequencies. The most impor-
tant example of this character is when an alternating current is super-
imposed upon a direct current. In this case the effective inductance
offered to the alternating-current component depends upon the magni-

_tudes of both currents and upon the previous magnetic history of the core.
When a core that has been thoroughly demagnetized is first magnetized,
the relation between current in the winding-and core flux is the usual B-H
curve shown at OA in Fig. 8. If the current is then successively reduced
to zero, reversed, brought back to zero, reversed to the original direction,
etc., the flux goes through the familiar hysteresis loop shown in Fig. 8.
A direct current flowing through the coil winding brings the magnetic
state of the core to some point on the hysteresis loop, such as B in Fig. 8,
and it is to be observed that the flux with a given value of direct current
depends not only upon the magnitude of current but also upon which side
of the hysteresis loop one is on, and upon the width of the loop, both of
which are determined by the previous magnetic history.

When an alternating current is now superimposed on this direct
current, the result is to cause the flux in the iron core to go through a

times permeance of the magnetic circuit times 4x/10), and, as every flux line links with
every turn, the number of flux linkages is 1.257] NP, which when substituted in Eq. 4
gives Eq. (8). This derivation is approximate in that it neglects the small amount
of magnetic flux that does not stay confined to the magnetic material and so gives
results that are slightly low. The additional inductance contributed by these flux
(ines can be calculated with fair accuracy by estimating the flux linkages contributed
‘by this extra flux. Calculations of this type are described at length in many books
dealing with magnetic-circuit calculations, as, for example, Karapetoff, op. cit.
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displaced minor hysteresis loop that is superimpoced upon the usual
hysteresis curve. Examples of such displaced hysteresis loops are shown
at 1, 2, and 3in Fig. 8. 1In this figure one tip of each minor loop is shown
resting on the normal loop. Actually, after the minor loop has been
traversed by a number of cycles of magnetization, the minor loop grad-
ually shifts its position and ceases to touch the main loop. The per-
meance of the core to the alternating current that is superimposed upon
the direct current, and hence the effective coil inductance offered to the
alternating current, is proportional to the
slope of the line (shown dotted in Fig. 8)
joining the two tips of the displaced hyster-
esis loop.” The permeability shown by a
magnetic material to alternating currents
superimposed upon direct currents is called
the incremental permeability (i.e., the per-
meability to a small increment of alternating
magnetomotive force) and has been the
subject of considerable study.! The most
important characteristics of incremental
permeability (and hence of the inductance

w
\\?R\ Flux —»
'S

Magretizing —s
7 force

Fic. 8.—Typical hysteresis

to superimposed alternating currents) are:
(1) for a given alternating current the
incremental permeability (and hence the
inductance) to the superimposed alternating
current will be less the greater the direct
current upon which the alternating current
is superimposed; and (2) with a given direct

loop showing displaced minor
hysteresis loops 1, 2, and 3,
obtained when a small alternating
current is superimposed upon a
direct-current magnetization.
The effective permeability to
the superimposed alternating cur-
rent is proportional to the slope
of the line joining the tips of the
displaced hysteresis loop.

current the incremental permeability, and hence the inductance to
the alternating current, will increase as the superimposed alternating
current becomes larger. These characteristics hold until the flux density
becomes high, and are clearly brought out by Fig. 9.

When an alternating current of one frequency is superimposed upon a
current of another frequency instead of upon direct current, the situation
becomes very complicated. The general result is that the effective induc-
tance to each frequency is altered by the presence of the other current;
furthermore the inductance offered to each frequency component varies
cyclically at the frequency of the other component.

