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PREFACE

In preparing new material and revising existing material for this
Fourth Edition, the same guiding principles have been followed as in the
First Edition in 1933. Throughout, the endeavor has been to create a
comprehensive working manual of the radio science and to compile in a
single volume concise information on each of the branches of radio engi-
neering. In the years that have elapsed since the Third Edition, the
war and all its technology have intervened; and much that existed in
1941 has been radically changed or has disappeared from the engineer’s
tool kits; and of course much that was only thought of—if at all—in
that year is now standard practice. For example, the Third Edition
does not mention wave guides. This volume has an entire chapter
devoted to the subject.

Several chapters are totally new, for example, those on inductance
and magnetic materials, wave propagation, electron tubes (much of which
has never been published before), antennas, receiving systems, and radio
aids to navigation. All other chapters have been thoroughly revised.

The first chapter in this edition, also new, represents a concise summa-
tion of the principles upon which the electrical communication art,
radio particularly, is founded.

Much material from previous editions has been eliminated (the
mathematical and mechanical tables, for example) not only to provide
space for recent techniques but also to present a book economical in
volume, weight, and cost. Nevertheless, this Fourth Edition is about
80 per cent larger than the Third Edition.

While there is much of what may be called fundamental background
in this book, the emphasis has been on working practice rather than
theory as a general concept of the purpose of a ‘handbook.”

The engineer will find in this book many man-hours of effort com-
piled in the form of tables and curves or converted into concise English
by the engineers, physicists, and teachers who have aided the editor in
preparing this new edition.

Keire HENNEY

s/
New York, N.Y.

February, 1950
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CHAPTER 1
BASIS OF RADIO COMMUNICATION

By BeveErLy DUDLEY!

Radio communication may be defined as the interchange of signals, symbols, intelli-
gence, or subjective impressions between two or more points, employing electromag-
netic waves as the medium of transmission. Engineering may be defined as the art
and science by which natural forces and materials are utilized in structures, machines,
or mechanisms for man’s benefit. Radio engineering—that branch of engineering
which deals with radio communication—may, therefore, be defined as the art and
science by which natural forces and materials are utilized for man'’s benefit in mechan-
isms intended to convey the interchange of intelligence between two or more points
through the use of electromagnetic waves as the transmission medium.

Both in theory and in practical application, a very large part of radio engineering
may be regarded as a broadened and generalized field of electrical engineering although,
in addition, some phases of radio engineering include other branches of physics such
as acoustics, optics, meteorology, crystallography, and similar fields. Radio engi-
neering practice differs from electrical engineering practice primarily in two important
respects. The radio engineer is nearly always interested in transferring the maximum
amount of power from the transmitting to the receiving ends of the system, whereas
the electrical engineer is usually more interested in the transmission of power between
two points with a maximum of efficiency. Radio engineering practice also differs from
electrical engineering practice in the much greater range of frequencies employed and
in the utilization of certain electrical phenomena whose effects are negligible at the
comparatively low frequencies at which electric power is generated, distributed, and
utilized. Radio engineering requires a wide range of frequencies in order that electro-

Table 1. Classification of the Electromagnetic Spectrum Used in
Radio Communication
Carsier cl';e'quency, Fm‘;:";;:’:’ Fr;z\;it;l:::);igznd Principal communication uses
0-20 o-1.5 X 107 Subaudible Telegraphy
20-10¢ 1.5 X 10-3 X 103 | Audio (a.f.) Reproduction of speech and music
104-3 X 10¢ 3 X 10%10¢ Very low (v.Lf.) Long-wave fixed stations

3 X 1043 X 108 10¢-10? Low (11.) Point to point, transoceanic, govern-
ment, direction finding

3 X 103 X 10* 10%-10* Medium (m.f.) Broadcasting, ship-harbor, government,
amateur, police

3 X 10*-3 X 107 10%-10 High (h.f.) Coastal ship, international broadcast-
ing, government, aviation, amateur

3 X 10%-3 X 10 10-1 Very high (v.h.f.) | Police, government, relay broadcast,
television, coastal and ship-harbor,
amateur

3 X 10%3 X 10° 1-0.1 Ultra-high (u.h.f.) | Government, air navigation, facsimile,
television, citizens’ radio, meteorologi-
cal, amateur

3 X 10*-3 X 10 0.1-0.01 Buper-high (8.h.f.) | Government, navigation aids, fixed and
mobile, amateur

3 X 10" and more 0.01andless | ............... Experimental

1 Massachusetts Institute of Technology, Cambridge, Mass.

1



2 RADIO ENGINEERING HANDBOOK [Crar. 1

magnetic waves may be produced practically and also in order that appreciable
amounts of intelligence (considerable detail) may be imparted to the electrical system
in the communication process. The range of frequencies that the radio engineer may
encounter in his professional work is given in Table 1, in which the designations for
the r-f portion of the spectrum are those established Mar. 2, 1943, by the Federal
Communications Commission (FCC).

Modern radio communication rests on two fundamental bases: (1) the analysis,
formulation, and manipulation of the intelligence to be conveyed, in a form suitable
for transmission by radio means, and (2) the fundamentals of those branches of physics
(primarily electromagnetism) by which electromagnetic waves may be produced,
modulated in accordance with the intelligence to be transmitted, propagated through
space, and received at a distant point where the intelligence is extracted. The proper
combination of both of these topies provides the foundations for radio communication
engineering.

PRINCIPLES OF ELECTRICAL COMMUNICATION

1. General Problem of Electrical Communication. Communication is carried on
by the successive selection and arrangements of prearranged or understood physical
symbols. In a manner that depends upon the properties of the communication sys-
tem, such signals are produced by the sender and are brought to the attention of the
receiver. The proper selection and sequential arrangement of such physical symbols
or signals are capable of conveying intelligence in accordance with the meanings
attached to the symbols. Since a sequence of symbols is required to convey informa-
tion, it is evident that one of the characteristics of intelligence is that it may be
expressed as a single-valued function of time. From a practical point of view this is
a most important result¥for the communication engineer, for it is this characteristic
property of intclligence that permits information to be transmitted economically by
electrical means between distant points.

In telegraphy the different letters that spell out the words of the intclligence to be
conveyed are resolved into dot and dash impulses. Each symbol for a letter, numeral,
or punctuation mark differs from all others by the distinctive and unique combina-
tion of the active and inactive periods of each dot-dash arrangement. In telephony,
intelligence is conveyed by uttering, syllable by syllable, the words of the sentences
making up the intelligence. In speech only one value of sound pressure is produced
at each instant of time, and thus speech may be regarded as a single-valued function
of time. The same may be said for music because, although many players may com-
bine their tones to produce a highly complex sound, at any instant the resultant sound
pressure is a single-valued function of time.

When visual images are to be transmitted by electrical means, it becomes necessary
to resolve the image (seen subjectively as a two-dimensional area by each eye) into a
single-valued function of time. Usually the required space-time conversion is achieved
by ncglecting the fact that the two eyes sce slightly different images as a result of their
separation by the interpupillary distanee and by employing only a single image (as
seen by one eye) to convey the visual information. The time-space conversion of the
image is achieved by dividing the visual image into comparatively minute elements,
each of which may be considered to be of uniform visual characteristics, and then
effectively converting the picture elements into a single-valued function of time by a
suitable process of scanning in which the picture elements are progressively selected
according to a prearranged and orderly sequence and in which some visual character-
istic of each picture element is converted into a corresponding electrical quantity.

No matter what type of signal is to be transmitted between two points, the precision
of information depends upon what other symbol sequences might have been chosen;
hence, the number of sequences required to convey a desired amount of information
may be considered as a quantitative measure of information, having the important
advantage that it is objective and completely free from physiological factors. In
‘order that the measure of information may be of practical engineering value, however,
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it should be of such character that the amount of information conveyed is proportional
to the number of selections. The number of possible sequences is, therefore, not
suitable for use directly as a measure of information.

If the total amount of information conveyed is proportional to the number of sequen-
tial selections, the rate of conveying intelligence is proportional to the number of
elements selected per unit of time or to the frequency of selection. In the simplest
case a cycle of variation may correspond to the selection of a single symbol, but since
each signal (e.g., the letters of the Morse code) may be more complex than that by
which the simplest element of intelligence may be expressed, several cycles of variation
may be required for the selection of each symbol. For a given rate of intelligence
transmission the frequency of variation (or the frequency of transmission) is propor-
tional to—and is usually several times greater than—the frequency of selection of the
intelligence symbols.

2. Frequency Range Related to Amount of Intelligence Transmitted. To be useful,
each symbol expressing a certain amount and kind of intelligence must be different
from every other symbol expressing a different amount and kind of intelligence.
Some signals or symbols will be more complicated or more complex than others and
will require a greater frequency of transmission than simpler signals. It follows that
the transmission of intelligence, t.e., the selection of symbols, at a reasonably uniform
rate is characterized by a range or band of frequencies of transmission. The range
of transmission frequencies normally required for several different kinds of communi-
cation systems is given in Table 2.

Table 2. Transmission Band Widths Required for Various Types of
Radio-communication Services
Transmission
Kind of 8ervice Band Width, Cps
Manual keying telegraphy................... 6000 00000000000000000000000000 0-15
Machine keying telegraphy........c.o0viiieeeie it 0-100
Facsimile picture transmission (8- X 10-in. picture, 100 lines/ transmitted in 10 min)  0-1, 500

Speech telephony ... oo iiviieeenernerorasereiiocceernasssccncsans ... 250-2,800
Ordinary line for broadcast telephone transmission.................... .. 50-5,600
High-quality line for broadeast teleph tral IBBIOM .. e ev eeereiecnceeessrannnns 40-8,000
Highest quality reproduction of speech and musie..........cooviiiiiininees 20-20,000
Low-definition television (180 lines, 24 frames/sec)........cccccveiiiiieeienenen 24-425,000
High-definition television (525 lines, 30 frames/sec)........ccc.vviiviieaaaereeenn, 30-4,500,000

We are led to an important principle of communication of great practical value
enunciated by Hartley:

The maximum rate at which information may be transmitted over a system whose trans-
mission is limited to frequencies lying in a restricted range is proportional to this frequency
range. From this it follows that the total amount of information which may be trans-
mitted over such a system is proportional to the product of the frequency range which it
transmits by the time during which it is available for the transmission.!

8. Fundamental Steps in Electrical Communication Systems. No matter how
simple or how complex the communication system may be, the general problem of
electrical communication may be resolved into four distinct operational steps:

1. The formulation of intelligence—expressed by means of signals or symbols—in a
manner capable of producing subjective sensations in the mind of another person. This
first step is common to all communication systems whether electrical or not. In radio-
communication systems the most representative types of signals are the dot-dash signals
of the Morse code for telegraphy, voice signals for telephony, and the scanning signals for
picture transmission.

2. The conversion of the intelligence to be transmitted into electrical energy of such
characteristics as to be capable of conveying information over the desired circuit or through
the selected transmission medium. In radio-communication systems the band of (modula-
tion) frequencies to convey the intelligence is superimposed upon a higher (carrier) fre-
quency in a process of modulation to produce a band or channel of frequencies capable of
passing through the transmission medium and containing the appropriate information.

1 Hartley, R. V. L., Transmission of Information, Bell System Tech. J.. T (3), 535, July, 1928.
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Each such modulated signal is identified and separated from all others on a carrier frequency
basis, usually by assigning a separate carrier frequency band or channel for each station or
service.

3. The transmission of the electrical form or representation of the intelligence from one
point to another by electrical means and its reception at a distant point. In radio-com-
munication systems the electromagnetic waves produced at the transmitting station
constitute the transmission medium. The desired modulated carrier wave may be selected
to the exclusion of other waves by resonating the receiving system to the appropriate
carrier frequency channel or by other means.

4. The retransiation of the received electrical representation of the intelligence or informa-
tion, by a process of demodulation or detection, into a form of energy that is capable of
affecting one or more of the senses of the recipient in such a way as to produce a subjective
sensation essentially the same as that of which the original intelligence formulation was
capable. The demodulation process is one in which the original electrical representation
of the intelligence is extracted from the modulated carrier. The electrical form of the
signal may then be converted into aural or visual images simulating those produced at the
transmitting end of the system.

The foregoing considerations permit the establishment of the fundamental concepts
in quantitative form for any kind of electrical communication system. If 1 represents
the intelligence, e the eclectrical form of energy corresponding to intelligenece, and ¢
time, and if the subseript 1 designates those functions occurring at the transmitting
end of the system whereas the subscript 2 indieates those taking place at the receiving
end of the communication system, then the steps in any electrical communication
system may be expressed as

11(t) = ex(t) — ea(t) — i2(0)

in which the arrows indicate the direction in which the process proceeds. This nota-
tion merely expresses, in symbolic form, the four steps enumerated above and illus-
trated graphically in Fig. 1.

Initial Reproduced
signal = . signal
N ransmission

b t i — —_— — H _— ——
iy (t)—=| Transmitter e,(t)— medium e,lt) Receiver ip(t)

Fie. 1. Block diagram ijllustrating the fundamental steps involved in any system of
electrical communication.

4. Perfect Transmission. The transmission and conversion of energy in a com-
munication system must be carried out in such a way that, as a whole, the system is
free from distortion or defects that prevent it from re-creating essentially the subjec-
tive sensations or impressions originally produced at the transmitting end. Distortion
or other defects are most easily expressed in terms of deviations from perfect or ideal
transmission.

For perfect (ideal) transmission the intelligence function re-created at the receiving
end must be identical in all respects to that originally produced at the transmitting
end. The condition imposed on an ideal communication system may thus be expressed
quantitatively by the relation

2(t) = 4(8) .

The extent by which 7,(¢) differs from 7,(¢) is a measure of the over-all deviation from
ideal transmission.

The requirement for ideal transmission, as given here, is more stringent than is usu-
ally necessary or economically feasible, and ideal transmission is seldom, if ever,
encountered in practice. The concept of ideal transmission is exceedingly useful in
establishing a criterion by which the performance of any communication system may
be judged.



CHapr. 1] BASIS OF RADIO COMMUNICATION 5

For engineering purposes the concept of distortionless transmission is more useful
than that of ideal transmission. For distortionless transmission the communication
system must reproduce, at the receiving end of the system, the same wave form (i.e.,
intelligence-time function), as that originally produced at the transmitting end. Dis-
tortionless transmission allows for the finite time of transmission between the transmit-
ting and the receiving points; usually it also allows for a change of scale or magnitude.
Distortionless transmission differs from ideal transmission in that the sensation-
perceived energy at the receiving end may be greater than, equal to, or less than the
corresponding energy at the transmitting end. The received signal is also subject to
a time displacement or time delay since electrical transmission does not occur instan-
taneously. This delay is not taken into account in ideal transmission as here defined.

6. Need for High Frequencies. In order that intelligence-bearing signals may be
propagated by means of electromagnetic waves, it is necessary that the electric and
magnetic components of the electromagnetic field interact with one another to support
and sustain electromagnetic waves. This condition requires the generation of dis-
placement currents of appreciable magnitude, and these are produced only when the
carrier frequency is comparatively high. Practical radio communication depends
upon the use of frequencies greater than (and usually very much greater than) about
10,000 cps. ’

An electromagnetic wave varying at the rate of 10,000 cps or higher and used to
convey intelligence through space is called a “carrier’”’ wave. Of itself the carrier
wave has no ability to convey intelligence. To convey intelligence, some property
or characteristic of the carrier wave must be varied or modulated in accordance with
the information to be transmitted. The proper combination of the carrier and the
signal waves, such that the carrier is able to convey intelligence through the trans-
mission system, is called a ‘‘modulated’’ carrier wave.

Although the unmodulated carrier wave may be generated at a constant, single
frequency, the modulated carrier is broadened into a band of frequencies called a
wearrier channel.” To overcome technical limitations, the frequency band width
of the modulated carrier should be a small fraction of the unmodulated carrier (mean)
frequency. This limitation requires very high carrier frequencies where, as in tele-
vision, a considerable amount of detailed information must be transmitted in a short
interval of time, or where the properties of the system necessitate reasonably large
excursions from the mean carrier frequency, as in frequency modulation.

The ratio of the maximum transmission frequency to the (mean) carrier frequency
for some typical classes of radio service is given in Table 3. These data show that
the transmission band width is, at most, but a few per cent of the mean carrier
frequency.

Table 3. Comparison between Transmission Band Widths and Carrier
Frequency for Different Classes of Radio Service

Tvoical Typical tr q Rtatio of mnxirfnum
. ypical carrier 4 N ra issi re-
Type of service frequency, ke | o0 band width, | quency to carrier
cps frequency
Long-wave telegraphy........o00vvvinen 1C0 0-100 0.001
Aviation telephony..........ccooeinnne, 200 100-3,000 | 0.015
Broadcasting..........oovevavnsonionen 1,000 50-5,000 0.005
Police radio (voice) telephony........... 2,000 100-3, 000 0.0015
Tone-modulated telegraphy............. 3,500 1,000 0.00026
Facsimile picture transmission........... 45,000 0-3,000 0.00007
Frequency modulation............. ... 105,000 + 75 30-15.000 0.00014
Television.......coeveerennassesscns o 180,000 30-4,500,000 0.025

6. Functional Elements of Typical Radio System. The general prineiples of an
electrical communication system may be applied to the particular case of ampli-
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system applied to the particular case of amplitude-modulated radiotelephony.
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tude-modulated radiotelephony, for example, as indicated by the block diagram of
Fig. 2.

In the transmitting end of the system, spoken words establish air-pressure varia-
tions, pi(t), which are converted by the microphone into variations of electrical
energy, e1(t). The electrical form of the intelligence is then amplified, e;(f), and com-
bined with a locally generated carrier oscillation, ¢;(), whose output frequency corre-
sponds to that of the assigned carrier channel. The result of this combination or
modulation is the modulated carrier voltage (or current), e,(t), which, by means of an
open-circuit radiating system, is converted into a wave-producing electromagnetic
ﬁeld, &1(t).

From the transmitting radiating system, the modulated electromagnetic waves are
radiated into space. In transmission, the field intensity of the wave is attenuated,
and the wave reaches the receiving station with energy, &:(t), greatly diminished from
that which left the transmitting station. Although the radiating system at the trans-
mitter may direct the major portion of the radiated energy into certain desired direc-
tions, it is a characteristic of radio communication systems that there is no control
over the behavior of waves during transmission. In this respect radio communication
differs from those systems in which the energy between transmitting and receiving
ends is guided by conductors.

The electromagnetic wave at the receiving end, &:(t), is converted at the receiving
antenna into a voltage, e;(t), which is usually of very small magnitude. In tuned-
radio-frequency (i-r-f) receivers the incoming voltage is amplified at the carrier fre-
quency, es(t). The carrier and signal components are then separated in the detector
or demodulator, e;(t). The carrier component is used only to enable the signal to be
conveyed through the transmission medium and, after detection or demodulation, is
discarded in the receiver. The signal component, on the other hand, represents the
intelligence to be conveyed. It is usually amplified at signal frequencies and is then
converted into acoustic energy, pi(t), by the loud-speaker. If the system is properly
designed, the reproduced signal, pa(¢), will produce essentially the same sensations as
that of which the original signal, pi(t), is capable.

All the operations from pi(t) to p:(t) in Fig. 2 come within the province of the radio
engineer. Since most radio engineering design problems are electrical in character and
the initial and final steps involve physiological and psychological matters in which
electrical engineers are not usually too proficient, it is convenient to separate the purely
electrical operations of the system from those in which physiological responses and the
conversion of energy from a sense-perceptive form into electrical form (or vice versa)
are involved. The purely electrical portions of the radio system extend from e;(¢) to
es(t); the initial and final steps are concerned with physiological responses.

PHYSIOLOGICAL RESPONSES AND THE COMMUNICATION SYSTEM

7. Role of Sensation Responses. The type or character of the signal to be trans-
mitted through a radio transmission path depends upon the kind of intelligence to be
conveyed. It also depends upon that sense which is to be stimulated at the receiving
end of the system. For example, if only sound signals are to be transmitted, the
appeal is made to the sense of hearing; the energy-converting devices at the transmit-
ting and receiving ends must be designed to convert acoustic energy into electrical
energy or vice versa. In television systems both the visual and aural senses are
appealed to, and hence both electrovisual and electroacoustic energy-converting mech-
anisms are required at both ends of the system. A study of energy-converting devices,
therefore, has its proper place in radio engineering.

The energy conversions in an electrical communication system require a pair of
inversely related devices to convert the sense-perceptive energy to electrical energy
at the transmitting end and from electrical energy to sense-perceptive energy at the
receiving end. The satisfactory design of energy-converting devices involves three
factors:
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1. Physical means for converting sensation-stimulating energy into electrical form, and
vice versa. This problem is one of utilizing the forces of nature and falls within the prov-
ince of those trained in engineering or the physical sciences.

2. Means for determining the performance of the energy-converting devices in terms of
physical energy as well as in terms of the sensations produced by their proper use. The
criterion of ideal transmission, already given, may be employed to guide design. It may
be technically impossible or economically unsound to construct an ideal (or even a com-
pletely distortionless) communication system. But by being acquainted with the condi-
tions for ideal communication, the engineer is in a position to recognize the limitations
beyond which engineering practice cannot proceed.

3. Knowledge of the relations between sensations or subjective responses and physical
stimuli or certain physiological characteristics of the human being. It is particularly help-
ful to know quantitatively the important characteristics of speech, hearing, and vision,
since this knowledge is of direct aid in the design of significant components of the radio
system.

The argument is often advanced that, since the communication system ultimately
appeals to one’s senses, its behavior should be judged by the subjective sensations
that it produces rather than by quantitative objective measurements of its inherent
physical characteristics. Such argument fails to take account of the deviations from
normal sense perceptions that are present in a significant proportion of the population;
it also overlooks the important consideration that what looks or sounds well to one
person may not be completely acceptable or appear normal to another. The exclu-
sively subjective approach also fails to make possible any quantitative measure by
which the performance of the system may be judged and specified and by which
definite improvements can be made in the system even though they may be, individ-
ually, so small as to produce hardly perceptible changes in sense perception.

If the communication system is to be designed and built for use by normal individ-
uals, it is desirable to know, quantitatively, the normal human responses from a
statistically significant group of persons. The data obtained from a study of the
subjective sensations and characteristics of a statistically adequate group of persons
may be used as the basis for the design of communication equipment for any type of
service required for normal persons.

8. Physiological Characteristics of Sound. From the physicist’s point of view,
sound is a longitudinal wave motion of alternate condensations and rarefactions in
the transmission medium, which is nearly always air. From the psychological point
of view, sound is a sensation produced by the organs of hearing when actuated by the
energy of the condensations and rarefactions of wave motion. It is necessary to keep
clearly in mind which concept is being used.

The Weber-Fechner law of psychology states that the increase of a stimulus neces-
sary to produce a just discernible change in the resulting sensation bears a constant
ratio to the total stimulus. The sensation produced increases or decreases arith-
metically as the stimulus, measured in terms of energy or power density, is increased
or decreased geometrically. The magnitude of the sensation produced is, there-
fore, proportional to the logarithm of the energy or power density of the stimulus.
Although this law is much too simple a statement to account precisely for observed
effects, in a general way it does represent the relation between subjective sensation
and physical stimulus, at least for aural and visual effects; it is certainly more nearly
correct than a linear correlation between the stimulus and the sensation. It is, in fact,
a sufficiently good approximation to provide a sound psychological basis for the use
of logarithmic units such as the neper, bel, decibel (db), and volume unit in those
numerous cases for which the numerical designations of measurements are intended
to convey a reasonably accurate correlation between the energy of the stimulus and
the magnitude of the resulting sensation.

The sound intensity of a sound field, in a specified direction at a point, is the sound
energy transmitted, per unit of time, in the specified direction through a unit area that
is perpendicular to the specified direction at the point. The customary units of meas-
uring sound intensity are the dyne per square centimeter (which has also been given
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the name ‘“‘bar’’) and the watt per square centimeter. The sound intensity, is there-
fore, a physical stimulus giving rise to the sensation of loudness.

9. Loudness Level. In acoustics it is much more customary to measure the loud-
ness level than to measure the loudness, which is the magnitude of the sensation.
Loudness level is the intensity level of an equally loud reference tone, which is usually
taken to be 1,000 cps. Loudness level is an experimentally determined quantity
and is measured in phons above a specified reference level. For loudness comparisons
the reference level is 107!% watt per sq cm, or 0.000204 bar.

The average characteristics relating frequency and loudness level for normal human
ears are shown in Fig. 3, in which the frequency scale is logarithmically spaced. The
ordinate scale at the right is logarithmically spaced and marked in absolute values
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Fi1c. 3. Contours of equal loudness for normal human ears. Numbers on the curves
indicate the loudness levels. The intensity level is given in decibels and the corresponding
sound pressure in dynes per square centimeter.

of sound-pressure density, whereas the intensity-level ordinate scale at the left is
linear in logarithmic units of decibels. The lowest curve, 0, of Fig. 3 represents the
threshhold of hearing below which no sound is heard by the normal human ear. The
top curve represents the threshhold of pain above which a sensation of pain rather
than sound is produced.

Two characteristics that are important to the communication engineer are evident
from Fig. 3. The normal human ear is responsive to frequencies of from about 20
to about 20,000 cps, covering a range of 10 octaves. Moreover the sensitivity of the
ear varies considerably with frequency, being most sensitive, as judged by measure-
ments of loudness level, for frequencies of from 2,000 to 5,000 cps. The curves of
Fig. 3 also illustrate the loss of hearing at low intensity levels for high and especially
for low frequencies. The maximum range of intensity to which the ear responds is
about 140 db, representing a power ratio of 10%:1.

10. Frequency and Power Ranges for Practical Communication. From the curves
of Fig. 3 it may be determined that distortionless transmission of speech requires that
the electrical system (including the elcctroacoustic transducers) must be capable of
transmitting frequencies from 20 cps or less to 20,000 cps or more and that the system
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must be capable of producing a range of acoustic power of 101 to 1. Few electrical
communication systems respond fully over this extended frequency range, and none
of them is capable of operating over the full range of power ratios to which the normal
human ear responds.

Fortunately it is not necessary to reproduce the complete range of frequencies and
loudness levels to obtain satisfactory and understandable (even enjoyable) reproduc-
tion of speech and music. Estimates vary as to the frequency range and intensity
levels that are desirable in communication, particularly since economic factors must
also be taken into account because range extension (of both frequency and intensity
level) is usually accompanied by increased cost. As shown by the single cross-
hatched area of Fig. 4, little real improvement in the reproduction of music is obtained
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Fie. 4. Frequency and power ranges for satisfactory reproduction of speech and music.

by extending the frequency range below 40 or above about 15,000 cps or by extending
the intensity levels below 28 or above 97 db. On the other hand, for persons of normal
hearing, if the system reproduces frequencies from 130 to 5,000 cps and loudness levels
of from 35 to 78 db, practically no gain justified by the additional cost will be achieved
by exceeding these limits in the reproduction of speech. Indeed, intelligible speech
can be reproduced with a frequency band from 250 to 2,800 cps, and for the reproduc-
tion of music many broadcast receivers are so operated that their frequency band is
limited to between about 100 and 3,000 cps.

11. Sensation-Stimulus Relation. From the loudness-level curves of Fig. 3 it is
possible to derive another set of relations in which loudness level is plotted against
the sound pressure, as in Fig. 5. Such a relation shows directly the subjective sensa-
tion as a function of the stimulus within the framework of the method of measurement.
If the Weber-Fechner law were rigorously true, the curves of Fig. 5 would be straight
lines. The numbers on the individual curves designate the frequency in cps for which
the curve applies.

The subjective response of the ear is not a linear function of the amplitude of the
stimulus if a sufficient range of the latter is taken into account. Measurements by
Stevens and Newman! show that although the stimulus-sensation response is linear
for small values of sound-pressure intensity, amplitude distortion is produced within
the ear itself for large amplitudes of sound.

12. Pitch and Frequency. Further experiments by Stevens and Newman have
shown that, for the technique they have employed, the subjective musical pitch is

1 Stevens, S. 8.. and E, B. Newman, On the Nature of Aural Harmonics, Proc. Natl. Acad. Sci. U.S..
22 (11) 668, November, 1936.
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not quite the same as the physical pitch measured in cps. The results of these investi-
gations cannot be compactly summarized ; original sources should be consulted.!

13. Phase Shift. Conclusive evidence has not been obtained to indicate that the
ear can evaluate phase shift in the components of a complex sound. The response of
the human ear to complex waves appears to depend upon the magnitude of the
harmonic components and not upon the wave shape which, for a specified amplitude-
frequency spectrum, is determined by the phase shift of the harmonics compared to
that of the fundamental. It is for this reason that the phase-shift characteristics of
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audio-frequency (a-f) systems are often neglected. Although the eat itself cannot
distinguish the phase relations of the harmonics, there are subsidiary (although usu-
ally minor) matters that are observed as a result of phase shift. In a complex wave
the phase relations of the harmonics may influence the subjective sensations of a
complex tone. Provided the fundamental is less than 100 cps a phase shift of a
harmonic may alter the subjective loudness of that harmonic and may also produce a
noticeable difference in the quality of the complex tone.

Only a few of the more important physiological factors of hearing can be included
here, but the references will serve as a guide to more detailed treatises.

1 Stevens, 8. 8., and H. Davis, ' Hearing, Its Psychology and Physiology,” Wiley, 1938.
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14. Some Important Characteristics of Vision. The introduction of picture trans-
mission and television has made it imperative that the communication engineer have

at least an elementary acquaintance 10
with some of the more important normal pd
visual characteristics of humans. § /’
Human visual characteristics have not §°‘8
been associated with problems in com- &
munication for so long a time as aural go.s 4
characteristics, but in either case engi- = /‘
neering design is facilitated by a knowl- §°-4 7
edge of normal human characteristics ¢ Vi
and behavior. %02

16. Visual Sensitivity. The subjec- &
tive sensation of brightness is, roughly, 0 -
proportional to the logarithm of the 3 -2 -1 0 1 2 3 4 5 6 7
stimulus from a white light source, as Common logorithm of fieid brightness

indicated in Fig. 6. At relatively low Fia. 6. Relation between subjective re-
and also at very hlgh values of field sponse to white light ht_wing ﬁelc:l brig!ltne_ss
brightness there are deviations from the expressed as the logarithm of intensity in
Weber-Fechner relation. candles per square meter.

The sensitivity of the eye to light is not uniform throughout the visible spectrum
of from 400 to 700 my but varies with the wavelength of the radiation. To a certain
extent the eye sensitivity varies also with the intensity of the light. For values of
light intensity normally encountered, the visibility (or color sensitivity) curve of the

normal human eye has its peak at 554 mg, as shown in Fig. 7. At very low light
levels the visual mechanism differs from

Lo that which operates at high values, and
the visual curve is shifted about 40 mu
o8 toward the lower wavelengths with the
\ peak at 515 mu. This shift is known as

2> / the “Purkinje effect.”
5 06 16. Visual Angle. The minimum
3 / angular separation between two black
2 / \ dots on a white field that can just be
'—i’o* f resolved by persons with normal vision
& is called the ‘“minimum perceptible
0.2 visual angle.” It is measured in min-
Y/ utes of arc, and the numbers expressing
L visual acuity increase as vision im-
%0 50 S50 700 Proves. Visual acuity is not a constant

. but dcpends upon the intensity of the
Fio. 7 Visivl‘;\l".:mm in """:;"c':' ol bu !ight. by which tests are n}ade, as shown
e}'e‘ for scopti:: yﬁt;\ix;::e (norl:n:lm levelsm ‘:)l;' in Fig. 8. Again there is an approxi-
luminosity intensity). mately lincar response to a loganthqnc

stimulus. The normal visual acuity
indicates the degree to which visual detail should be provided if the images reproduced
by the electrical system are to be essentially like the original scene.

17. Persistence of Vision and Flicker. Experiments show that a visual image
may be fully perceived by a viewer about 0.01 sec after it has been projected onto a
screen. The visual impression does not immediately vanish upon being removed
from the screen suddenly but persists as an afterimage for about 0.05 sec. The per-
sistence of vision is employed to good advantage in motion pictures and television
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to create the illusion of continuous motion by exhibiting, in rapid succession, a series
of images that are similar to one another but individually slightly different in those
regions in which motion occurs. If 20 or more such images are viewed per second and
if each successive image can be reconstructed before the visual impression of the
preceding one has been lost, the sensation produced is one of apparent continuous
motion, and the images are reasonably free from flicker. Measurements of persistence
of vision are aided by determining the frequency of repetition at which alternate
black-white images fail to produce flicker. The flicker frequency, as shown in Fig. 9,
is not constant but depends upon the logarithm of the field brightness.
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The experimental fact that any color stimulus can be subjectively matched by a
mixture of three arbitrarily chosen primary colors provides the basis by which visual
images may be produced in color.

Although a fairly extensive treatment of human visual characteristies is of interest
to the engineer designing or using electrovisual devices, only a few of the more impor-
tant characteristics can be mentioned here. The reader is referred to the more special-
ized literature for more extensive treatment.
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18. Logarithmic Measurements. In communication engineering advantage is
taken of the approximate experimental relation that the sensation is a logarithmic
function of the stimulus in a number of useful units of measurement in which power
ratios are expressed logarithmically. These logarithmic units provide not only a use-
ful measure of the relation between subjective sensation and physical stimulus, but
also a convenience in computing certain important properties of the communication
system. A number of logarithmic units, particularly the decibel, have been found to
represent such useful concepts that they have been improperly (and sometimes
ridiculously) extended to fields in which they do not apply.

The bel, named in honor of Alexander Graham Bell, is defined as the common
logarithm of the ratio of two powers. Thus, if P; and P; represent the powers at two
different levels, the number of bels, Nb, expressing the change of power from P; to
Psis

Number of bels = Np = lozmlg,:

If Py is greater than Py, Ny will be a positive number (representing a gain in power);
if Py = Py, then Nb will be zero; and if P, is less than P;, Ny, will be a negative number
representing a loss in power.

The bel is a unit larger than is convenient to use in practical work, so that a smaller
unit, the decibel (db), has been established for engineering work. The magnitude of
a decibel (a decimal submultiple of the bel) is one-tenth that of the bel, so that for
equal power ratios, ten times as many decibels as bels are required to express the power
ratio. Therefore, the number of decibels required to express the change in power
level from P, to P, is

P
Number of decibels = Ng» = 10 logo IT:

The decibel is of such size that a change of 1 db in acoustic power can just be detected.
Another unit, often used in theoretical work because of the mathematical con-
venience in dealing with exponents in the natural system is the neper, named in honor
of John Napier, originator of the natural system of logarithms. The neper is defined
as one-half the natural logarithm of the ratio of the two powers. If P, and P, repre-
sent the two power levels, the number of nepers expressing the change in power level
from P, to P, is
v f Na = 2 log 22
Number of nepers = N, = 2 log. 5.
where ¢ is the base of the natural system of logarithms and has the approximate value
e = 27182818285 . . . .
A definite relationship exists between the power ratios expressed in these three
systems. Thus,
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N, = (log, 10)Np = 1.151292546 . . . Ny or 1bel = 1.151 nepers

= 14o(log, 10)Ngp = 0.1151292546 . . . Nap  or 1 decibel = 0.1151 neper
Nap = 10Ny or 1bel = 10 decibels

= 20(logio €)Na» = 8.68588964 . . . Nn or 1 neper = 8.686 decibels
Np = 0.1Ngp or 1 decibel = 0.1 bel

= 2(logio €)Nan = 0.868588964 . . . No or 1 neper = 0.8686 bel

These tcrms cxpress only a power ratio, and the number of units is not an expression
for an absolute value of power. By assigning the value of zero (0) to some selected
reference level, it is possible to ascertain an absolute value of power for any numerical
expression in any of the three systems. Values of 6, 10, and 100 mw have been used
as the reference level at different times by different groups, so that the reference level
should always be specified as well as the numerical units for a given power ratio.
The change in power level is always a numeric expressing an increase or decrease of
power level (depending upon whether P»/P, is greater or less than unity, respectively);
it is never properly expressed as the absolute value of power.

Power may be expressed in terms of voltage or current and resistance, since
P = I'R = E*/R, where I is the current through the resistance, R, and E is the voltage
across the same resistance. Hence it is possible for any of the above expressions to
take the general form (but not the exact value)

P I2R E*R
N =log }T: = log —I:’R: = log —E:’R:

When a change of power level is expressed in terms of resistance and either current
or voltage, it is generally necessary to specify the values of resistance, R, and R,, as
well as the values of the voltages or currents for the two power levels. Only in the
special case for which RB; = R; does neglect of the values of the resistance introduce
no error. Yet it is a common if regrettable practice to overlook the values of the
resistance.