When it is necessary to have an inductance that does not change
appreciably with the current flowing through the windings, or when it is
desired to minimize the various effects that result when the magnetic
flux is not preportional to the coil current, or when the effects of direct-.
current saturation on incremental inductance are to be minimized, an air

! See Thomas Spooner, Permeability, Trans. A.I.E.E., vol. 42, p. 340, 1923.
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gap is left in the magnetic circuit. The total reluctance of the magnetic
circuit of the coil is then the sum of the reluctances of the air gap and
of the magnetic part of the magnetic circuit; by making the former much
the largest (from five to twenty-five times that of the latter), variations
in the reluctance (or permeability) of the core material have only a small
effect on the total reluctance of the magnetic circuit. The presence of
an air gap reduces the detrimental effects of the magnetic material but
does not eliminate them, and the length of gap to use therefore depends
upon the particular situation involved.?
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Fic. 9.—Curve giving incremental permeability of typical silicon steel as a function of
alteraating-current magnetization for several values of superimposed direct current, show-
ing how the inductance decreases with increased direct current and reduced alternating
current magnetization.

The length of air gap usually required is only a small fraction of the
total length of the magnetic circuit because the permeability of the
magnetic material is hundreds of times that of air. Thus, although an
air gap in the magnetic material reduces the coil inductance to a much
smaller value than would be obtained with no gap, enough magnetic
material is present in the coil to increase greatly the permeance of the
magnetic circuit, and hence the inductance, over the value obtainable
with no magnetic material whatsoever in the core. The necessary air gap
can be supplied in a number of ways. Under some conditions the air
gaps at the joints in the laminations are sufficient. In other cases a
non-magnetic spacer is placed at a butt joint to increase the gap, while
sometimes the cores are made up of insulated particles of powdered
magnetic material pressed together to form a core that has minute air
gaps distributed throughout its structure.

1The design of reactors carrying a superimposed direct current can be carried
out by the method of C. R. Hanna, “Design of Reactances and Transformers
Which Carry Direct Current,” Trans. A. I. E. E., vol. 46, p. 155, 1927.
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Magnetic Materials.—Cores for such communication applications as
audio-frequency transformers, power transformers, and filter reactors are
most commonly of silicon-steel laminations. Special grades of such
laminations have been developed which have lower losses and higher
incremental permeability than ordinary silicon steel. In addition, a
number of alloys having unusual magnetic properties are coming into
increasing use in communication work. Chief among these are a series of
nickel-iron alloys characterized by extremely high permeability and low
hysteresis loss at low flux densities. Different compositions go under such
names as permalloy, mu-metal, hypernik, nicoloi (or electric metal).
A related nickel-iron-cobalt alloy called perminvar, which has a moder-
ately high permeability at low flux densities, is remarkable for a permeabil-
ity that is practically constant for magnetomotive forces up to about two
ampere turns per centimeter, coupled with an extremely low hysteresis
loss. A wide variety of other alloys are available for other special uses,
such as permanent magnets, high permeability at high flux densities,
ete.!

7. -Mutual Inductance and Coefficient of Coupling.—When two
inductance coils are so placed in relation to each other that flux lines
produced by current in one of the coils link with the turns of the other
coil as shown in Fig. 10a, the two inductances are said to be inductively
coupled. The effects that this coupling produces can be cxpressed in
terms of a property called the mutual inductance, which is defined by
the relation:

flux linkages in sccond coil
_ (produced by current in first coil) 10-8

Mutual inductance M in henries = — - (9a)
current in first coil
flux linkages in first coil
_ \produced by current in seeond coil) 10 (9b)

current in second coil

Formulas (9a) and (9b) are equivalent and give the same value of mutual
inductance. The flux linkages produced in the coil that has no current
In it are counted just as though there were a current in this coil, so that
the number of times a flux line would encircle an imaginary coil current
is the number of linkages contributed by this particular line. In adding
up the flux linkages it is important to note that different flux lines may