The volume unit (vu) is defined as ten times the common logarithm of the power
ratio, P:/P), where the reference level, P,, is selected as 1 mw (0.001 watt). If P,
is the power level measured in watts, the number of volume units expressed by the
ratio P./P, is

P
Number of volume units = Ny, = 10 log,or.;n = 10 logi, 1,000P, = 30 log,, P:

Since the reference level is specified in the definition of the volume unit, this term can
be properly used to express either a change in power level or an absolute value of power.

The phon is a unit of loudness level. The loudness level of a sound, in phons, is
numerically equal to the intensity level (in decibels) of a pure tone having a frequency
of 1,000 cps, which is judged by the listener to be of equivalent loudness. In establish-
ing the phon unit, zero reference level is taken as the average limit of audibility at
1,000 cps; this has been standardized as 107!% watt per sq cm or 0.000204 dyne per
sqcm.  Since the phon is a unit representing a subjective sensation, its value is directly
affected by the average characteristics of the normal human ear. The number of
phons representing a given sound intensity level is, in general, different for each fre-
quency and varies in a manner depending upon the sensitivity of the normal human
ear as shown by the loudness level contours of Fig. 3.
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ANALYTICAL APPROACH TO ELECTRICAL COMMUNICATION PROBLEMS

19. General Method. In general, the method of attacking and solving problems
in electrical communication usually involves the following steps.

1. The differential equation expressing the dynamic equilibrium of the system is set up;
with initial and boundary conditions specified.

2. The function satisfying that equation is determined by a process of integration which
yields the formal solution to the problem. The solution thus found is the correct one,
although it may be more general than is required.

3. The formal solution must then be subjected to the initial conditions of the system as
well as to the boundary conditions of time and space to obtain the solution for the partic-
ular problem under consideration.

If they are to be useful for communication purposes, the differential equations of
dynamic equilibrium, as well as the formal solutions of these equations, must be
expressible in terms of the intelligence-bearing signals. It becomes necessary, there-
fore, to obtain analytical expressions for the representation of intelligence. Such
expressions should be as simple as possible for mathematical manipulation consistent
with the requirement that they shall be sufficiently rigorous and useful for engineering
and scientific work.

The great number of signals encountered in communication systems may be repre-
sented by periodic, nonperiodie, and transcendental functions. For communication
purposes the functions expressing signals must be single-valued functions of time.
Strictly speaking, the process of communicating intelligence is carried on without
repetition so that nonperiodic functions, expressed in terms of the Fourier integral,
provide the most accurate approach. Unfamiliarity with and the difficulty of handling
Fourier integrals on the part of engineers have limited the use of nonperiodic functions
in radio engineering analysis, however.

A great deal of information may be determined about the behavior of the communi-
cation system by dealing with the mathematically much simpler periodic functions
expressing the steady-state dynamic equilibrium of the system. Because of the
amount of useful information derivable from steady-state analysis and the comparative
ease with which periodic functions may be manipulated mathematically, the analysis
of communication systems has usually been made through the use of periodic functions
of time.

20. Simple Harmonic Functions. The simplest type of periodic function is that
which varies harmonically with respect to time. Such a function may be expressed as

y = f(t) = E sin (0l + ¢) =Ecos(ut+¢+1-2r)

where E is the amplitude or maximum value of the function, w = 2xf is the angular
frequency in radians per second if f is the cyclic frequency in cps, and ¢ is the phase
angle relating the harmonic function with that point of the cycle from which time is
measured. Except for matters involving phase shift, statements applicable to the
sine function are also generally true for the cosine function.

The harmonic functions are mathematically simple to manipulate and represent
quite accurately many kinds of functions or wave forms encountered in communica-
tion systems. Moreover, they provide the basis for dealing with much more complex
periodic functions, expressible by means of the Fourier series, since any periodic,
recurrent function may be analyzed into, or synthesized from, a series of simple har-
monic functions.

Harmonic functions involve three constants: the amplitude, E, the angular fre-
quency, w (or the cyclic frequency, f), and the phase displacement, ¢. When these
three constants are known, the harmonic function (either the sine or the cosine) is
completely specified. Harmonic functions may be illustrated graphically by means
of the familiar sine-wave curve of Fig. 10. Such a representation has the advantage
of illustrating, pictorially, the manner in which the function varies with time. From
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such a graph, the three characteristics (E, w, and ¢) may be determined. An ampli-
tude-time curve such as that of Fig. 10 is a satisfactory method of representation so
long as a single harmonic function or, at most, only a few such functions are to be
dealt with, but it does not lend itself well
to those numerous cases in which many
Dy SRR harmonic functions may be required
-] — simultaneously to rcpresent the wave

d forms encountered in practice.
B 21. Amplitude- and Phase-frequency
\ Spectra. The simple harmonic funec-
[ \/ \/ tion may also be plotted to show the
. amplitude-frequency and the phase-
Pen— frequency relations as shown in Fig. 11,
This pair of frequency plots (called a
Fia. 10. Harmonic function plotted ex- . pair of spectra”) is capable of convey-
plicitly against time. Em is the amplitude of ing much more information clearly than
the function, ¢ is the phase displacement, and  the pictorial plot, especially when many
t is the time required for a complete cycle. harmonic functions must be dealt with
The angular frequency in radians per second  gimultaneously. Moreover, the ampli-
is w = 2xf, where [ is the cyclic frequency in tude-frequency and phase-frequency
cycles per second. spectra can be used to express the per-

formance of the communication system on a frequency basis.

The great advantage of the frequency spectra plots become evident as it becomes
necessary to employ more and more functions to express a complex, periodic wave
form. The center diagram of Fig. 11 is called the ‘“‘amplitude-frequency " spectrum
and the lower diagram is called the
‘‘phase-frequency ’’ spectrum of the har-
monic function. The amplitude and
phase plots for the harmonic variation in
the upper curve are also indicated. Usu-
ally the cyclic frequency, f, in cps, is used
as the abscissa instead of the radian fre-
quency, w, although either may be em-
ployed, since w = 2xf.

If the function representing the signal
or intelligence is more complicated than
can be accurately expressed by a single
harmonic function, but if it is, neverthe-
less, a periodic function of time, it may
be considered to be made up of the super-  © Frequency
position of a number of harmonic func- Ampiitude-frequency piot of simple harmonic funciion
tions, each of which is characterized by
its individual values of E, w, and ¢.
These three characteristic constants for g [~~--=---=-- ———
each harmonic component may then be 8o -l
plotted as the amplitude-frequency and *
phase-frequency spectra. The spectra
for a rectangular wave are shown in
Fig. 12 for several of the lowest fre-
quency components of such a periodic
wave form.

22, Analytical Expressions for Simple Harmonic Functions. Simple harmonic
functions may be regarded as being generated by the projection, on a suitable axis, of
a vector of magnitude E, rotating with a constant angular velocity of w radians per
gec, with an initial phase displacement, ¢, as shown in Fig. 13. The projection of the
end of the rotating vector on the z, or real, axis yields the cosine function, whereas
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the projection of the rotating vector on the y, or quadrature (or imaginary), axis
produces the sine function. At any instant of time the sine and the cosine functions
are the rectangular components of the rotating vector as expressed by the vector sum

E = Ecos (wt + ¢) + jE sin (wt + ¢)

where j = v/ “lisan operator indicating rotation of 90 deg in the counterclockwise
direction. The rotating vector may also be expressed in terms of its polar components,
the amplitude and the phase, rather

than in terms of its rectangular com- _
ponents. In polar coordinates,

E =|E|/¢ = VEre® + Equ'/¢ o

where the real component is

Erg = |E| cos (wt + 4,)' Amplitude -time plot of wave of rectongular form

the quadrature component is given by

Equ = |E| sin (wt + ¢), and the phase

displacement is ¢ = tan~! (Equ/ERg).
The rectangular form is more con-

venient when vector quantities are to be l

added or subtracted, whereas the polar o | | L L

form is mo're'suitabl(‘a \‘vhen vectors are o ! plitud 3 - 5 plot d7 - 2 m,'o'm'

to be multiplied or divided. with frequency scale expressed in ferms of multiples
23. Exponential Representation of of the fundamentat frequency

Harmonic Functions. The rotating *77

vector representing the harmonic func- g

tion may be expressed in exponential §

form, which is particularly useful for &

mathematical operations involving .

differentiation and integration. Noting ™" i

that the rotating operator, j, is defined mmﬁm&ﬁ: ::hrzu :';"ﬁmﬂ'da".'!"

a8 j = v/ —1 and is to be interpreted frequency plot

as indicating a counterclockwise rota- Fia. 12. Amplitude and phase spectra

tion of 90 deg for the quantity on which ~ (center and bottom, respectively) of the

it operates, successive applications of j ‘I‘te'.’dy -state square wave shown at the top.
ield #* = ~1. or 180 deg rotation is merely a cpmfndence that the spacing

YRS GF o0 g !  between harmonics in the spectra plots is the

7# = —j, or 270 deg rotation, and gime as that between successive cycles of

j* = +1, 0r 360 (or 0) deg counterclock-  the square wave.

wise rotation. Further successive

powers of j merely result in repetition of this sequence.

Note: It is merely a coincidence that the fundamental period of the rectangular wave,
upper plot, is drawn with the same spacing as that between harmonic components in the
lower plots.

To show that a rotating vector of unit magnitude may be represented by means of
exponentials, let the series expansion be written for ez, thus,

Go) | o)t (o Ger

s TR TR TR S
If the algebraic value, j = 4/ —1, is substituted into this series expansion and the
series is then rewritten so that the real and quadrature (or j) terms are segregated, the
result is

; ( 3z 6 8 ) ( z3 s 7z )
=\-gta-ets~ )P -sta T nte
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The series expansions for the harmonic functions of z are

Quodrature oxis

Fig. 13. Method of generating simple
harmonic function by projecting, on a refer-
ence axis, the path described by the moving
end of a vector of constant magnitude and
rotating with constant angular velocity w
radians per sec, about a fixed end. The
cosine function is generated by the projection
on the real axis; the sine function by the
projection on the quadrature axis as shown.

Quadrature oxis

+w

B

-w

Fic. 14. Method of generating simple
harmonic function by projecting on a
reference axis the path described by the
sum of two vectors of equal amplitude
rotating in opposite directions with angular
velocities of the same magnitude. In this
diagram the initial phase displacement is
¢ =0

[CraPp. 1
z? ozt z*  zt
cosz=l—2—!+4—!—é—!+-§—---
. zs z¢ z7 2
sinz=z-gi+5s-ntea "

A comparison of these two series with
that for the exponential expansions
shows that the rotating vector of unit
length may be expressed in either of the
forms of the equality

ez =cos z + jsin z
If the amplitude of the vector is £ and
if z = (wt + ¢),
Eeftwtté) = FEeiutgid
= E sin (wt + ¢) + jE sin (vt + ¢)

In the same way, a vector of magnitude
E rotating in the negative or clockwise
direction with constant angular velocity,
—w radians per sec, may be expressed
as
Eei(—wt+é) = Ee—iwtgid

= E cos (wt + ¢) — jE 8in (wt + @)

In exponential terminology, the real
component represents the cosine func-
tion according to the expression

E cos (wt + ¢) = Re[Eeiwt+®]

and the quadrature or imaginary com-
ponent represents the sine function as
given by

E sin (wt + ¢) = Qu[Eeitut+®)]
= Im[E'e"(M+¢)]

In engineering use the real component is
usually employed and the Re notation is
often dropped since it is understood that
only the real component of the rotating
vector is employed to express a harmonic
variation of time.

Harmonic variations may also be ex-
pressed by two vectors of equal magni-
tude, rotating with equal but opposite
angular velocities, w and —w, and having
the same initial phase displacement, ¢,
with respect to the reference axis when
t = 0. As shown in Fig. 14, the cosine
function may be expressed as one-half of
the vector sum of two oppositely rotating
vectors of equal magnitude according to
the relation

e(t) = E cos (wt + ¢) = 35(Eeiutei® + Ee~iviei®) = 14 Eeid(eiwt + ¢ iut)
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By forming the projection of the two vectors on the quadrature axis, the sine function
likewise has amplitude equal to one-half that of the two equal vectors.

24, Fourier Analysis. Only exceedingly simple bits of intelligence may be ade-
quately represented by the simple functions already discussed and, in general, much
more complicated wave forms are required; hence, analytical expressions become
necessary for expressing the more complex wave forms. According to Fourier’s
theorem, any periodic wave form may be expressed as the sum of a series of harmonic
functions whose frequencies are integral multiples of the lowest or fundamental fre-
quency. A constant term, which may be regarded as a harmonic function of zero (0)
cyclic frequency, may also be required in some cases. The general Fourier series
expansion for any particular periodic function may be written in the alternative forms

e(t) = Ao + 2 A, cos nwt + 2 B, sin nwt

n=1 n=1
+ o
= C"eimvl
n= —
where n = 0,1, 2,3, . .., is the order of the harmonic. For engineering use, the

amplitude of successive terms in either and both forms of the Fourier series must
decrease so that the series converges to a finite limit, but this condition is fulfilled for
wave forms encountered in communication use.

For either of the above expressions to express properly a specified periodic function,
it is necessary to know the numerical values of the amplitudes of the component
harmonic functions of the Fourier series, i.e., Ao, As and Ba, or C,. To evaluate these
coefficients, use is made of the following three properties of trigonometric integrals:!

1. The average value of a single sine or cosine term, when taken over a complete period,
is zero.

2. The average of the product of two sines, or of two cosines, or of a sine and a cosine,
of commensurable but numerically unequal frequencies, taken over any complete period of
the product, is zero.

3. The average value of the product of two sines or of two cosines of the same frequency
taken over any complete period is one-half the cosine of the difference between the phase of
the factors. For the product of a sine and a cosine, the average is one-half the sine of the
angle by which the sine term leads the cosine term.

If e(t) is an arbitrary periodic function of period T so that e(t) = e{t 4 T), it is
expressible as a Fourier series of harmonic functions. If the function, e(t), is specified
analytical or graphically, the Fourier coefficients may be determined from the relations

1 [t+T
Ao = -T—,ﬁ e(t) dt
2 [t+T
Ag = Tﬁ e(t) cos nwt dt
2 ft+T
B, = T /; e(t) sin nwt dt
1 [t+

T
Ca e(t) e inwt di

ok
where T = 2r/w is the fundamental period, or the period of the fundamental term.
In the above expressions, C, is a complex quantity related to A, and B, terms by the
equations

Co= Ao Cin=Y(As —jBs)  C_n = }4(An +jBy)

1 Franklin, P., “ Differential Equations for Electrical Engineers,” Wiley, 1933.
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When the Fourier series represented by e(?) is inserted in the integral expressions for
the Fourier series coefficients, all terms, when integrated over a complete period,
become zero except those for the nth term. Hence, for each value of n it is possible
to determine the Fourier coefficients.

For most of the wave forms encountered in communication practice, the Fourier
series requires an infinite number of terms to express completely and precisely the
function e(). As a corollary, this condition implies that the response of the trans-
mission system must have a frequency response extending to infinity if the periodic
wave form is to be passed through it without change in wave form. Such an infinitely
wide frequency band is not technically possible nor is too wide a band justified on eco-
nomic grounds. For those wave forms which have practical value, the magnitude of
the amplitudes of successively higher harmonics become progressively smaller.
Therefore, no appreciable distortion of the wave shape will oceur for signals passing
through the transmission system, if some of the higher order harmonics of negligible
amplitude are eliminated in the transmission system. In engineering design it is
possible to establish an upper frequency limit for the transmission system such that
the elimination of higher order terms of the Fourier series above the specified frequency
limit will produce a negligible change in the wave form of the signal passing through
the system. There is no straightforward and direct means for predectermining the
highest frequency beyond which ‘““negligible” change in wave form results. Engineer-
ing practice that is sometimes followed is to neglect the h-f components whose ampli-
tudes are less than 10 per cent of that of the fundamental frequency, or to neglect
harmonics beyond the tenth. The error in wave form thus introduced depends not
only on what is understood by ‘“negligible’” change in wave form but also upon the
shape of the wave represented by the function e(t).

If e(t) is a nonperiodic function, it cannot be expressed by a Fourier scries as has
been done above. It can be represented, however, by the limiting form that the
Fourier scries takes as the fundamental period, T, becomes infinitely great. The
function e(¢) is then expressible by means of the Fourier integral, the solution of which
yields a continuous pair of frequency spectra (the amplitude-frequency and the phase-
frequency spectra) instead of the discontinuous pair of frequency spectra obtainable
from the Fourier series in which each term represents a discrete frequency.?

26. Average and Effective Values of Periodic Functions. If e(t) is a periodic
function of time with period 7T so that e(t) = e(t + T), the average value of the funec-
tion over a complete cycle of recurrent phenomena is

1 [t+T
Ew = 7ﬁ e(t) dt

The average value of a periodic function that is symmetrical with respect to the zero
axis throughout the eycle is zero. Over any integral number of complete cycles the
average valuc of a sine or cosine function is, therefore, zero.

In speaking of the average value of a sine or cosine function, the clectrical engineer
refers to the average value of either the positive or the negative half of the cycle, the
absolute value of which is

E,

E =1 [ " B sin wt d(wt) = 22m & 0.6366198 . . . En
x JO x

In many cases certain electrical effects are proportional to the square root of the
average value of the square of the function, or to the rms or the cffective value of the
function. The effective value of the function, e(¢), is given by

1 For treatment of the Fourier integral, see such texts as W. E. Byerly, * Fourier's Serics and Spherical
Harmonics,” Ginn, 1893; J. R. Carson, ‘' Electric Circuit Theory and the Operational Calculus,”
McGraw-Hill, 1926; T. v. K&rmén and M. A. Biot, ** Mathematical Methods in Engineering,”” McGraw
Hill, 1940.
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Erms = [}Tﬂlwle(mz dt ]”

If e(t) = En sin wt, the rms valuc of the function over a complete cycle or period is

1 2% . 1% E,.
Erme = [—/ (Em sin wt)? d(wl)] = 22 =~=0.7071068 . . . En
27 JO .\/2

By applying the equation for the effective or rms value to a periodic wave expressible
by the Fourier series,

e(t) = Eo + Eisin (wt + ¢1) + Ezsin (2wl + ¢2) + « - + + Ensin (nwt + ¢én)
it can be shown that the effective value of a periodic recurrent function is given by

e)rma = [Eo? + Y5(E2 + E2 + - - - + E)P4

26. Amplitude, Frequency, and Phase Characteristics of Electrical Communication
System. Having available the means for expressing intelligence analytically by Fourier
series (or Fourier integrals) and also a means for determining the coefficients of the
Fourier series (or the amplitude-frequency and phase-frequency spectra for the
Fourier integral), it is now possible to
establish conditions to be fulfilled by
any transmission system in order that
the signal passing through it may be free  #pv? e, {t) eplt)| Output
from distortion. The term ‘‘distortion- o dlw) o
less,”” when applied to a transmission
system, signifies that the signal leaving
the transmission system is to be identi- Fic. 15. Transmission medium with input
cal in wave shape to that entering it; a and output quantities expressed as a function
delay in passing through the system is of time. The transmission characteristic
permissible sinee a finite (even though 7 of the medium is defined as 7' = ext) _

small) time is required for any physieanl . e(t)
phenomena to take place. For the A(w)/ =¢w), where A(w) is the amplitude-

Fouricr-series method of expressing in-  {reduency relation and ¢(w) is the phase-
telligence to hold, the {transmission frequency relation.

system must be linear; i.e., the output response must be a linear response of the input
function; hence, this condition imposes one limitation on the transmission medium if it
is to be analyzed by the following method.

The behavior of the transmission system or medium may be determined by specify-
ing the input function, expressing the output function analytically, and then comparing
the output function of the system with the input function. In making such a com-
parison it will be convenient to make use of the amplitude-frequency characteristic
of the transmission system, A (w), and also the phasc-frequency characteristic, ¢(w),
which correspond to the speetra method of representing intelligence. The comparison
of the input and output functions indeed yields the amplitude and phase characteris-
tics of the system as a function of frequency.

Let the signal fed into the input terminals of a linear transmission system of Fig. 15
be given by

o alw) o

+ o
e (t) = z lExnleiélueiwl

ne — ®

for a complex wave form expressible by a Fourier series in which n indicates the
order of the harmonic and the subscript 1 denotes the input end of the system. In
passing through a linear transmission system, this input function will give rise, at the
output terminals, to an output function having the same harmonic content as that
of the input. Accordingly, the output function derived from the transmission system
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may be expressed as
+ =

ex(t) = 2 |E¢ |ei¢:nginut

ne — w

where, in both of the above equations, |E,| represents the absolute value of the
amplitude of the nth harmonic, ei%» represents the phase displacement of the nth
harmonic, and ei»«* represents the simple harmonic time variation for the nth harmonie
component.

The response characteristic of the transmission system (also called the transmission
characteristic) is defined as the ratio of the output function to the input function
and is given analytically by the relation

+ =
i |E |et$1nginet 220
bt E
T = es(t) _n=—= = I_zLei(ég.-éx.)
e(t) - 1By ]
IE’l'IeiOI.ei"M nem—o
n=—

The transmission characteristic may be resolved into its amplitude characteristic,
defined as
|Zs,|

Awy) = ]El_l

and the phase characteristic
d(wa) = ¢l' ke ¢2'
so that, more compactly,

T = A(wn)e"i%wn) = A(wn)/ — ¢(wa)

In specifying the response characteristics of the transmission system, the sub-
scripts n were retained since this designates the frequency of the nth harmonic of the
Fourier series of discrete frequency components. In general, however, the response
characteristic of a transmission system is a continuous function of frequency (at least
between specified limits) and may be expressed by the relation

T = A(w)e i*@ = 4(0)/—¢(w)

indicating that both the amplitude and the phase are continuous functions of w within
the useful frequency range of the system. The amplitude characteristic of the trans-
mission system is then defined by the relation

and the phase characteristic by the relation
(@) = ¢1(w) — ¢2(w)

The amplitude and phase characteristics of the transmission system are intrinsic
properties of the system and may be represented graphically (possibly, analytically)
as a function of frequency. It is possible to determine the characteristics of the
signal obtained at the output terminals, when the character of the input signal is
known in addition to the transmission characteristics, 4(w) and ¢(w). Thus, for any

periodic input function, e,() = z lE’,_lef""»ei"“‘, the output function or signal is

Ne=— o
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specified by
+ »
es(t) = e, (t) ::% = e;(1)A(w)e™i¢w) = Z IE‘.lei""e!”““A(w)e‘“(w)
U Nne= — ®
- z IEI-IA (w)eilnat=d (@ +é1,]
= Z |E1 | A (w) cos [not — ¢(w) + ¢1,]

This result shows that, as compared with the input function, the amplitude of the
output signal is multiplied by the amplitude characteristic, A(w), and the phase of
the output signal is delayed by an amount ¢(w) compared to that of the input signal.

27. Conditions for Distortionless Transmission. For distortionless transmission,
the wave forms of the input and output functions are to be identical, except possibly
for a constant multiplying factor and also for a finite delay in the time of transmission,
this delay being designated as to. The amplitude multiplying constant is designated
as K and may have any real positive value.

If the input signal to the transmission system is given by

e1(t) = Re z lE:uleNl-ei"“‘ = z |E1-| cos (nwt + ¢1-)

ne— w ne— o

the output signal, expressed in terms of the input signal and the characteristics of
the transmission system, is given by

es(t) = Re z |Es | A (w)eilnut—str+41,] = z | £, | A (w) cos lnwt — ¢(w) + ¢1,]

ne — o ne — o

where the signal is modified by the amplitude factor, A(w), and delayed by a lag of
¢(w) radians in passing through the transmission system.
If we adopt as the criterion for distortionless transmission the condition that

es(t) = Kea(t — ta)

where K is a real, positive constant or scale factor and tg is the time of delay in the
transmission system, the requirement for distortionless transmission is that

|E\_|A(w) cos [nwt — ¢(w) + ¢ ) = z K|E\ | cos |nw(t — ta) + o1,

ne — o ne —
This condition requires that the relations
Aw) = K and cos (nwt) = cos [nw(t — t4)]

be simultaneously satisfied. The first of these two conditions requires that the
amplitude-frequency spectrum for the transmission system be constant and independ-
ent of frequency. For a constant delay in transmission time, ¢4, the second condition
requires that the phase-frequency spectrum have a phase displacement for the trans-
mission system that is proportional to frequency. Hence, the conditions to be fulfilled
by a transmission system in order that the signal passing through it shall remain free
from distortion require that

A(w) = constant

$(w) = w
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If, as shown graphically in Fig. 16, these two conditions are fulfilled by the trans-
mission characteristics of the medium through which signals pass, the system will be
free from distortion; the wave form will remain unchanged (except possibly for a
scale factor) and all frequency components will be effectively delayed by the trans-

mission delay time, ta.
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FUNDAMENTALS OF

ELECTROMAGNETISM
. The first step in the development of
f‘m. e Ahmplnttudg-t(reqtzency agdbpt};ase- an electrical comrunication system is
requency cnaracteristics (top and bottom, .. orned with the important human

respectively) for transmission medium which iological LB
is free from distortion but which effects a physiological characteristics of specch,

time delay for the signal transmitted through  hearing, and "‘iSi‘":'- 9".“1 Wi‘th analytical
it. methods of expressing intelligence.  The

second stage in building up the funda-
mentals of a radio communication system is to apply physiological (and certain
aspects of psychological) knowledge for the analytical formulation of intelligence to
an clectrical systein capable of conveying intelligence between two points by means of
clectromagnetic radiation. The technical applications of radio engineering are based
on the fundamentals of eclectromagnetism, which are briefly summarized in the
remainder of this section.

28. Electricity and Magnetism Related to the Structure of Matter. Many cxperi-
mental observations, particularly within the last century, have conclusively demon-
strated the atomic nature of electrical and magnetic phenomena, and the close
dependence of elcctrical effects upon the ultimate structure of matter.

As conccived by the physicist, the atoin model is considered to be composed of a
stable central corc or nuclcus spinning on its axis, this compact mass being made up
of an aggregation of relatively dense particles called “‘neutrons” and ““protons.”
Around this central nucleus a definite number of clectrons (the number being different
for each chemical element) are assumed to revolve in clliptical shells or orbits at dis-
tances that are large compared to the size of the nucleus. The revolving clectrons are
also pictured as spinning on their own axes.

Studies of the structure of matter indicate that all material substances are composed
of various aggregations of the fundamental physical particles whose properties, so far
as they are known, are briefly summarized in Table 4. Within the past few decades,
such great strides have been made in understanding the structure of molecules and
atoms that textbooks on the subject can hardly hope to recount current ideas.

A gw) = constont
\

Amplituge
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Fortunately for the electrical engineer the advances in atomic physics have not
caused him any concern as to his understanding of electrical phenomena. Nor are the
advances in atomic physics likely to produce any radical changes in the theories of
electrical sciences; the electrical technologist gets along quite well with the physical
models constructed by Faraday and the system of equations crystallized by Maxwell
to express known experimental facts, both of which were proposed long before the
electron was known. So far as electrical effects are related to the structure of matter,
the electrical engineer is concerned primarily only with the outermost shells of elec-
trons in atoms. He may also be concerned with ions—atoms from which electrons
have been removed or to which they have been added. The normal atom, with elec-
trons traversing their regular paths, shows no electrical effects. Outside the normal
atom, therefore, there exist no electrical effects that are attributable to the position
and movements of the interatomic electric charges, although magnetic effects (which
are due to the relative spin or rotation of the atomic charges) may exist.

Table 4. Properties of Atomic Particles

Name of particle Composition Rf!ll::ve R;}::;:e Principal characteristics
Electron........ Elementary 1 -1 Makes up outer structure of atoms; ac-
counts for the chemical properties of
atoms
Positron........ Elementary 1 +1 Secondary constituent of cosmic rays;
too transitory to have found much use
Proton..........| Elementary 1,849 +1 Nucleus of H atom and constituent of all
{approx) atomic nuclei; accounts for charge of
nuclei and usually about half of nuclear
mass; same as ionized H atom
Neutron........ Electron-proton 1,849 0 Conatituent of all nuclei and accounts for
(approx) appreciable part (usually about one-
half) of mass of nuclei
Neutrino...... . ? 1 0 Possibly created along with electron and
positron when proton changes to neu-
tron or vice versa
Meson.......... Possibly 2 particles 202 0 Possibly created during nuclear radiation
with opposite of energy; present in cosmic rays
charge similar to
electron-proton
pair
Deuteron........ Neutron-proton 3,698 1 Ionized heavy H atom
(approx)
Alpha particle...| 2 neutrons and 2| 7.396 2 Nuclei of He, or He atoms that have lost
protons {(approx) 2 planetary electrons

The modern view of electricity regards an electric current (at least the conduction
and convection components of the total current) as the flow of negative charges in
one direction through a given area, plus the flow of positive charges (when these are
free to move) through the same area but in the opposite direction. In most cases the
negative charges accounting for current flow are due to the motion of electrons, whose
properties are given in Table 5. By common agreement, the positive sense of the

Table 5. Properties of the Electron
Rest mass of electron, mo. ......... .o iiiiiiiiiienne, 9.1066 X 10~ kg
Charge of electron, €...........ou.ietiiiiiuieenanannnnn 1.60203 X 10-!* coulomb
1.60203 X 10~ abcoulomb
4.803 X 10~ statcoulomb
Ratio of charge to mass, (¢/mo).............covten vee.. 1.7592 X 10 coulomb/kg
8ize of electron (roughly)................ovvun. vesesse. 1.9 X 1078 m

flow of current is taken as that in which positive charges tend to move or (what is the
same thing) opposite to that in which the negative charges move or tend to move.
This convention was adopted before the true nature of the electric current was known
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and, since (in most cases) the electric current is constituted by the flow of electrons,
the anomalous and awkward situation has arisen that the direction of the flow of an
clectric current is generally in a direction opposite to the flow of charged particles that
produce the current! Thus, according to an accepted standard:! “The direction of
a current through a surface is, by agreement, taken as the direction of the movement
of the positive electricity when it is the predominating component in motion and as
the direction opposite to the direction of movement of the negative electricity when
the latter is the predominating component in motion.”” For engineering design
problems, it makes little difference what the truc direction of flow of the charged
particles really is, but when this is important, as in the case of rectification, care
should be taken to specify whether the direction of flow is that of the electrons or the
direction of the flow of positive charges.

The motion of electric charges is produced by the application of electrical forces to
material substances. A substance (solid, liquid, or gas) such as any of the metals,
carbon, alkaline or saline solutions, or ionized gases, in which a rclatively large drift
of electrons or other charged particles is produced by a relatively small extcrnally
applied electrical force, or in which the charges may travel freely in distributing them-
selves within the substance, is called a ‘“‘conductor.” A substance (solid, liquid, or
gas) such as sulfur, glass, porcelain, mica, rubber, quartz, very pure water, and
un-ionized gases, in which measureable amounts of current may be produced (without
disrupting the material itself) only by the application of a comparatively large elec-
trical force or in which charges are bound within certain small regions and are not free
to distributec themselves readily within the substance, is called a ‘‘dielectric’”’ or
an ‘“‘insulator.”” There is no sharp dividing line between conductors and insulators.
The classification of a material into conductors or insulators depends, in some measure,
on its application as well as on its inherent physical properties. A substance that
might be regarded as a good insulator for some applications might also be regarded as
a fairly good conductor for other applications of electrical technology.

The earliest experiments with magnetism were made with lodestones and permanent
magnets. There was no definitely known connection between electricity and magne-
tism until 1820 when Oersted showed that the flow of a steady clectric current through
a conductor was capable of producing a constant magnetic field about it. In 1833,
Faraday showed that the relative motion between a conductor and a magnetic field
was able to produce a varying flow of electricity in the conductor. Hence, the experi-
ments of Oersted and Faraday brought togecther electricity and magnetism, and the
work of these two men, supported by the brilliant theoretical and experimental work
of Ampére and the outstanding mathematical generalizations of Maxwell, provides
the basis of present-day ideas of electromagnetism. Maxwell’s equations, forming
the foundations of electromagnetic phenomena, are as useful today—and far more
important—than when they were formulated about 1865, even though our knowledge
of the ultimate causes of electric and magnetic phenomena has undergone radical
changes in the past eight decades.
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ELECTROSTATICS

29. Definition. Electrostatics is that branch of science which deals with the laws
of electricity at rest. Historically, it is the oldest branch of electricity, but it has

1“ American Standard Definitions of Electrical Terms,” AIEE, 1942.
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little direct application to electrical communication, which requires that some elec-
trical quantity vary with time if intelligence is to be transmitted. The ideas originally
developed in the study of electrostatics are but special cases of more general relations
of electromagnetism.

80. Electric Charges. For all engineering purposes, electrified particles are com-
pletely specified by the magnitude and sign of their electric charge and by their rest
mass.

An electron is the natural elementary quantity of negative electricity or the natural
elementary negative electric charge. The charge (or quantity of electricity) of an
electron, represented by the symbol ¢, is —1.602 X 10~° coulomb, and the rest mass
of an electron is 9.107 X 10~ kg. Alternatively, one may define the coulomb, the
unit of charge for engineering purposes, as the charge whose magnitude is equal
to that of 6.242 X 10 electrons, and the kilogram as the mass represented by
1.098 X 10% electron rest masses

A proton is the natural elementary quantity of positive electricity or the natural
elementary positive electric charge. The charge of a proton is numerically equal to
the charge of an electron but is of opposite sign, or +1.602 X 107? coulomb. The
rest mass of the proton is 1,849 times that of the electron or 1.684 X 10~*" kg,

The quantity of electricity, electric charge, on (or in) a body is the excess of one
kind of charge over that of the other. A plus sign indicates an excess of protons or
positive ions or, conversely, a deficiency of electrons or other negative charges. Like-
wise, a minus sign indicates an excess of negative charges or a deficiency of positive
charges.

81. Electric Field. Associated with each electric charge is a sphere of influence or
a field of force, which tends to accelerate or impart motion to other charges in the field

- >’
Fia. 17. Representation in a two-dimensional plane of lines of force about isolated electric
charges.

of force. Such a field of force is detected only by the force it exerts on charged parti-
cles. The charge and its own field of force cannot be separated ; indeed, the charge is
sometimes looked upon as the point at which the field may be considered to be
concentrated.

Since any charge is the result of the excess or deficiency of electrons, the charge,
Q, of any substance is given by @ = +ne where n is any integer expressing the number
of elementary charges involved and e is the numerical value of the electronic charge.
The sign of the charge, @, is positive (+) or negative (—) depending upon whether
the charge produces a force on other charges like that of a proton or an electron,
respectively.

The sphere of influence, or the field of force, surrounding a charged particle is
represented by lines of force that originate at the center of the charge and radiate
outward in straight lines in all directions, as shown in Fig. 17. The direction of the
lines of force designate the direction of the force that the charge exerts on an arbitrarily
selected positive test charge, and the density of the lines of force is proportional to the
magnitude of the force.
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Since electrical effects in frce space are propagated with the velocity of light, the
field of any element of charge may be supposed to be emitted continuously from that
element and to spread out in all directions from it with the speed of light. Such a
view should not be regarded as a ‘‘true explanation” of actual physical behavior, of
course, but rather as a convenient means of accounting for the fact that electrical
effects, due to the motion of charges, at a distance from the charges are observed to

take place after a time interval whose
magnitude depends upon the distance
between the charges and the points of ob-
servation. Electrical effects at a distance
are retarded in time.
82. Lines of Force and Tubes of Force.
The properties of charged particles may
be represented by means of lines of force,
a concept to which Faraday attached
physical significance. A line of force
may be considered as a path indicating
Figc. 18. Tube of force between two the direction of the force applied upon a
charged bodies. positive test body (charge) in an electric
field. A line of force in an electric field
is a curve so drawn that, everywhere, it indicates the direction of the electric intensity,
the sense in which the line is described being indicated by an arrowhead on the diagram
to show the direction in which the positive test charge would tend to move if placed
at the position of the arrowhead.

A bundle of a large, but constant, number of lines of force is known as a ‘““tube’’ of
force. For a single isolated charge, the tube of force is actually a cone, but in most
cases it is truly represented as a tube, as shown in Fig. 18.

<>

(a) (v)

Surface charge density Volume charge density

Fi1g. 19. Surface and volume charge density for electric charges distributed over a surface
(left) or throughout a volume (right). The surface and volume are infinitesimal in size.