! For further information on special magnetic alloys see: G. W. Elmen, Magnetic
Alloys of Iron, Nickel, and Cobalt, Elec. Eng., vol. 54, p. 1292, December 1935;
H. D. Arnold and G. W. Elmen, Permalloy, a New Magnetic Material of Very High
Permeability, Bell System Tech. Jour., vol. 2, p. 101, July, 1923; G. W. Elmen, Mag-
netic Properties of Perminvar, Bell System Tech. Jour., vol. 8, p. 21 January, 1929;
1. C. Pettit, Magnetic Materials, Bell Lab. Record, vol. 13, p. 39, October, 1932;
“Standard Handbook for Electrical Engineers,” Sec. 4, McGraw-Hill Book Com-
pany, Inc.
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link with the same coil in opposite directions, in which case the total
- number of linkages is the difference between the sums of positive and
negative linkages. The mutual inductance may therefore be positive
or negative depending upon the direction of the linkages.

The problem of calculating mutual inductance is similar in all respects
to the problem of computing inductance, and formulas have been worked
out by which the mutual inductance can be calculated with good accuracy
in all the ordinary types of configurations. Some of the more important
cases are treated in Appendix A.
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Fia. 10.—Several simple methods of coupling two circuits.

Coeffictent of Coupling.—The maximum value of mutual inductance
that can be obtained between two coils having inductances L, and L,
is A/LiL;. The ratio of mutual inductance actually present to this
maximum possible value is called the coefficient of coupling, which can
therefore be expressed by the relation:

M
\/L\L,

The coefficient of coupling is a convenient constant because it expresses
the extent to which the two inductances are coupled, independently
of the size of the inductances concerned. In air-cored coils, as used
in radio, a coupling coefficient of 0.5 is considered high and is said to
represent ‘“‘close’” coupling, while coefficients of only a few hundredths
represent ‘‘loose’ coupling.

When two coils of inductance L; and L, between which a mutual
inductance M exists, are connected in series, the equivalent inductance
of the combination is L; + Lz £ 2M. The term 2M takes into account
the flux linkages in each coil due to the current in the other coil. These
mutual linkages may add to or subtract from the self-linkages, depending
upon the relative direction in which the current passes through the two
coils. When all linkages are in the same direction, the total inductance
of the series combination exceeds by 2M the sum of the individual indue-
tances of the two coils; while if the mutual linkages are in opposition
to the other linkages, the inductance of the combination is less than the
sum of the two coil inductances by 2M. This property can be taken

Coefficient of coupling = k =

(10)
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advantage of to measure the mutual inductance between two coils. The
procedure is to connect the two coils in series and measure the equivalent
inductance of the combination. The connections to one of the coils are
then interchanged and the equivalent inductance is measured again. The
difference between the two measured inductances is then 4 M.

Any two circuits so arranged that energy can be transferred from
one to the other are said to be coupled, even though this transfer of energy
takes place by some means such as a condenser, resistance, or inductance
common to the two circuits rather than by the aid of a mutual inductance.
Examples of various methods of coupling are shown in Fig. 10. Any
two circuits that are coupled by a common impedance have a coefficient of
coupling that ts equal to the ratio of the common impedance to the square root
of the product of the total impedances of the same kind as the coupling
impedance that are present in the two circuits. Thus with case b in Fig. 10,
where the coupling is furnished by the common inductance L, the total
inductances of the two circuits are L, + L. and L; 4+ Ly, and the coeffi-
cient of coupling is given by the equation

L
V/(Ly + Ln)(Lz + L)

In Fig. 10c the coupling element is a common capacity Cn, and the coeffi-
cient of coupling is’

Coefficient of coupling % for Fig. 10b = 11

VCiC,
V(Cn + C)(Cn + Co)

8. Condensers and Dielectrics.—Electrostatic capacity exists wher-
ever an insulator (i.e., dielectric) separates two conductors between
which a difference of potential can exist. Applying a voltage between
these conductors causes an electric charge to flow into them, with the
resulting production in the dielectric of an electrostatic stress that repre-

Cocflicient of coupling for Fig. 10¢ = (12)

1 Equation (12) is readily derived by following the rule that the coefficient of
coupling is equal to the ratio of common impedance to the square root of the product
of primary and secondary impedance of the same kind as the coupling element.

Thus, in Fig. 10¢, the capacity of the primary is CiCr R
Cl + Cm
CilCrn

T e The coupling reactance is 1/wCp, while the primary and secondary react-
2 m

Ci+C, Co+ Cn . . e
ances are — oo and CaCn respectively. The coefficient of coupling is then

and that of the secondary is

1/(wCw)
Cl + Cm . 02 +Cm
wClC',,. WCZCm

k=

which reduces to Eq. (12).
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sents stored electrical energy.! The combination of the conducting
plates separated by the insulating dielectric is called a condenser. The
amount of energy stored in this way in the electrostatic field of the
condenser depends upon the voltage that is applied to the electrodes
and upon the electrostatic capacity of the combination. The capacity
increases directly with the area and inversely with the thickness of
the dielectric, and depends to a considerable extent upon the kind of
dielectric being used. Electrostatic capacity is measured in farads,
which is a capacity of such a size that, when 1 volt is applied across a
capacity of 1 farad, a charge of 1 coulomb (equivalent to 1 amp. of current
flowing for 1 sec.) will be stored. The farad is a very large unit and is
frequently subdivided into the microfarad (abbreviated uf). ’

The principal properties of condensers are summarized in the following
equations, in which C is in farads and E in volts.? The energy stored
in a capacity C when charged to a voltage E is

Stored energy in joules = 14CE? (13)
The charge stored in a capacity C when charged to a voltage £ is
Stored charge in coulombs = CE (14)

The current that flows into or out of the condenser at any instant is the

rate of change of charge, and so is given by the relation

de db
C—d—t (15)

Current flowing into condenser = v i

When the voltage is sinusoidal, C’(—id—lf reduces to jwCE. In the case where

the condenser electrodes are large plates having a constant spacing,
the capacity is given by the equation

Capacity inluul = 0.08842K% (16)

where
A = area of active dielectric in square centimeters
d = spacing between plates in centimeters

K = constant, called the dielectric constant, which depends upon the

dielectric material and is substantially independent of frequency

Values of K for common dielectrics are given in Table II.

1 For many years it was thought that the charge resided in the dielectric instead
of the conductors, but it has been recently discovered that in circumstances where the
charge appeared to exist in the dielectric it was really on the surface of the dielectric
in a conducting moisture film that acted as an extension of the electrodes.

2 The derivation of these equations is to be found in most textbooks of physics and
electrical engineering and will therefore not be given here.
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Losses in Condensers.—A perfect condenser when discharged gives
up all the electrical energy stored in it, but this ideal is never, completely
realized since all actual condensers return less energy than was expended
in charging them. The energy not delivered by the discharge represents
losses that cause the condenser to have a power factor that is not zero.
Practically all the electrical losses of the usual condenser are due to
dielectric hysteresis, which is the result of molecular friction in the
dielectric and is similar in character to magnetic hysteresis. The energy
lost in the condenser as a result of dielectric hysteresis appears in the form
of heat generated within the dielectric.

TABLE II.—CHARACTERISTICS OF DIELECTRICS AT RADIO FREQUENCIES WITH NORMAL
RooMm TEMPERATURE!

Material DB Power factor
constant
Alr. .o 1.00 0.000
Mica (electrical). .................. 5t0 9 0.0001 to 0.0007
Hard rubber....................... 3tob 0.006 to 0.014
Glass (electrical)................... 4.90 to 7.00 | 0.004 to 0.016
Bakelite derivatives. .. ............. 4.5t07.5 0.02 to 0.09
Celluloid. ... ...................... 4.10 0.042
Fiber (dry)..........oiiiiL 4t06 0.02 t0 0.09
Wood (without special preparation)
Oak.........ooo i 3.3 0.039
Maple.......................... 4.4 0.033
Birch........................... 5.2 0.065
S Mycalex. ..o 8 0.002
Isolantite.......................... 6.1 0.0018
Porcelain (wet process).............. 6.5t0 7.0 | 0.006 to 0.008