83. Charge Density. A point charge, i.e., an electrical charge so small that it may
be considered as concentrated at a point in space, is the basis of electrostatics, and it
is conceivable that electrical problems could be solved in terms of point charges only.
When many charges are to be dealt with, however, such a procedure becomes tremen-
dously tedious and cumbersome and, in such cases, the concept of charge density is
particularly useful in simplifying the solution of electrical problems. Two kinds of
charge density of practical importance may be distinguished.
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If the point charges are distributed over a surface area, as shown in Fig. 19a, the
surface charge density, ¢, is defined as the limiting ratio of the charge to the surface
area, a8 the area approaches zero. If, in mks units,! Q is the charge in coulombs and
8 is the surface area in square meters, the surface charge density in coulombs per
square meter is defined to be

If the charges are distributed throughout a volume, V, as shown in Fig. 19b, the
volume charge density, p, is defined as the limiting ratio of the charge to the volume,
as the volume approaches zero. If Q is the charge in coulombs and V is the volume
in cubic meters, the volume charge density is defined mathematically as

. AQ
= lim —
g av—o0 AV

The charge density is defined at a point on a surface or in a volume, and its magni-
tude may vary from point to point. The sign of the charge density is that of the
charge.

84. Electric Field Intensity. The electric field intensity (also called ‘“electric
intensity,” ‘““electric field strength,” or ‘“‘electric force’) at a point is a vector whose
direction is that of the force that would be exerted on a charged particle placed at
the point and whose magnitude is equal to the ratio of the force to the charge of the
electrified (charged) particle, provided the latter is sufficiently small so that it does
not measurably affect or alter the electric field. A vanishingly small charge must,
therefore, be employed as the test body to measure the electric field intensity. Hence,
the electric field intensity may be defined mathematically as

where, in mks units, f is the force in newtons, Q is the charge in coulombs, and & is
the electric field intensity in volts per meter.

85. Coulomb’s Law. As early as 1773, Sir Charles Cavendish made the first quan-
titative measurements in the field of electricity and deduced the relation between the
forces exerted by charges, but his results were unpublished and remained unknown for
almost a century. In the meantime, in 1785, Charles Augustin Coulomb deduced
the same relations between the forces on charges by another approach, and this impor-
tant relation is now known as Coulomb’s law.

Coulomb’s law may be stated in words as follows: In a homogeneous, isotropic
medium the force of attraction or repulsion between two charges of electricity con-
centrated at two points that are small compared to the distance between them is
proportional to the product of their charge magnitudes, inversely proportional to the
square of the distance between the charges, and inversely proportional to a character-
istic constant of the medium in which the charges reside, called its ‘‘permittivity.”
The force between unlike charges is one of attraction; the force between like charges
is one of repulsion.

Mathematically, Coulomb’s law may be stated in the form

f= K.K'Q‘T?’ = k. Q@
€

coerl?

! In this section, electrical quantities are expressed in meter-kilogram-second (mks) units since this
system was recommended for adoption after January, 1940, by the International Electrotechnical
Commission. Conversion from the mks to the cgs units may be made by means of the conversion
factors given in Table 13. The question of rationalization was left open by the IEC so that, at the
present time, there is no unanimity as to which set of equations should be free from the unavoidable
constant, 4x, representing the number of solid radiansin a closed surface. In this section, K coefficients,
with suitable primes, are used to replace coefficients involving the factor 4. By inserting the appro-
priate value of K, as given in Table 6, the equations in this section are directly applicable to either the
unrationalised or the rationalized system.
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where, in mks units, fis the force in newtons exerted by the two charges on one another,
Q1 and Q: are the two charges in coulombs, ¢ = eoer is a physical property of the homo-
geneous isotropic medium known as the permittivity and is measured in farads per
meter, e is the permittivity of free space (vacuum) measured in farads per meter,
e is 2 numeric expressing the ratio of the permittivity of any substance to the permit-
tivity of frec space, ! is the distance between the point charges in meters, K.isa
constant which depends upon the units in which the force and charge are measured,
and K’, whose value is given in Table 6, is a constant whose value depends upon
whether the unrationalized or the rationalized system of equations is employed.
Coulomb’s law provides a basis for relating mechanical units (of force) with elec-
. . trical units (of charge). Another important
Table 6. Factors for Rationalized pogylt of Coulomb’s law and the specification
and Unrationalized Systems of Units  f the charge in terms of multiples of the cle-

v va) mentary charge (Q = ne) is that the mechani-
alue in ‘alue in cal forces produced by charges may be
Eacter ""ri;';::"zed ra::.’:&l,:ned accounted for by the linear superposition of
) charges, for multiplying one of the charges by

- | any quantity (keeping the other charge con-

K 7 1 stant) multiplies the resulting force by the
4 same quantity. It makes no difference which

K L 1 charge is kept constant and which is varied;
e :: A henee, it follows that charges may be combined
K 1 4z in any order. This statement applies whether
the charges are stationary or in motion so that

the principle of linear superposition also
applies to electric currents (which are charges in motion) so long as the medium is
Liomogeneous and isotropic.

36. Conservative Properties of Static Fields. Problems in clectrostatics may be
solved by the fundamental relations expressed by Coulomb’s law, which deals with
forces that have direction as well as magnitude. The calculation of directed forces
is a lahorious and tedious undertaking, so that, except. in the simplest configurations
of charges, calculations by Coulomb’s law become too cumbersome for general use.
The concept of potential greatly simplifies problems in electricity by eliminating the
need to consider direction (except in a positive and negative sense). Since the poten-
tial concept is applicable only to conservative fields, it is necessary to ascertain that
the electrostatic field is conservative, i.e., that the energy of an electrostatic ficld is a
funetion of position only and does not depend upon the path that the charge takes
between the two points.

According to Coulomb’s law and the definition for work, the increment of work
done in moving a charge a distance dr is given by the equation!

dw = —feos 8dl = —f-dr = —(KK'Q:Qz/er?) dr

1 When vector quantities are encountered, it is frequently necessary to express physical quantities in
terms of the component of the vector that is along & specified path or is normal to & specified surface.
For example, the increment of work is equal to the product of the distance through which a body moves
by the component of force in the direction of motion, or, dw = f cos 8 dl, where f is the force, dl is the
element of length in the direction of motion, and 8 is the angle between the direction of the force and the
direction of motion. Thus, f cos 8 is that component of the force in the direction of motion along dl.
In cases such as this, the desired vector (in this example, the element of work) may be expressed in any
of the alternative ways

fcos8dl = fcos (f,l)dl = fdl

where the notation (f,l) represents the angle between the direction of f and that of 1. The dot () is
used to represent the cosine of this angle, or cos 6.

The vector f may be resolved into its components along any set of three coordinates in space. Each
such component is, of course, a vector quantity and may be specified in terms of its component vectors
in the direction of each coordinate. Thus, the vector f may be resoived, for example, into ita rectangular
coordinate components, f:, f,, and f:, as in the expression

f= f: + fy + fl
A vector may also be specified in terms of a unit vector in the direction of each coordinate and a scalar
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the nggative sign being used because positive work is done in moving the charge in the
—r direction. The total amount of work done in moving the charge from any point
A to any other point B whose distances from any reference point are ra and rs,
respectively, is then the integral of dw between the two points or
o S , '
w=wA—w3=/Adw=—/“ M_;Ql_q_g)dr= _(M)(i_l
" B r - R g T4 rs

o e - e B gr’
- T - — Ry b e e —

This result is independent of the path taken between 4 and B and depends only upon
the positions of the end points of the path traversed. Therefore, the electrostatic
fleld {8 eonservative.

. 87. Electrostatic Potential. The electric potential difference between two points
in an electrostatic field is equal to the work associated with the transfer of unit
quantity of positive charge from one point to another. The maximum amount of
work is done by (or on) charges that move along the lines of electric force, whereas
no work is done by (or on) a charge that moves perpendicular (normal) to lines of
electric force. 1f A and B are the two points between which a unit positive charge is
transferred, then B is at a higher potential than 4 if external energy is required to
transfer unit positive charge from 4 to B.

The great advantage of the concept of potential is that, through its use, vector
calculations of the forces acting on charges may be resolved into scalar calculations
which are much simpler to manipulate. From the definition given above, it is evident
that there exists only a means for determining the difference or change of potential
between two points and not for determining the absolute value of the potential of any
point. If it is possible to establish as an arbitrary reference an equipotential surface,
i.e., a surface normal to the lines of force upon which no work is required to transfer a
positive charge from one point to another on the surface, this surface may be estab-
lished or defined as being at zero potential. The potential of any point may then be
specified relative to the equipotential surface arbitrarily designated as being at zero
potential. In engineering work the earth is often arbitrarily taken as the zero refer-
ence equipotential surface, and potential differences are then measured relative to the
potential of the earth’s surface. In other cases, particularly in theoretical work, it
is convenient to assign zero potential to a sphere of infinite radius, since the force
produced at a point infinitely removed from a charge is zero.

The increment of work per unit charge that is done in moving the charge a distance
dl in an electric field is dwg = — (f/Q) cos#dl. But by definition, & = f/Q and, there-

fore, dwg = —&cos 0 dl. The difference in potential between two points 4 and B
ig the integral along the path from 4 to B, or

» 4 A
°f E'43=V4—Va=—/8 80080dl=—/8 &dl

quantity representing the magnitude of the vector component along each coordinate. Thus, if i,
j, and k are unit vectors in the z, v, and 2 directions, respectively, and if fs, fy, and f, are the magnitudes
(scalar quantities) of £ in these three directions, the vector may be expressed in the alternative form

'-ifl+j!l+k/l

The vector may represent a quantity flowing through a surface. For example, the amount of liquid
that passes outward through the element of surface, ds, in unit time at any point on the surface, is the
product of the outward normal (or perpendicular) component of the vector F and the surface element, ds.
If n is & unit vector normal to the surface element, ds, the outward flow of liquid may be expressed in
any of the alternative ways

Fcos 9ds = F cos (F,n) ds = F-rnds = Fads

where (F, n) represents the angle between the direction of F and the surface normal, n. The dot (*)
expresses the cosine of the angle between F and n, and F. is the component of F perpendicular to the
surface element.

In some texts, especially those stressing vector notation, vector quantities are printed in boldface
(heavy) type, as has been done for illustration in this footnote. In other cases, as in the main text of
this section, ordinary light-face characters are employed. In this section script letters have been used
or those electrical quantities (as §, D, 3 and @) which are regarded as vectors in space.
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where V4 is the absolute potential of point A, Vg is the absolute value of potential
of point B, Eag = Va4 — Vg is the difference in potential between points A and B,
g is the electric intensity in the region along the path from A to B, and 6is the angle
between the dircction of & and that of di. Although numerical values for V,and Vs
are not known, the difference V, — V3 can be ascertained. In the mks system of
units, unit potential difference is the joule per coulomb, which has been given the name
“VOlt."

If the elcctrostatic field is made up of concentrated charges, Q, Q2, Qs, . . . , Qn
in a homogeneous isotropic medium whose permittivity is ¢, and in which the distances
of these charges from a point P are ry, r5, 73, . . . , 7, and if the potential of a sphere
infinitely distant is regarded as the reference or zero potential, then, with respect to
the zero reference potential, the potential of the point P is

n K K’ r KK’ rn KK’ ™ K. K'Qn
Ep = — 'K—TQ‘dr—/'——,Q'dr— e o [P
) €ry ) €ry O €3 O €r'n
K K’ n
L RR(Q L@ 0 0
€ Al T2 T3 Tn
m
_ KK @
T e T'n
n=1

In practice such an expression as that given above is applicable only if a very small
number of charges is encountered, for the calculations become tedious and cumber-
some if many charges must be taken into account.

When many charges make up an electrostatic field, it is often convenient to dis-
regard the individual charges and deal with their net or over-all effects as expressed
by the density of charge. If o is the surface charge density and p is the volume
charge density, then the charge distributed over an elementary area, ds, is dQ = o, ds
and the charge distributed throughout an elementary volume, dv, is dQ = pdv. In
the case of a continuous distribution of charge throughout a volume and also over a
surface, the potential of the point P (with respect to zero potential at a point infinitely
remotc) whosc distance from the volume and the surface is r, is given by

e [[2 [ L2 ]2

The electrostatic potential (defined as the work per unit charge done in, or available
for, transporting electric charges) is applicable to static fields. The concept of poten-
tial may be generalized and applied to fields in which the charges vary with time.
The potential ficld is a scalar field whereas the field of force is a vector field.

38. Potential Gradient. The gradient of a scalar field at a point is a vector whose
magnitude is equal to the space rate of change of the scalar field in the direction of
greatest increase and whose direction is that of the greatest increase. This general
definition may be applied to the potential field as follows:

From the relations given in Sec. 37 it is easy to show that dE = —§ cos 8 dl from
which & cos 8§ = —(dE/dl). If the direction of the field of force exerted on a small
positive test charge is in the direction of the element of path length, dl, then cos 6 = 1.
For this condition the change of potential is a maximum with respect to a change of
position. The maximum rate of change of potential with position is a vector quantity
whose direction is at right angles to the equipotential surface or along the electric lines
of force; it is called the ‘““potential gradient’” and is abbreviated ‘“‘grad E.” Hence,
from the results above,

dE
grad E =3 = -8

In the mks system of units, the gradient is measured in volts per meter.
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The potential gradient may be resolved into orthogonal components. In rectangu-
lar coordinates,

dE. .dE, . dE.
ige tig Tk,

where i, j, and k are unit vectors in the z, y, and z directions, respectively, and the
components of E and & in each of the a
rectangular coordinate directions are [
indicated by the subseript z, y, or 2.
A pictorial representation of potential
gradient resolved into its orthogonal €2
components in rectangular coordinates K32
isgiven in Fig. 20. The potential gradi- 2Ex aEy . dE2
ent is, strictly speaking, applicable to the E=liTgt Ty'k oz
field intensity only in the case of an iaEY
electrostatic field. P oy
89. Electric Flux. Consider a surface . DEx
element at a point in an electric field for 'Tox
which the electric intensity is 8. If @ 0 y
represents the angle between the direc-
tion of & and the normal to the surface,
n, then, as shown in Fig. 21 the com- * . .
ponent of & perpendicular to the surface Fia. 20. Potential gradient at the point P
is & cos 8 = &cos (8§, n) = & nds = &, ds. in term§ of its orthogonal components, ex-
The product of the normal component of pressed in rectangular components.
the electric field intensity and the surface is called the ‘“‘electric flux.” The electric
flux, represented by the symbol ¢, may be represented by lines that are drawn in the
same direction as the lines of electric intensity but of such spacing that their density
(in lines per unit area) perpendicular to the direction in which the lines run is equal to
the dielectric flux density at the point at which the flux is measured. From a physical
point of view, the electric flux may be regarded as the number of lines of electric field
Flux density that cross perpendicular to a surface; it
P is the total number of such lines and not
the density in lines per unit area.
Electric flux is a scalar quantity, the

A ¢ . :
%ﬁ Dcos @ SiBN of which depends upon the assump-

grad E =VE = ) = —(is: + j&, + k&)

tion made concerning the positive direc-

Normal component  tion of the normal. With a closed
O" lds surface, the outward normal is taken as
positive. For an open surface, if the

positive sense is that in which the

L =9 cos 6'as  PeriPhery of the surface is described by
Vv ay cos O g the rotation of a right-hand screw
- ¥ =/f, Pcx0'as normal to the surface, the positive direc-

tion of the normal is that in which the
screw advances.

In the mks system of units, the electric
flux, ¢, is measured in coulombs, the
same unit in which charge is measured.
In the unrationalized system, the magnitude of the units of electric flux and charge are
the same, but in the rationalized system the unit of electric flux is 1/4x as large as
in the unrationalized system.

40. Electric Displacement; Electric Flux Density. The electric displacement, or
the electric flux density, at any point in an isotropic dielectric medium is a vector
having the same direction as that of the electric field intensity, and a magnitude that
is ¢ times that of the electric field intensity. If, in mks units, & is the electric field

Fig. 21. Determination of electric flux
diverging from closed surface. The total
flux is the sum of all components normal to a
closed surface.
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intensity in volts per meter, D is the electric displacement in coulombs per squarc
meter, and e is the permittivity of the dielectric medium in farads per meter, then the
electric flux density in an isotropic dielectric is

D =K'

Thus, the displacement takes into account the permittivity properties of the medium
through which the lines of electric flux flow; the properties of the medium are inherent
in the displacement vector itself.

ﬂ;g cos Q'ds = dev

Surn of a/l normal components  Total charge contained in
of tlux densily crossing a volurme within closed
closed surface surface
/ \
s \
yig |

)
N .
This closed surface encloses Ihis volume 5

Fig. 22. Total electric flux diverging from a closed surface (left) is equal to the total
charge enclosed by that surface.

If D represents the electric displacement vector making an angle  with the surface
through which the electric field passes, then the element of electric flux crossing an
element of surface is

dy = Dcos 6ds = D cos (D, s) ds = D, ds = Dds

The total flux is the integral over the closed surface through which flux passes or

¢=//‘Dcosﬁds=K”’Q

where, in mks units, y is the electric flux in coulombs, ® is the displaccment in cou-
lombs per square meter, and ds is an element of surface, expressed in square meters.
This equation merely states that the total flux diverging from a closed surface is
proportional to the total charge enclosed by the surface, as shown in Fig. 22.
41, Dielectric Polarization. For a material dielectric the displacement, D, may
be split into two parts
D = €8 = eoerb = €8 + (6 — 1ot

The first term, 8, is the displacement for free space. The second term, (& — 1)edS,
represents an actual displacement or shift of bound electric charges within the material
diclectric itself. This latter displacement or shift is customarily measured in units
of charge per unit area, or in mks units, in coulombs per square meter; it is called the
“polarization” of the dielectric and is designated by the symbol ®. Since the unit of
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displacement is K’ times the unit of charge, (¢ — 1)eo = 4x s0 that
9 = ¢08 + 4‘[0

42. Gauss’s Theorem. Coulomb’s law is one of the most important of all electrical
laws and one way of expressing the relation between charge and force has already
been given for an isotropic, homogeneous medium. The inverse square law, already
given, is the form that is most convenient in providing a quantitative idea of the
forces between isolated electric charges, but Coulomb’s law may also be given in
alternative forms that bring out certain additional general and important properties
of charged bodies and facilitate many kinds of calculations. Gauss'’s theorem is one
highly important alternative expression for Coulomb’s law. The diagram of Fig. 22
illustrates the theorem.