1 These data were compiled from various sources and represent typical values that can be expected.

The power factor of a condenser is determined by the type of dielectric
used and is practically independent of the condenser capacity, the applied
voltage, the voltage rating, or the frequency. This constancy of the
power factor under such widely different conditions makes the power
factor of a dielectric of fundamental importance where the losses in
the condenser are to be considered. While the power factor of a con-
denser is determined by the dielectric used, it is also affected by the
conditions under which the dielcctric operates. Thus the power factor
always becomes higher as the temperature is raised. Moisture absorbed
in the dielectric also has an extremely unfavorable effect on the power
factor, and with dielectrics such as paper and fiber, which readily absorb
moisture, the power factor may become extremely .poor if the humidity
is appreciable.
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Table II gives information relative to the power factor of various
dielectrics commonly used in radio work. In Table III the effect that
changes in frequency and temperature have upon the power factor and
dielectric constant is given for scveral dielectrics. The reason for the
constancy of the power factor with changes in frequency is that with the
commonly used dielectrics the dielectric loss per cycle is almost independ-
ent of the number of cycles per second, so that, irrespective of the fre-
quency, a constant proportion of the energy that is supplied to the
condenser disappears as dielectric hysteresis.

TasLe III.—ErrEcT OF FREQUENCY AND TEMPERATURE ON DIELECTRIC

CHARACTERISTICS!
Temper- I ‘
. ature, | I'requency, | Dielectric Power
B, degrees kilocycles constant factor
centigrade

Bakelite derivative............ l 21 " 500 5.6 0.054

71 500 6.9 0.11

120 500 10.4 0.38
Hard rubber.................. 21 500 3.0 0.009
71 500 3.1 0.021
120 500 3.2 0.065
Bakelite derivative............ 21 205 5.9 0.051
21 500 5.8 0.051
21 670 5.7 0.051
21 1040 5.6 0.058
Hard rubber.................. 21 210 3.0 0.009
21 440 3.0 0.009
21 710 3.0 0.009
21 1126 3.0 0.010

1}

1 E. T. Hock, Power Losses in Insulating Materials, Bell System Tech. Jour., vol. 1, p. 110, November
1922.

The losses of a dielectric are sometimes expressed in terms of the
angle by which the current flowing into the condenser fails to be 90° out
of phase with the voltage. This angle is called the phase angle of the
dielectric, and its value in radians is equal to the power factor. Thus a
power factor of 0.01 represents a phase angle of 0.01 radian or 0.573°.

Equivalent Series and Shunt Resistance.—While a comparison of the
losses of different dielectrics can be most satisfactorily expressed in terms
of power factor or phase angle, the effect that the losses of a particular
condenser have on the associated electrical circuits can be taken into
account by replacing the actual condenser with a perfect condenser
of the same capacity and having a resistance in series as shown in Fig. 11b
or a resistance in parallel as in Fig. 11e. The value of the series or
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shunt resistance is so selected that the power factor of the perfect con-
denser associated with the resistance is the same as the power factor of
the actual condenser. The value of the series resistance can be computed
in terms of the power factor, condenser capacity C, and frequency f
in the usual way and is given to a high degree of accuracy by the equation

_ power factor

Series resistance = R; = 97C 17)

In the same way the shunt resistance that can be used to represent the
actual losses of the condenser is related to the power factor, capacity,

- = =k

(o) (b) {(c)

Fi1g. 11.—Representation of imperfect condenser by a perfect condenser of same capacity
with series resistance and by a perfect condenser with shunt resistance.

and frequency to a high degree of accuracy by the equation

1

(2xfC) (power factor) (18)°

Shunt resistance = RB; =

The relationship between the shunt resistance and series resistance
for a given condenser at a given frequency can be obtained by combining
Eqgs. (17) and (18) to eliminate the power factor, which yields the result

_ 1
L = R:(2xfC)* (19)
1
B = pomoy

Both the equivalent series and shunt resistances of a condenser having
a constant power factor are independent of the voltage applied to the
condenser but vary inversely with the condenser capacity and the
frequency.

In addition to dielectric hysteresis, it is possible for other losses to
exist in a condenser. Among these are the losses caused by resistance
of the condenser plates, the loss from leakage currents passing through the
dielectric, and losses arising from corona discharges. The ohmic loss is
small but is not always negligible at very high frequencies. The effects
of leakage are wholly negligible at ordinary frequencies and become
of importance only when a condenser is used to block off a direct cur-
rent, in which case even a small leakage may be of importance. The
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leakage of a condenser is greatly increased by moisture in the dielectric
and by raising the temperature of the dielectric. The leakage is ordi-
narily expressed in terms of the equivalent resistance between the con- |
denser terminals and is inversely proportional to the capacity of the
condenser. Corona occurs only in high-voltage condensers and is to be
avoided in all circumstances as it represents a large power loss and in
addition starts chemical actions that cause rapid deterioration of all
solid dielectrics in the vicinity. .

Condensers with solid dielectrics are ordinarily freed of moisture
and then impregnated with some type of insulating compound during
manufacture. This has the effect of making the condenser moisture-
proof and thus insures that the power factor and leakage will be main-
tained at a low value irrespective of weather conditions. In high-voltage
condensers such impregnation, when done by a vacuum process, also
has the effect of eliminating air spaces between the dielectric and the
condenser plates, which removes the possibility of corona and therefore
greatly increases the voltage that may be safely applied to the condenser.

Condensers for Radio Purposes.—Paper, mica, and air are the dielec-
trics most frequently employed in condensers used in radio work. Paper
dielectric is inexpensive and gives a large capacity in a small volume
but has the disadvantage of fairly high electrical losses. Paper con-
‘densers are usually constructed by insulating two strips of tin or copper
foil with enough layers of paper strips to give the necessary voltage
strength and then rolling these into a compact bundle which is made
moistureproof by sealing with insulating compound. The dielectric
losses and theinsulation strengths of different grades of paper vary widely,
and unless paper especially made for condenser use is employed, the
leakage and dielectric hysteresis will be high and the voltage rating low.

Mica is widely used as a dielectric in high-grade condensers because
of its high voltage strength and its superiority over practically all other
solid dielectrics in the matter of losses. Mica is expensive, however,
and is not used where paper is satisfactory (i.e., when the losses are
unimportant), except when the condenser capacity is so small that the
cost of the dielectric is insignificant. Mica condensers are constructed
by piling alternate layers of metallic and mica sheets upon one another
and then connecting alternate layers of conductors together to form
the two electrodes of the condenser. This type of construction is
necessary because mica is damaged when rolled. The quality of the
mica used is very important, and only the best grades are satisfactory for
electrical purposes. .

Air is a perfect dielectric, having no dielectric hysteresis loss what-
soever. The principal losses that condensers with air dielectric have when
operating below the corona voltage are those introduced by the dielectric
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material used in mounting the plates. Air condensers are extremely
bulky in proportion to capacity because of the low dielectric constant
of air and because a relatively large clearance between plates is necessary
to insure separation in view of mechanical irregularities.

Although paper, mica, and air are the dielectrics generally used in
condenscrs, the dielectric losses in other materials such as bakelite, hard
rubber, fiber, porcelain, and various molded insulating compounds are
important because these materials are often used in one form or another
as insulators. The solid dielectric used in the air condenser to separate
the two sets of plates is an excellent example of such use. Many other
cases may be cited, such as tube -
bases, tube sockets, coil forms,
panels, and so on. Although the
dielectric losses that are present in
such cases are generally small A
because of the small quantity of Frome
dielectric involved, they are some- :
times very important, as is the
case with the low-loss variable con-
denser used in tuning circuits to - ¥
resonance, the requirements of
which are discussed below. ’ ; .