Gauss’s theorem makes use of the concept of electric flux. The theorem may be
stated in words as follows: The integral, over any closed surface, of the normal com-
ponent of the electric flux density or displacement is equal to the charge contained
within the surface. In mathematical notation this may be expressed as

w=#.¢80050d8=#‘5)0080d3=[//;pstK'"Q

where D is the electric flux density in coulombs per square meter, & is the electric
field intensity in volts per meter, 6 is the angle between the direction of D or & and the
normal to the surface, ds is an element of surface expressed in square meters, p is the
volume charge density in coulombs per cubic meter, and dv is an element of volume
expressed in cubic meters.

The above equation is the integral form of Gauss’s theorem, which may be derived
as follows. If the electric displacement, D, crosses a surface element, ds, the normal
component of flux density crossing the surface is

dy = D cos #ds = 8 cos 8 ds = (Q cos 8/r?) ds

But [(cos 8)/r?] ds is an elementary solid angle, dQ, and, hence, d¢ = Q dQ. Hence
the total flux is the integral over a closed surface, and since there are 4x radians in a
closed surface, the flux is given by

v=qp ean =k

48. Equations of Laplace and Poisson. Gauss’s theorem may be put into differen-
tial as well as integral form to obtain either the Laplace or the Poisson equation.
The differential form may be obtained by resolving the electric flux into three orthog-
onal components, expanding each component in a Taylor's series expansion and form-
ing the algebraic sum of the linear terms in this expansion for each orthogonal com-
ponent, over a closed surface. If the volume enclosed is free from charge, the result
of such an operation is the scalar quantity given by Laplace’s equation,

dﬂ), dD,
+ ’+

divDd =

whereas if the enclosed volume has a volume charge densnty, p, the equation of Poisson

results,
dD, dD

bat §
dzx T dy
The equations of Laplace and Poisson may be expressed in terms of potential as well
as of electric field intensity since § = —(dE/dl). Hence the above equations become

d*E, d*E, d%E.

dat + dy? + dz?

d*E. d*E, dE. K"
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Like the integral forms for expressing Gauss’s theorem, the equations of Laplace
and Poisson are mercly alternative ways of expressing the fundamental laws of charge
which were first quantitatively observed by Cavendish and Coulomb.

44, Divergence. Divergence is a concept that is useful in describing the flow of
a quantity. The divergence of a vector field at any point may be defined as a scalar
quantity equal in magnitude to the limiting ratio of the outward flux passing through
a closed surface that surrounds the point, to the volume enclosed within the surface,
as the volume approaches zero. Physically the operation denoted by divergence
yields a measure of the flux produced per unit volume, at a point. When flux flows
away from a point, divergence is indicated; when it flows toward a point, negative
divergence (sometimes called “convergence”’) is indicated.

If, in a vector field, the vector, A, is cxpressed in terms of its three rectangular
orthogonal coordinates, A, A,, and 4., given as functions of z, y, and 2 coordinates,
respectively, the divergence of the vector field is a scalar quantity formed by the
sum of the derivatives of each orthogonal component in the direction of its axis, or

as da, | dd,
dz T dy T 4z

. d . d dy . .
~ (135 +ig +de) (ids + jA, + kA2

div A = V-A= (VA) =

As an example of this concept, the divergence of the electric intensity, which is
proportional to the volume density of charge at the point, may be cited.

45. Curl. Curl is a concept useful in describing the rotation or swirl of a flowing
quantity. The curl (also called “rotation,” especially by European authors) of a
vector field at a point is a vector whose magnitude is equal to the limiting ratio of the
circuitation around a surface element on which the point is located, to the area of the
surface as the latter approaches zero, provided the surface is so oricnted as to give the
maximum values of circuitation. The positive direction of this vector is that traveled
by a right-hand screw turning about an axis normal to the surface clement when the
turning of the screw gives a positive value to the circuitation or rotation.

If the vector, A, of a vector field is expressed in terms of its three rectangular
components, Az, 4,, and 4., given as functions of z, y, and z, respectively, the curl
of the vector field is the vector sum of the partial derivatives of each component with
respect to the axes perpendicular to it. Mathematically,

curl A=V XA

i j k
_3_ .‘1 _6_ _6:_4: _aﬂ +'(6A’ a_A'. +k .aiil_%
= ez oy az=‘(ay_az) ) az"az) 9z oy)
A. A, Al

where i, j, and k are unit vectors along the z, y, and z axes, respectively.
As an example of the curl concept, the magnetic intensity at a point within an elee-
tric conductor, which is proportional to the current density, may be cited.

MAGNETOSTATICS

46. Definition. Magnetostatics is the branch of science that deals with the laws
of permanent magnets. Prior to the discovery by Ocrsted in 1820 of the relation
between electricity and magnetism, the study of magnetostatics was pursued inde-
pendent of that of electrostatics, for in the static casc no relation between electrostatics
and magnetostatics can be made at all apparent. With the discovery that the flow
of electric currents produced magnetic ficlds, there arose an attempt to explain all
magnetic phenomena in terms of the flow of an electric current. Some authors have
justified this point of view on the ground that, although the elementary clectric charge
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has been discovered, no corresponding magnetic charge or pole has been observed as
an entity of nature.

There is ample evidence that magnetic effects are the result of the flow of an electric
current and possibly some justification for omitting a treatment of magnetostatics.
Such a course overlooks the fact that many existing texts already employ the concepts
of magnetostatics; it also ncglects the historical approach which has given rise to
much confusion in the establishment of electrical units.

47. Magnets. A magnet is a body or substance that produces a magnetic field
external to itself. The first known magnets were natural magnets of lodestone, but
today magnets for practical purposes are made of iron, steel, or alloys in which the
principal constituents are usually iron, nickel, cobalt, and perhaps small proportions
of other metals such as aluminum or copper.

A magnetic field is a vector field of force imparting, or tending to impart, motion
to (fiine particles of a magnetic substance (e.g., iron filings) situated in the magnetic
field.

48. Magnetic Pole. The magnetic poles (or simply the poles) of a magnet are those
portions of a magnet toward which the external magnetic field tends to converge or
from which it tends to diverge. Magnetic poles always occur in pairs; they cannot be
isolated as can electric charges. The size and position of the poles of a magnet depend
upon its shape and also upon its magnetic characteristics. For a magnet that is long
and slender (as a steel needle), the poles are located at small regions near the ends.
In such a case the poles are virtually points, and it is convenient to regard them as
concentrated at points.

A study of magnetostatics may be built up on the hypothesis that magnetic poles
can be considered to exist in complementary pairs. The mathematics of magneto-
statics then becomes very similar to the mathematics for electrostatics, but a different
physical interpretation to the equations is required because isolated magnetic poles
have not been identified.

49. Coulomb’s Law for Magnetic Poles. Experiment shows that for long, thin,
magnetized needles, the poles may be regarded as being concentrated at points near
their ends. The regions at which the magnetic effects are concentrated may then be
regarded as isolated magnetic poles each of which establishes its own spherical mag-
netic field of force, much as isolated charges establish their spherical electrical field of
force. This point of view is justified by the mathematical convenience of the equa-
tions of magnetostatics (and the similarity of the equations of magnetostatics with those
of electrostatics) rather than by the precision with which this view accords with physi-
cal facts. If such a view is adopted, the force between magnetic poles obeys the inverse
square law, and Coulomb’s law may be applied to magnetic poles as well as to electric
charges.

Coulomb’s law for magnetic poles may be stated as follows: In a homogeneous, iso-
tropic medium, the force between two magnetic poles that are small compared to the
distance between them is proportional to the product of the magnitudes (or strengths)
of the two poles, inversely proportional to the square of the distance between them,
and inversely proportional to a characteristic property of the medium in which the
poles reside, called its “permeability.” The force between unlike poles is one of
attraction; the force between like poles is one of repulsion.

Mathematically, Coulomb’s law for magnetic poles may be stated as

MM, MM,

Wt momel®
where, in mks units, f is the force in newtons exerted between the two poles, M; and
M are the magnitudes of the pole strengths of the two magnetic poles, u = pour i8 &
physical property of the homogeneous, isotropic medium in which the poles reside,
called the “permeability ”’ of the medium, o is the permeability of free space (vacuum)
measured in henrys per meter, u, is a numeric expressing the ratio of the permeability
of any material substance to that of free space, [ is the distance between the two poles

f = KnK'
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in meters, K, is a constant relating pole strength and mechanical units of force, and
K’ is a constant which adapts the equation to the rationalized or unrationalized system
and whose value is given in Table 6.

With the exception that no free, isolated, magnetic poles exist (so that, for example,
there is no magnetostatic equivalent of the electrostatic charge density), the reasoning
developed for electric charges applies to magnetic poles. Thus, Gauss’s theorem and
the equation of Laplace apply to magnetic poles as well as to electric charges, but
Poisson’s equation becomes identical with Laplace’s since there is no magnetic * pole
density.”

50. Pole Strength. The strength of a magnetic pole that can be considered as
concentrated at a point is measured by the force exerted on the pole when it is placed
in a magnetic field of known intensity in a vacuum. A unit magnetic pole is one which
is concentrated at a point and which has such strength that, when placed at a unit
distance from an exactly similar pole, will experience a unit-repelling force. In the
cgs electromagnetic units, the unit of pole strength is the pole, but this unit has no
name in the cgs electrostatic or in the mks systems of units.

61. Magnetic Field Intensity. The magnetostatic field intensity due to a magnetic
pole is defined as a vector whose magnitude is equal to the force per unit magnetic
pole strength exerted on a test body, and whose direction is the same as the direction
of the force exerted on the test body. The test body is a concentrated north-seeking
pole of such small strength (strictly, infinitesimal strength) that its presence does
not alter the magnetic field that it is intended to measure.

The magnetic field intensity may be defined by the magnetostatic relation,

. Af
x A};’;B., aAM
where, in the mks system of units, 3C is measured in ampere-turns per meter, f is the
force in newtons, and M is the pole strength. This equation is analogous to the electric
field intensity produced by static electric charges. The magnetic field intensity may
also be defined by a dynamic relation in terms of current flow (see Sec. 68).

The direction and magnitude of the magnetic field intensity may be represented
by lines of magnetic force, just as lines of electric force reprcsent the direction and
magnitude of the electric field intensity.

62. Magnetic Flux. The magnetic flux, ¢, produced by magnetic poles, through a
surface may be regarded as the number of lines of magnetic force that cross perpen-
dicular to the surface. It is a scalar quantity, derived in a way completely similar
to that by which electric flux is derived. In the mks system of units, the magnetic
flux is' measured in webers.

63. Magnetic Induction; Magnetic Flux Density. The magnetic induction, or the
magnetic flux density, at any point in a magnetic field, is a vector whose magnitude
is u times that of the magnetic field intensity, 3¢, and whose direction is that of the
magnetic field intensity. If 3C is the magnetic field intensity and u is the permeability
of the magnetic medium, then the magnetic induction (or magnetic flux density) is
given by the relation

® = piC

In mks units the magnetic induction is measured in webers per square meter.
In terms of the magnetic flux density, the magnetic flux is given by

¢=//a(3cosods

where 6 is the angle between the direction of ® and the norinal to the surface element.
Over a closed surface,

¢=#‘(Bcosods=0

This relation may be regarded as a result of the absence of free, isolated magnetic
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poles. Permanent magnets, however small, are always found in equal and opposite
pairs. Therefore, for any volume containing a permanent magnet, as many lines of
magnetic force leave the surface of enclosure as enter it; so the net or resultant flux
is zero. In mks units, ¢ is the magnetic flux in webers, ® is the magnetic flux density
in webers per square meter, ds is an elementary surface area expressed in square
meters, and 0 is the angle between the direction of the flux density and the normal to
the element of surface, ds.
In differential form, Gauss's theorem for magnetic flux density is given by

e, d®,  d®,
dz +-d—y' + dz

In words, the divergence of magnetic flux from a closed surface is zero.

54. Magnetization. Magnets are regarded as being produced by the proper align-
ment or orientation of elementary magnets (of crystalline dimensions) within the
crystalline structure of the magnetic material. In the natural state the elementary
magnets are at random orientation; hence, the substance shows no magnetic proper-
ties. As more and more of the elementary magnets assume the same orientation, the
magnetism increases, up to the limit attained when all elementary magnets are aligned
in the same direction.

The magnetic properties of material substances may be separated from those o1
free space in the same way in which dielectric polarization was separated from the
permittivity of free space. Thus, we may write

® = pIC = poprdC = po¥C + (pr — 1)uodC = podC + 420N

where 9 is the intensity of magnetization which, in the mks system, is measured in
webers per square meter.

66. Permeability and Reluctivity. Permeability, designated by the symbol g, is
the property of an isotropic medium which determines, under specified conditions,
the magnitude relation between magnetic induction and magnetic intensity (also called
“magnetizing force’’) of the medium.

Under the specified conditions, permeability is measured as the ratio of the magnetic
induction to the magnetic intensity. Mathematically, the permeability is defined
to be

=0

L
P %
Reluctivity of a medium is the reciprocal of its permeability. Mathematically,

1 X

p=—=—

B ®

ELECTRODYNAMICS

56. Definition. Thus far we have dealt with electric charges and magnetic poles
in the static case; i.e., we have dealt with charges and poles free from motion relative
to the reference coordinate system. So long as only static conditions were studied,
there were no discernible connections between electricity and magnetism. With the
discovery, in 1820, by Oersted (quickly repeated by Ampére) that the flow of an
electric current produced a magnetic field, and the further discovery by Faraday in
1831 that varying magnetic field was capable of producing an induced electromotive
force, the connection between electricity and magnetism was clearly and firmly
established, and from then on the unified subject of electromagnetism was studied.

Electromagnetism may be defined as the study of electricity (electric charges) in
motion, the magnetic effects produced by the flow of electricity, and, conversely, the
electrical effects arising from the relative motion of a magnetic field and path through
which electric current may pass or flow. The current may be a conduction current
or a displacement current. In the former case, electromagnetic energy may be
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guided between two points connected by a conductor. In the latter case, electro-
magnetic energy may be transferred from one point to another through a dielectric.

The term “‘electrodynamics’’ (or electrokinetics) is used in place of electromagne-
tism, particularly when the motional aspect of the electric charges is emphasized, as
in distinguishing electrostatics from electrodynamics. The term ‘““clectromagnetism”’
usually includes electrostatics and, hence, is often regarded as a more encompassing
term than ‘‘electrodynamics.”

67. Electric Current. An electric current through a surface is the time rate at
which positive or negative charges pass through it. If both positive and negative
charges are simultaneously passed through the surface, the current is the time rate of
passage of the algebraic sum of the two. Three types of current flow are recognized:
conduction current, convection current, and displacement current.

A conduction current comprises the movement of negative charges (electrons)
exclusive of any movement due to the transportation of negative electricity by masses
larger than electrons. A convection current is a current in which the charges are
electrified particles larger than electrons. The displacement current through any
surface in an isotropic dielectric is proportional to the time rate of change of the dis-
placement flux through the surface.

In accordance with these definitions, the conduction and convection currents may
be regarded as the flow of physical particles through a surface, the magnitude of the
current being proportional to the net flow of the charged particles transported through
the surface. No charge can pass through an ideal dielectric. and yet the time-varying
charges accumulating on the plates of a capacitor give every indication that their
physical presence is equivalent to the flow of a time-varying current through the dielec-
tric. The magnitude of this displacement current is proportional to the time rate of
change of the electric flux between the two conductors of the capacitor. But such a
time rate of change of electric flux exists in the case of conduction and convection
currents as well. Instead of visualizing the electric current as the flow of actual
particles through a surface, a more fundamental and basic point of view is to regard
the electric current as the time rate of change of the clectric flux produced by moving
charges. If the charges are able to pass through a surface, then the effect is the usual
one associated with a conduction current or with the continuous passage of charged
particles. On the other hand, if the charges are prevented from crossing a surface (as
in the case of the dielectric in a capacitor), the flow of displacement current is still
permissible without any change in fundamental concepts. In any case, the total
current flowing at any instant of time is the sum of the conduection, convection, and
displacement components of current.

If Q represents the charge of moving charged particles, the conduction (or convec-
tion) current is given by

aQ
T odt
whereas if ¢y = K"'Q = Q/K"’is the electric flux produced by the charge @ and flowing

through a surface, the digplacement current through this surface due to the variation
of the electric flux is

I.

¥
li =K'

The total current, composed of conduction (or convection) and displacement com-
ponents, is

d ., d
Lm0, =221 k%

In mks units, the charge and flux are measured in coulomb units, and the current (all
components, individually or collectively) is measured in coulombs per second or in
amperes,
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58. Current Density. Current density at a point is a vector whose direction is the
same a8 that of the current flow and whose magnitude is equal to the limiting ratio
of the current flowing normally across the surface, as the surface becomes infinitesi-
mally small. The current density represents the current flow per unit area at the
point. In mediums that obey Ohm's law, the current density is proportional to the
electric field intensity.

If s is the area surrounding the specified point at which the current flows, I is the
magnitude of the current flowing, 6 is the angle between the direction of current flow
and the normal to the surface through which it flows, then the normal component of
current across the surface is I, = I cos 6, and the current density is defined to be

)
g = lim al,
As—0 As
In the mks system of units, current is measured in amperes, area is measured in square
meters, and current density is, therefore, measured in amperes per square meter.
In terms of the current density, the total current flowing across a surface, s, is

Lo [ fsesoinn [ [anism [ [oa

If 4. is the conduction (and convection) component of the current density, and
g4 = K'(dD/dt) is the displacement component, the total current density is then
dr = 9. + 84 = 9. + K'(dD/dt), and the normal component, flowing perpendicularly
through a surface, is given by

dD
= [Qtad
4, = (Qe + K at/.

where, in the mks system, §, is measured in amperes per square meter.

59. Continuity of Current. Frcn the fact that elementary charges are indestruct-
ible, we may conclude then an electric current is continuous and that electricity is
conserved. Such isindeed the case. The proof of this statement is readily available.!

80. Magnetic Field Produced by Electric Currents. Ampére’s experiments on the
magnetic intensity produced by an electric current showed that the magnetic field
intensity produced at a point is proportional to the number of conductors, N, the
current, I, in each conductor, the length, [, of the current-carrying elements, and the
sine of the angle, 0, between the direction of the current element and the radius vector,
r = OP, from the current carrying element to the point P; it is also inversely propor-
tional to the square of the distance, r, between the current-carrying element and the
point of observation. Mathematically,

NIl sin ¢
€ = Y
where, in mks units, the magnetic field intensity, 3C, is measured in ampere-turns per
meter. From the relation, ® = ¢, it follows that the magnetic flux density due to
the flow of current through current-carrying elements is given by

NIl sin 6
® = u( ’B )
r
where ® is measured in webers per square meter in mks units.