Variable Condensers with Adr g, 5% %, S5 ::,‘:szf;zz:ys;%ﬁ;:;
Dielectric.—The chief use of air asa details of construction. In this condenser
dielectric is in condensers used to :)ﬁl:t;) tor plates are connected to the end
adjust the resonant frequency of
tuned circuits, where a small condenser having low losses at radio frequen-
cies and capacity that is continuously variable is required.  Air-dielectric
condensers for this purposc are usually constructed as shown in Fig. 12,
with a series of fixed plates, spaced by washers, as one electrode, and a
series of similarly spaced rotating plates as the other electrode. The
rotating plates mesh with the fixed plates without touching them, thus
causing the condenser to have a capacity determined by the angle of
rotation. The way in which the capacity of the variable condenser
varies with the angle of rotation can be controlled either by cutting the
stationary or the rotating plates to a special shape or by use of an air
gap between the two sets of plates which varies with the angle of rotation.
In order to insure that the condenser will have low losses, the dielectric
used to insulate the fixed and moving plates from each other should be
arranged in a way that will keep the voltage gradient in it low and should
have the lowest possible power factor. Hard rubber is widely used for
this purpose and is superior to bakelite, which has a much greater power
factor. The details of construction of a typical condenser can be seen

Stator plotes - . e =Rotor plates.

{insulated! (connected
from frame), il fo' frame)
\ -
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in Fig. 12. In this condenser the metal end plates are connected to
the moving plates by a hair-spring and act as a shield for the fixed plates,
from which they are insulated by the strips of dielectric. The usual
variable air-dielectric condenser has a capacity of 0.0005 uf or less.
Larger sizes are rather bulky, and air condensers with capacities in excess
of 0.002 uf are rarely made.

Condensers in which the fixed and rotating plates are both semicircular
have a capacity that is roughly proportional to the angle of rotation and

.--“Rotating plates -..___
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Fia. 13.—Characteristics of straight-line capacity, straight-line-wave-length, and
straight-line-frequency condensers, showing capacity as a function of angle of rotation and
the approximate shape of plates for each type.
are therefore called straight-line-capacity condensers. For some purposes
it is desirable to have a condenser in which the capacity is proportional
to the square of the angle of rotation. Such a condenser, when used to
resonate with a fixed inductance, causes the wave length at resonance to
be proportional to the angle of rotation, and so is called a straight-line-
wave-length condenser. Still other types of condensers are so constructed
that the resonant frequency is proportional to the angle of rotation, thus
giving a straight-line-frequency type of condenser. The shape of the
plates required in the straight-line-wave-length and straight-line-fre-
quency condensers is affected by the distributed capacity of the coil that is
being tuned by the condenser, so that in order to get absolute straight-
line-wave-length or straight-line-frequency characteristics it is necessary
to design the condenser to match a particular coil. The approximate
shbapes of rotor plates that will give these effects are given in Fig. 13,
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which also gives the variation of capacity with angle of rotation for these
types of condensers.!

In a single-dial-control radio receiver it is necessary to tune several
circuits simultaneously. This is accomplished by using a variable con-
denser having several sets of rotating plates all mounted on a common
shaft, with a set of insulated stator plates to go with each rotor section.
When the various circuits involved are all to be resonant at the same
frequency, the different sections of the condenser are made as nearly alike
as possible, and then any residual inequalities are eliminated by bending
the plates and by using small auxiliary “‘trimmer’ condensers which are
associated with each section and which can be adjusted by a screw
driver. When the different sections are to tune circuits to different but
related frequencies, as in the case of the superheterodyne receiver, one can
either make all sections alike and then design the associated circuits to
give the required frequency difference, or can make the plates of the
different sections of different shape. This is discussed further in Sec. 110.