Lines of magnetic intensity surrounding a current-carrying conductor are repre-

sented in the diagram of Fig. 23.
61. Divergence of Magnetic Flux. For a magnetic field produced by the flow of
an electric current, as well as in the magnetostatic case, the magnetic flux is given by

¢=fj:&coseds

1 See, for example, such references as the following: R. W. P. King, “ Electromagnetic Engineering,”
Vol. 1, McGraw-Hill, 1945; J. A. Btratton, * Electromagnetic Theory,” McGraw-Hill, 1941; W. R.
Smythe, *Static and Dynamic Electricity,” McGraw-Hill, 1939,
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where 8 is the angle between the direction of ® and the normal to the surface element,
ds. Over a closed surface, o )

|
¢=#.(Bcosoda !

i.e., the divergence of the magnetic flux, over a closed surface, is zero. This is repre-
sented diagrammatically in Fig. 23 by the illustration showing as many lines of
magnetic intensity entcring as leaving a small volume containing the current-carrying

clement.
62. Magnetic Force Produced by Current Elements. If a conductor of N turns,

through which current I flows, lies in a magnetic field whose flux density is ® webers
per square meter, the force exerted on the conductor is given by the relation

f = ®NIlsin 6
where 8 is the angle between the direction of ® and that of L.

i /Kﬁcos 0'ds+0 -
—_—

Magnetic flux diverging
from closed surface

Normal 1o surface )

1,7
N
Closed surfoce

Fi1c. 23. Lines of magnetic intensity around a current-carrying conductor are continuous,
and the total magnetic flux crossing a closed surface is zero. x

Since a magnetic field can be produced by the flow of current through conductors,
and further since a current-carrying element in a magnetic field has a force exerted
upon it, it follows that a mechanical force must exist between two current-carrying
conductors.

63. Electrical Conduction. The electric field intensity, §, is the force that tends
to move electric charges. Under the influence of such a force, a current density, 9,
tends to flow in a conductor, the current density being represented by the time rate
of flow of charges across an area perpendicular to the electric field intensity. The
electric field intensity may then be viewed as the cause that produces or tends to
produce a flow of conduction current density. There must, therefore, be some rela-
tion between & and 4 to express this cause-effect relation and, from what has been said
ahout dielcetrics and conductors, we might expect the results for these two cases to
differ.

The relation between the electric field intensity and the current density cannot be
obtained by simple reasoning alone; recourse must be made to experiment as well as
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to theory to obtain this relationship. Experiments show, however, that for homo-
geneous solids, this relationship is given by

§ = o8

where o is a constant, characteristic of the material through which the electric field
is established and through which the current flows, called the ‘“‘conductivity” of the
material. We may also obtain the correlation by means of the expression,

& = pd

where p = 1/0 is a characteristic of the material, known as its ‘“resistivity.” It
should be observed that although the Greek letter sigma (o) has been used for surface
charge density as well as for conduetivity, there is no connection between the two con-
cepts expressed by the same symbol.  Likewise, there is no connection between volume
charge density and resistivity although both are expressed by the Greek rho (p).
Little confusion will result because of the usc of common symbols for different ideas,
since the context will indicate which meaning is intended.

64. Conduction in Metals. Being an inherent property of a material to which an
eleetric field is applied, the conductivity may be expected to be a function of the physi-

Table 7. Resistivity and Temperature Coefficient of Resistivity
of Common Electrical Conductors at t, = 20°C

Resistivity, Temperature
Material ohm-m cocflicient, A/°C

Aluminum.... ... ... .. i e 2.824 X 10°¢ 0.0038
Antimony..... .. it i 41.7 X 10-¢ 0.0036
Bismuth 120 X 10-¢ 0.004
BrABS. .ot vvvvrveiorvonnnrnnvaranrstsassanane 7 X 10-8 . 0.001-0.002
Carbon . . oo vt e e s 2.900 X 10-8 —0.0005
Copper, annealed..........c..ooevnrrincerneens 1.724 X 10-% 0.00393
Copper, hard-drawn.............. oot 1.771 X 10-¢ 0.00382
Gold. . ..ot i et 2.44 X 10-8 0.0034
Iron......... 10.0 X 10-8 0.0050
Mercury 95.783 X 10-% 0.00089
Molybdenum.........oiiiiiriiir i 5.7 X 107® 0.0033
NicKel. .. io vttt it i iy 7.8 X108 0.006
Platinum. ...oovvvvvein i iiiaren ey 10.0 X 10-¢ 0.003
L1 R0 P R 1.59 X 10°8 0.0038
Tantalum......covevvnnneenrnccssnsosoanarss 15.5 X 10-¢ 0.00347
ThOrUmM . e v vt v ti i i innncnnorronseosonesananss 40.1 X 10-¢ 0.0021
T YL T ¢ P I R 5.6 X 10°¢ 0.0045
ZANC. ..ttt s 5.8 X 10-¢ 0.00415

cal or chemical composition of the material, particularly with regard to those factors
which determine or influence the relative freedom of motion of electrons within the
material. This is, indeed, found to be true, so that the electrical conductivity or
resistivity of a medium can be related to its characteristic atomic structure.
An elementary theory of metallic conduction® shows that the conductivity of a sub-
stance is given by the relation
1, ,
=5 Ne
where L, is the mean free path of the electrons in the conductor, v, is the average
random velocity with which the electrons travel, N is the number of electrons in a
length, I, of conductor of uniform cross section, and e is the charge of the electron.
In mks units the conductivity is measured in mhos per meter. The resistivity,
p = 1/a, is measured in ohm-meters in the mks system of units.

1 Page, L., and N. I. Adams, " Principles of Electricity,” p. 162, Van Nostrand, 1931.
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The number of free clectrons, N, in any given length of uniform conductor may be
expected to be a function of temperature, so that the electrical properties of conductors
are likewise a function of temperature. For metallic conductors, the resistivity
increases with the temperature, but there are some materials, of which carbon is a
notable example, in which the resistivity decreases with an increase of temperature.
The resistivity of a homogeneous material may be expressed, as a function of tempera-
ture, by the expression,

p = Po[l + A(f - to)]

where p, is the resistivity of the material at the specified or reference temperature,
lo, t is a temperature at which the resistivity is desired, and A is a constant, called the
“temperature coefficient”’ of resistivity, typical values for which are given in Table 7.

66. Force between Current-carrying Elements. It has been shown (Sec. 60) that
a current-carrying circuit element establishes a magnetic field and (Sec. 62) that a
force is exerted on a conductor carrying a current in a magnetic field. Therefore,
if two conduector elements each carry an electric current, each will be in the magnetic
ficld produced by the other; hence, a force will be exerted between the two. The
force between these two clements is given by

f = KK’ (%) (N1l sin 6:)(Nasls sin 8,)

where N; and N; are the number of turns of the first and second circuit elements, I,
and Iz are the currents in the first and second clements, respectively, [; and I are the
lengths of the first and second conducting clements, and 6; and 8; arc the angles
between straight lines eonnecting the two current-carrying elements and the direction
of the first and seccond elements, respectively. In mks units, fis measured in newtons,
I in amperes, [ in meters, and g in henrys per meter. The factor K.m relates units of
mechanical foree with units of current, and K’ is a factor, as given in Table 6, whose
value depends on whether rationalized or unrationalized system of units are employed.

66. Relation between Static and Dynamic Force Fields. Coulomb’s law for electric
charges and magnetic poles provides a means of relating mechanical forces with the
magnitudes of clectric charges and magnetic poles. On the basis of Coulomb’s law for
electric charges, the electrostatic system of units has been developed. Quite inde-
pendently, the magnetic system of units has been derived on the basis of Coulomb’s
law for magnetic poles. The force between two current-carrying elements provides a
means for relating the static and dynamic force fields, since currents produce magnetic
effects and are but the flow of charges, it also provides a means for checking and
correlating the system of units established for the electrostatic and magnetostatic
cascs.

Equating the forces obtained from charges, single-turn current-carrying circuit
elements, and magnetic poles, the three force expressions are,

MM
f = KK =2 Q’Q’ = Kem K’— (ulily sin 0) (ulals sin 6) = KnK' —5° ==

By the definition of unit current and magnetic shell, the last two expressions
must be identical so that K.n = Km. To simplify ca]culatlons let @1 =Q:=Q,
My =M, =ML, =1l = Il,and let9, = 6, =6 = 90°sothatsm # =1, Then,
for r the same in all cases

(€)= e (1) = ks

For a steady current, I = Q/t; hence,

k(%) =k (F)
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K, 1 (l)‘-
== =(-) =
K ue t

where the velocity v is given by I/t.

If the permittivity and permeability of free space are both taken as unity, as they
are in the cgs electrostatic and electromagnetic (magnetostatic) systems of units,
the ratio of units in the two systems has the dimensions of velocity squared. Further
examination of the units of measurement in these two systems shows that they are the
same as the velocity of light in free space to well within the limits of experimental
error. For mediums other than that of free space, the actual values of s and ¢ must
be used to determine the velocity of propagation of electrical effects.

The somewhat unexpected result that the ratio of dimensions in the cgs electro-
static and magnetostatic systems has the dimensions of velocity squared comes from
the fact that values for permeability and permittivity were arbitrarily assigned at a
time before there was any known relation between electricity and magnetism.

67. Magnetomotive Force. The magnetomotive force acting in any closed path
in a magnetic field is the line integral of the magnetizing force around the path. In
any closed path, the magnetomotive force resulting from the flow of current through a
path is proportional to the current that links its path. In mks units, the magneto-
motive force is expressed in ampere-turns, and around any closed path has the value

FH cos8dl = K'"NI

where 6 is the angle between the direction of 3C and that of [, N is the number of times
the path links the magnetic field, I is the current in amperes, and K’’’ has the value
given in Table 6.

68. Ampeére’s Circuital Law for Magnetic Intensity. In radio practice we are
interested not only in conduction currents and circuit phenomena (in which current
flows through filamentary circuit paths), but also in the general flow of current
through space, more conveniently expressed in terms of current density. Further-
more, the current density may have displacement as well as conduction components.
For the case in which current density flows through a surface, Ampére’s circuital law
of magnetic intensity may be stated as follows: The magnetizing force around a
closed loop is equal to the total current flowing through the surface bounded by the
loop. Mathematically,

= 1 ud;_D) _ 'H;( ué‘_b
¢5€cosodl—/ﬂ;K (9¢+K 7 nds—l\ I.+ K 2

In this case g. is the conduction component of the current density and dD/dt is the
displacement component, while I. is the conduction component of the total current
and dy/dt is the displacement component of current. The subscript, n, designates
the normal component. In the mks system of units, current is measured in amperes,
current density in amperes per square meter, and magnetic field intensity in ampere-
turns per meter.

The integral form of Ampére’s circuital law, above, is particularly suitable when the
net over-all, or integrated effects of the resultant magnetic field and electric currents
are of primary concern, as in dealing with eclectric circuits. When dealing with
radiation phenomena, field concepts, or other matters in which the spatial distribu-
tion of electromagnetic effects is important, it is more convenient to deal with the
differential form of Ampere’s circuital equation in which the directional components
of the current density and electric flux density are expressed in terms of the curl or
rotational components of the magnetic field intensity.

In deriving the differential form of Ampeére’s circuital law, the resultant current
flow i8 resolved into three orthogonal components; likewise the resulting magnetic
field is resolved into three orthogonal components such that the circuitation of the
magnetic field is in a plane normal to the direction of flow of the electric current.

from which
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The resultant effect, at a point in space, is then the vector sum of the three orthogonal
components.

In rectangular coordinates the differential expression for Ampere’s circuital law
takes the form

nrD . dﬂ),) ( dD) ( th)
1" "oz Syt "0 22y 1" " Z27F
iK (s,-}-l& T + jK'"" \9, + K 7 + kK" \4, + K 7
(B ) g (e, ()
-‘(ay FY +i dz z +k z ay
The sum of the three directional components gives the relation, at a point, for Ampeére’s
circuital law.
The diagram of Fig. 24 represents the relation existing between the direction of the
flow of current, the direction of the magnetic field intensity, and the direction of a
closed path, as called for by Ampere's circuital law.

/

~

fﬁcos 8di = 1

Magnetomotive force Current through surface
around closed loop bounded by loop

Path of integration
{(chosed loop)

Current flowing through
N surfoce bounded by
closed loop

“~Surtace bounded by
closed loop

F16. 24. Diagram representing the integral form of Ampére's circuital law.

69. Electromotive Force. Electromotive force {(emf) is that property of a physical
device which tends to produce an electric current in a circuit. It is also that property
of a system which tends to alter the motion of electricity, or to maintain its motion
against resistance. Like the difference of potential, emf is measured by the energy
per unit charge imparted to the charge as it travels through a region in which the emf
acts. It is evident, therefore, that the emf is not, as its name would imply, a force,
but rather work per unit charge. In the mks system of units, the unit of emf is
the joule per coulomb, to which the name ‘‘volt” has been given.

One form of emf has already been encountered, that of electrostatic potential dif-
ference, which exists by virtue of the position of electric charges. Sources of electric
energy, such as batteries, thermocouples, and photoelectric devices, are capable of
producing an emf by chemical action or by the action of radiant energy. Another
type of emf, first discovered by Faraday, results from the motion of a conductor in a
magnetic field ;it iscalled the “induced ” emf, or the *electromotive force of induction.”

70. Faraday’s Circuital Law for Induced Emf. As a result of extensive researches,
Faraday, in 1833, was able to announce his discovery of the relation governing an
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emf appearing across a section of a conductor having motion relative to a magnetic
field in which it is situated. Fn the following year, Lenz clearly spccified the relation-
ships between the directions of the magnetic field, the motion of the conductor relative
to the magnetic field, and the polarity or direction of the resulting emf. Asamplified
by Lenz, Faraday’s law may be stated as follows: When the change in magnetic flux
linkages is caused by the relative motion of a magnetic field and a conductor forming
part of an electric circuit, an electromotive force is induced in the circuit, the magni-
tude of which is equal to the time rate of decrease of the flux linkages.

A flux linkage is defined as the interlinking of a line of magnetic flux with a single
conductor, and is represented by the symbol A. Therefore, A = N¢ flux linkages
signifies the product of ¢ lines of magnetic flux linking N turns of a conductor or,
conversely, N conductors linking the magnetic flux, . With this notation, the
magnitude and direction of the emf induced in a conductor is given by

dA d(N¢)
E=-g = dt
where, in mks units, E is the induced emf in volts, N is the number of conductors
(or number of turns of a single conductor closely bunched together), and ¢ is the
magnetic flux in webcrs.

The relation given above is quite suitable for electric circuits but, when dealing
with field phenomena, the equations are more convenient when expressed in terms of
the electric field intensity and the magnetic flux density together with elements of
length and surface. Since the drop in emf around a closed loop is given by the relation
# &cos 6 dl and the magnetic flux traversing the surface enclosed by the loop is given
by ff. ® cos ¢ ds, Faraday’s law for electromotive induction may be written as

a
¢Scosodl——-— /(Bcoso’ds
at .

where (in mks units) § is the electric field intensity given in volts per meter, ® is the
magnetic flux density in webers per square meter, dl is an element of length in meters,
ds is an element of area in square meters, and 6 is the angle betwecn the direction of
the electric field intensity and the line element, whereas ¢’ is the angle betwcen the
direction of the magnetic flux density and the normal to the surface through which
the flux passes.

The magnetic flux density is a continuous function of time, ¢, and surface, s. For
such conditions it is permissible to perform the differentiation under the integral sign!
so that Faraday’s circuital law may also be written in the form

¢Scosodl= —//M—)ds
s at

where the symbolic notation is the same as before.
At a point, this field relation may be expressed in the differential form

. {98 a8, . {982 a8, a8, 98, L9, . 0@, 0@,

"oy az)""(az az)"'k(az_ay)*"(’ a tig tEY
where, in mks units, § is the electric field intensity in volts per meter, ® is the magnetic
flux density in webers per square meter, and the directional components are indicated
in rectangular coordinates, by the subscripts.

In the diagram of Fig. 25 is represented flux density, ®, flowing through the surface,

8, enclosed by a looped conductor. The direction between the plane of the closed
conductor and the plane normal to that of the magnetic flux is 6, and the direction or
polarity of the emf induced in the loop is also indicated.

1 8okolnikoff, I. 8., and E. 8, Sokolnikoff, ‘' Higher Math ties for Engi and Physicists,”
MeGraw-Hill, 1941.
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71. Potential Difference, Electromotive Force, and Voltage. The terms ‘‘potential
difference,” ‘“‘electromotive force,” and ‘““voltage’’ are often used loosely and indis-
criminately, although there is a clear distinction between the first two of these at least.

Strictly speaking, the potential difference is the difference in electrostatic potential
due to the distribution of electric charges, and the magnitude of the potential difference
depends upon the magnitude and positions of the charges. The concept is also
extended, however, to the case of moving charges, i.e., the case in which current flows,
in which case the potential difference is interpreted, at any instant of time, to be the
same as the electrostatic potential difference for the charge configuration at the instant
in question. This extension of the concept of electrostatic potential difference is
valid for time variations of the charges, or frequencies of current, so long as the
electromagnetic field is essentially of equal magnitude, at any instant of time, for

-_9 /
Pré' cos 8dl == Effsﬂ cos O ds
- — .
Electromotive force  Time rate of decreose
induced in closed of flux linkages enclosed
loop by loop _~Plane of loop

Direction of ¢

3-s = @ ( Flux linkages enclosed

[/
Area ot loopS . _ e

]
Normal fo surface of loop

Fia. 25. Representation of integral form of Faraday's circuital law for induced emf.

the entire region occupied by the clectrical systemn with which it is associated. At
sufficiently high frequencies, the concept is no longer applicable.

An electric field may be produced by the distribution of electric charges or, in
accordance with Faraday’s circuital law, it may be produced by the relative motion
of a conductor and a magnetic field. The latter case, that of the electrodynamic field,
is distinguished from the electrostatic field in not producing a potential difference in
the absence of material substance, but a conductor in a field of induction has a poten-
tial difference across it.

The term ‘‘voltage’’ is used to designate potential difference whether due to the
simple or extended concepts of electrostatic potential or due to induced emf.

It is worth noting that currents are not necessarily induced. If emf is induced in
a closed circuit, a conduction current will flow, but the emf will be induced whether
the circuit is open or not. Conduction current cannot flow in an open circuit, however.