Electrolytic Condensers.—The electrolytic condenser makes use of the
fact that aluminum (and certain other materials), when placed in a suita-
ble solution and made the positive electrode, will form a thin insulating
surface film which will withstand a considerable voltage and which at the
same time will have a high electrostatic capacity per unit area of film
because of the extreme thinness of the film. This film is the result of
electrochemical action and is formed by applying positive voltage to the
aluminum electrode. The thickness of the film and hence the capacity
obtained depend largely upon the voltage used in this forming process,
with the lower voltages giving the greatest capacity. The maximum
voltage that the film can be made to withstand depends somewhat upon
the electrolyte used, and can be as great as 600 volts. The composition
of the electrolyte varies with different types of electrolytic condensers,
and may be a liquid, a highly viscous fluid, or a paste, giving so-called
wet, semidry, and dry condensers, respectively. The negative electrode
is commonly supplied by the metal container, and is sometimes, although
not always, of aluminum.

Electrolytic condensers are characterized by a high capacity per unit
volume. They also have much higher leakage current than do other
condensers, and their power factor is high and dependent upon frequency.
The capacity, power factor, leakage, etc., are not particularly stable,
changing with age, applied voltage, and temperature. When excessive
voltage is applied, the insulating film breaks down, but tends to reform
when the voltage is lowered as a result of electrochemical action. If

1 Formulas for calculating the shape of plates in straight-line-frequency and wave-
length condensers are to be found in O. C. Roos, Simplified S.L.F. and 8.L.W. Design,
Proc. I.R.E., vol. 14, p. 773, December, 1926.
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voltage is applied to the condenser in the reverse polarity, the condenser
acts as a low resistance and passes current freely.

Electrolytic condensers are widely used in radio work for filter and
by-pass purposes. In such applications they are subjected to a steady
direct-current voltage, and are then called upon to short-circuit any super-
imposed alternating potential. Under such conditions the exact capacity
and the losses are unimportant. In proportion to capacity and voltage
rating, electrolytic condensers are the least expensive condensers avail-
able, but they have the disadvantage of deteriorating with time as a result
of destructive chemical action.

Voltage Rating of Condensers.—The voltage that can be safely applied
to condensers having solid dielectrics such as paper and mica depends
upon the insulating strength of the dielectric used and upon the electrical
losses in the dielectric. If the applied voltages exceed the dielectric
strength, the diclectric will spark through and the condenser will be
destroyed. However, if the losses in the condenser are sufficient to cause
a moderate amount of heating, the allowable voltage will be something
less than the dielectric strength of the material because of the fact that all
dielectrics deteriorate rapidly when heated. As the condenser losses
are proportional to frequency, the voltage rating of a particular condenser
will be highest on direct-current potentials, somewhat less at low fre-
quencies, and increasingly lower as the frequency is increased, until at
high radio frequencies the allowable voltage is inversely proportional to
the square root of the frequency and is only a small fraction of the insula-
tion strength to direct current. It is therefore very important that
condensers which must withstand high radio-frequency voltages have low
losses. Otherwise the heat that is generated in the dielectric will raise the
temperature to a point where deterioration and eventual destruction will
take place.!

! The importance of losses in determining the voltage rating is illustrated by the
following ratings of a particular 0.001 xf rhica condenser as given by I. G. Maloff,
Mica Condensers in High Frequency Circuits, Proc. I.R.E., vol. 20, p. 647, April,
1932:

Frequency, [Rated effective
ke voltage, volts

Direct current 10,000
1 10,000
100 3,000
300 3,000
1,000 - 1,780
3,000 605
10,000 178
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Mica, because of its very low losses and high insulation strength.
is the dielectric universally used for high-voltage service at radio fre-
quencies. It is very important that hig