As mentioned in Sec. 37, if A and B are the two points between which a positive
charge is transferred, then B is at a higher potential than A if external work is done in
transferring the charge from A to B, t.e., if energy is expended to cffect this transfer.
Point B is then said to be at a higher potential than point A; alternatively, point B
is said to be positive with respect to point A. Energy is given up when the positive
charge is transferred from B to A.
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THE ELECTROMAGNETIC FIELD

72. Electromagnetic Field Relations. As concerns its electrical aspects, the basis
of radio communication resides in the four electromagnetic field relations known as
Maxwell’s equations, which have already been developed and are summarized in
Table 8. They are fundamental in the sense that from them can be derived relations
of circuit behavior, the wave equation, the propagation characteristics of electro-
magnetic waves (if enough is known of the transmission medium), and the like.

Maxwell’s electromagnetic field equations should be regarded as a compact and
generalized means of expressing known electrical phenomena. This set of relation-
ships differs from most equations used by engineers in that they do not provide
information in a form that is directly applicable for design purposes. In fact, the
use of these equations for most problems of engineering application usually involves
such difficulties of specifying boundary conditions and mathematical manipulation
that the Maxwell equations have little direct usefulness to engineers. But by no
means do these limitations invalidate their utility, for this set of relations can be made
to yield other relationships (e.g., the laws for electric circuits) applicable in special
cases and sufficiently easy to manipulate as to be of great practical utility.

In Table 8 each of the four Maxwell equations specifying a fundamental electro-
magnetic relation is interpreted in six different ways in addition to the pictorial repre-
sentation referred to by the figure numbers. The first column gives the usual name
of the relationship. The second column provides a word statement of each relation,
which aims to express the fundamental physical behavior without recourse to mathe-
matical notation. The next column gives the figure number in which the approxi-
mate physical relations are pictorialized. The next columns express the result of
physical observations in the classical form of integral equations which take account
of the total, net, or resultant of all directional components of the field. The last
columns are the equivalent integral expression in the notation of vector analysis.




Table 8. Alternative Statements of Maxwell’s Equations

Classical form Vector form
Name Statement Fig.
Integral Differential (point rel.) Integral Differential (point rel.)
1. Gauss's theorem for elec- | The electric flux diverging | 22 ' 2Dz 9Dy . D K"p ] X
tric flux density (Cou-| from a closed surface, v, is V= aﬂ)cosﬂd: ;4—6—'4-?;‘-{ or v = .fD‘ﬂdl divd = VD
lomb's law for single di-| equal to K times the total v 0 K'"p
electric) density enclosed by the - d = or
surface or to K times the ,p * 0
charges enclosed by the sur- = K"Q
face enclosing the volume
2. Gauss'’s theorem for mag- | The magnetic flux diverging | 23 aB: 9By B :
netic flux density (Cou-| from a closed surface, ¢, is ¢= . ® cos 0" ds e + —6_.! + -.g' =0 ¢ = g ®ds div® = V-®
lomb's law for a single| zero. It follows that mag- J =0
magnetic medium, or law | netic lines of force are con- =0
of magnetic flux density) | tinuous, orform closed loops
3. Circuital law for magnetic | The magnetomotive force | 24 230 age
intensity (from Ampere| around a closed loop, F, is F= ¢3€ cos 0 dl " ‘E! F=0Jd curl 3¢ = V x 3¢
and Maxwell) proportional to the total " D
current flowing through the - ' ( - K" (g +E” 2: _ - ( = K 4o+ KI’F)
surface bounded by the loop s 9e * at 3 ge
a:D) 3¢ 93C: , 35))
et OR=  oots 0 €92 Y gy
L at /n de az oz qels at
2 "fbv)
ko (o4 0022
2%y _ 3t
oz ay
aﬂ).)
- R "=
K (9: +k 3t
4. Circuital law {or induced | In all cases in which the flux | 25 3 3
emf (generalized law of | link change, the alge- E-¢8mﬂdl a—%‘—%n—% E=0Q¢&d curl § = ¥ X 3C
Faraday)_ braic value of induced emf e o a®
in a closed loop, E, is equal 3 98 38« By 4 "
to the time rate of decrease =—5}fj;&m”ﬁ‘;—‘a‘=-7 == % a(B'dl
of flux linkages enclosed by
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T ) Js & oy at - s at
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The integral form is the basis of circuit cquations and is most suitable where the
integrated elcetric and magnetic fields are most conveniently expressed in terms of
voltage and current. Each of the field components is also expressed in the form of a
differential equation, one column giving the classical form (in rectangular coordinates
only) and the other giving the equivalent in vector notation. As given in Table 8,
the equations are suitable for either the rationalized or unrationalized system. The
diffcrential form of the field equations is most suitable for the determination of rela-
tions at a point, or where it is necessary to take into account the spatial and direc-
tional distributions of the electric and magnetic effects of electromagnetic phenomena.
The classical method of writing these equations is somewhat long but, for purposes of
physical interpretation, has the advantage of illustrating the manner in which each
directional component of the electromagnetic field is separately involved. The vector
form is much more compact and has the advantage that the same compact notation
is used for any orthogonal system of coordinates. A working knowledge of vector
analysis is required before the physical interpretation of the equations is evident,
however.

73. Maxwell’s Equations for Special Cases. Maxwell’s equations may be grouped
into five distinct divisions, depending upon whether or not certain effects are functions
of time and whether the magnitude of certain physical effects is sufficiently small to
be negligible. From an engineering point of view, the separate cases are (1) the
static case, (2) the steady case for stationary electric and magnetic fields, (3) the
quasi-steady case for closed circuits in which, except for capacitors, the displacecment
component of the current is sufficiently small to be negligible, (4) the quasi-steady
case for open circuits in which displacement current is no longer negligible, and (5)
the general case of dynamic phenomena in which the magnitude of the displacement
current is appreciable and may exceed that of conduction current. These cases are
discussed below.

1. The Static Case. The static case is that, encountered in electrostatics and
magnetostatics, for which no time variations of electric charges or magnetic poles
occur. There is no flow of charge and, therefore, there can be neither conduction nor
displacement currents. Except for Gauss’s theorem for clectric charges, the right-
hand side of all the Maxwell equations reduces to zero; it may even reduce to zero for
Gauss's theorem for electric charge if the medium is charge-free. The electrostatic
and magnetostatic fields have independent laws (the divergence equations deduced
from Coulomb’s law) even though the mathematical forms of these laws are similar.
Energy is associated with the electrostatic field and also, &aparately, with the magneto-
static field. The electrostatic and magnetostatic fieldf become superimposed upon
one another without influencing each other in the slightest degree; hence, the complete
scgregation of the two kinds of fields and the impossibility of determining the connec-
tion between electricity and magnetism for the static case.

Although the static case has been important in the development of the classical
theory of electricity, it can obviously have no direct application in conveying electrical
communication, for the essence of electrical communication is the time variation of
some electrical quantity in accordance with the information to be transmitted.

2. Steady Case for Stationary Electromagnetic Field. The steady case is that,
encountered in d-c circuits and systems, for which there is a constant and steady flow
of electric charges to produce a conduction (or convection) current, but no displace-
ment current is possible. All of Maxwell’s equations have interprctation except that
expressing Faraday’s circuital law of induced emf which, of course, depends upon a
time-varying magnetic field. Electric and magnetic effects are now no longer inde-
pendent of one another. The electric field in a conductor establishes a streamline of
flow of electric charges which, in turn, gives rise to a magnetic field that is constant
with respect to time and does not react to modify the electric field. A continual trans-
formation of electric energy into heat takes place. Lumped constant circuit elements
can be rigorously defined for this case; in fact, it is the only case for which the circuit
Parameters are rigorously defined. Yet, in the true steady case, i.e., free from tran-
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sients, only the resistance paramcter is encountered in circuit behavior; inductance
and capacitance determine circuit behavior only for transient conditions.

The steady case—the d-c or stationary electromagnetic field case—has no direct
active role in electrical communication that requires time variations of some electrical
quantity. Nevertheless, the steady case is of considerable indirect interest to
engineers because certain important concepts (e.g., lumped circuit parameters) are
rigorously defined only for this case. Moreover, steady voltages and currents are
often required in order that certain pieces of radio equipment (e.g., electron tubes)
may operate properly in their communication application.

3. Quasi-steady Case for Closed Circuits. This is probably the best known of the
five cases since it is the most frequently encountered in electrical engineering. For
this case the conduction current density, the magnetic flux linkages, and the induced
emf are all single-valued functions of time and (except in capacitors) the displacement
current, although not zero, is negligible compared to the conduction (or convection)
component and hence may be ignored or neglected. For this case consideration is
restricted to electrical processes oceurring so slowly that, at any instant of time, the
entire electromagnetic field surrounding the electrical system may be regarded as
uniform. The electric and magnetic effects for this case are mutually related to the
extent that a varying current produces a varying magnetic ficld which is capable of
inducing a varying emf in a neighboring conductor which establishes a varying current
if the conductor is closed. The fact that the displacement current is negligible pre-
cludes the possibility of radiation, or the mutual self-sustenance of electric and mag-
netic field intensities in diclectrics. All Maxwell equations have interpretation, but
(except in capacitors) displacement currents are negligibly small and, therefore, are
omitted from consideration. At any instant of time the current at all points in a
(series) circuit is the same. The magnitude of the displacement current in capacitors
is equal to the magnitude of the conduction current in a series circuit. A very con-
venient and highly useful simplification of Maxwell’s equation results from neglecting
the displacement current.

The very great advantage obtained for this case is that the number of variables
determining the state of the clectromagnetic field is greatly reduced. In fact, for
most problems in this case, it is possible to omit considcration of space variables and
deal only with time variations of the voltage and current—the integrated effects of
the eclectric and magnetic field components. In the case of lincar conductors the
analysis can be still further simplified, for the current is determined by the voltage;
hence, the entire phenomena l%y be expressed in terms of a single varying time func-
tion—either the current or the %oltage. Usually the applied voltage is known, and if
the current is then determined as a function of time, the problem of electrical behavior
for this case is considered to be solved.

As in the steady case, the electric field intensity establishes a streamline of flow
(tangential along the conductors) of electric charges of varying magnitude producing
a varying magnetic field about the conduetor.

For this case, lumped circuit parameters are no longer rigorously defined because
displacement current is not taken into account. Therefore, the use of lumped circuit
parameters leads to approximate rather than exact solutions of the clectric circuit
behavior. The errors involved in such approximations are usually sufficiently small
as to be completely negligible for engineering (and for a good deal of scientific) work.
The magnitude of the displacement current relative to that of the conduetion current
—and, hence, the error due to circuit analysis based on steady-state derivations—
increases with frequency. Such error becomes appreciable (usually for frequencies
above 50 to 100 Mc) for those cases in which the dimensions of the electrical system
are comparable to a wavelength of oscillation or (what is the same thing) forthose
cases for which the instantaneous electromagnetic field can no longer be regarded as
uniform throughout the space occupied by the electrical system. Distributed circuit
parameters, i.e., those circuit parameters whose properties arc spatially distributed
throughout the region of the electrical system instead of being considered as lumped
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at a point in space, may often be used in place of lumped circuit parameters to obtain
solutions of electric circuits (such as transmission lines) in which at least one dimen-
sion is an appreciable portion of a wavelength or more.

4. Quasi-steady Case for Open Circuits. This case is identical to that above with
the following exceptions: Because displacement currents are no longer of negligible
magnitude, the current at all points of an open circuit is no longer the same as in the
case for closed circuits. The flow of energy is no longer tangential along conductors
but has a perpendicular component as well. The electric energy of the field may no
longer be neglected in comparison with the magnetic energy, and the magnetic energy
can no longer be expressed accurately by conditions that apply for stationary currents.
Radiation phenomena begin to become important, for energy may leave the open
circuit and be propagated into space. These conditions are a result of the fact that
the displacement current can no longer be regarded as negligible, although for this
case it is not yet regarded as exceeding the magnitude of the conduction current.

5. General Case for Dynamic Phenomena. For this case, no restrictions are placed
on Maxwell’s equations. It is usually exceedingly difficult to apply the general equa-
tions to engineering problems, and this practical difficulty impedes the application of
the general equations. For this case, the displacement current has appreciable magni-
tude. All four Maxwell equations (and all terms in each equation) are significant and
must be used in their complete form. Circuit concepts are, generally, no longer valid.
For this case, the electromagnetic field can no longer be regarded as uniform through-
out the spatial distribution of the electrical system at any instant of time. Conse-
quently the general case must be employed when very high frequencies are encountered
or when the dimensions of the electrical system are comparable to a wavelength of
oscillation.

Because displacement currents are appreciable, there is a mutual and self-sustained
reaction between the electric and magnetic components of the electromagnetic field
that leads to the phenomena of radiation.

T4. Circuit and Field Phenomena. For convenience in radio engineering practice,
Maxwell’s equations may be divided into two broad categories in which the quasi-
steady case for closed circuits and the general case are the most frequently employed.

Table 9. Comparison of Electromagnetic Field and
Electric Circuit Concepts!

Electromagnetic Field Concept Electric Circuit Concept
Electric field intensity at a point in the medium Electric voltage in branches of an electric circuit
Magnetic field intensity at a point in the medium  Electric current flowing through an electric circuit
branch

Resistivity, or resistance per unit cube, of the Resistance in a branch of the circuit
medium
Permeability of the medium Inductance of a branch of the circuit
Permittivity of the medium Capacitance of a branch of the cirouit
Energy stored in the electric field of unit volume of Energy stored in the dielectric of a capacitor
the medium
Energy stored in the magnetic field for unit volume Energy stored in the magnetic field about an

of the medium inductor
Energy dissipated in unit volume of the medium Energy dissipated as heat in a conductor or
resistor

1 This table is a slight modification of that appearing in J. G. Brainerd, G. Koehler, H. J. Reich, and
L. F. Woodruff, ** Ultra-high-frequency Techniques,’” p. 371, Van Nostrand, 1942.

Upon the first of these cases is built the highly convenient theory using lumped circuit
parameters, which are usually but not necessarily considered to be linear. The
electromagnetic wave theory (including radiation phenomena and the behavior of
electrical systems at very high frequencies) must necessarily be built upon the more
general case of Maxwell's equations. The points of view in these two cases differ
appreciably, as does also the emphasis with respect to spatial considerations. The
approximately analogous concepts for these two cases are given in Table 9, which is
intended to draw attention to the change in emphasis required for the two cases rather
than to establish rigorous parallelisms.
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The relations between circuit and electromagnetic field theory have been ably stated
by Carson! in the following words:

The equations of electric circuit theory in their present form are essentially a generaliza-
tion of the observations of Ohm, Faraday, Henry, Kirchhoff, and others, and their develop-
ment preceded the electromagnetic theory of Maxwell and Lorentz. Naturally, in view
of its early development, circuit theory embodies approximations, the precision of which
cannot be determined from the observations on which it is based. For example, circuit
theory explicitly ignores the finite velocity of propagation of electromagnetic disturbances,
and hence the phenomena of radiation. Again it involves the assumption that the net-
work can be represented by a finite number of coordinates and, thus, that it constitutes a
rigid dynamic system. The rigorous equations of electromagnetic theory formulate the
relations between current and charge densities and the accompanying fields. Circuit
theory, on the other hand, expresses approximate relations between total currents and
impressed electromotive forces.
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ELECTRIC CIRCUITS
76. Electric Circuit Concepts. An electric circuit is a path or a group of inter-
connected paths capable of carrying conduction electric currents. A closed electric

1 Carson, John R., Electromagnetic Theory and the Foundations of Electric Circuit Theory, Bell System
Tech. J., 6 (1), 1, January, 1927.
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circuit is a continuous path in the form of a loop or group of interconnected loops in
which each loop is capable of carrying an electric current.

An assembly of lumped circuit elements is an electric circuit in which dissipation
of energy and the storage of electric and magnetic energy may be considered as con-
centrated separately in each of three different circuit elements of physically small
size. The physical size of lumped circuit elements is sufficiently small (theoretically
infinitesimal) that, at any instant of time and over the region of space occupied by
the circuit, the electric and magnetic fields are uniform. This condition is rigorously
true for the steady (d-c) case and very nearly true if time variations of the electric
and magnetic field are sufficiently slow. A circuit element is a physical device (usually
with two terminals) exhibiting the electrical property of (1) energy dissipation or
conversion of electrical energy into heat in a resistor, (2) storage of electric energy
in a capacitor (or condenser), or (3) storage of magnetic energy in an inductor, or
coil. These three circuit elements dissipate or store energy, and a drop of potential
difference exists across them when an electric current flows through them. A fourth
kind of circuit element, called a ‘‘source’” of electric energy, transforms chemical,
mechanical, or other energy into electric energy and has a rise of potential across its
potentials.

A linear circuit is an electric circuit in which a linear differential equation precisely
expresses the relations between the magnitudes of the instantaneous current and that
of the rises and drops of potential difference across the circuit elements. A linear
circuit is composed of circuit elements whose parameters (whose properties for storing
or dissipating energy) are independent of the magnitude of the voltage across, or the
current through, the elements. Those circuit elements whose properties are depend-
ent upon the voltage or current are termed ‘“‘nonlinear’’ circuit elements.

Lumped or concentrated circuit elements provide a convenient means for dealing
with the integrated effects of electrical phenomena since (except in the case of capaci-
tors in which electric energy is stored) only conduction current is important. The
magnitude of the displacement current in capacitors is equal to the conduction current
in the leads to the capacitor; hence, circuit phenomena are completely expressible in
terms of the conduction current.

In developing the concepts of lumped circuit elements, all electrical effects, including
the electric and magnetic fields, taking place are limited to the immediate vicinity
of the electrical system or circuit. A source of electric energy (rise of potential dif-
ference) establishes electric field intensity along the physical configuration of the cir-
cuit elements, and all currents flow along the circuit conductors as a streamline, in
the same direction as that of the electric field intensity, or the drop in potential
difference.! The geometric configuration of the circuit, therefore, determines the
space geometry of the system. Accordingly, it is possible to dispense with considera-
tions of space coordinates in lumped circuit phenomena and consider only the time
variations of the integrated electric field intensity and current density, %.e., the time
variations of the potential differences and the current. The concept of lumped
circuit elements permits the solution—even if only approximate—of many problems
that are beyond our present ability to solve by means of the more rigorous method
employing electromagnetic field relations.

Strictly speaking, lumped circuit concepts apply only to the case in which the electric
field intensity and current density are invariant with time, <.e., to the steady electro-
magnetic field or the d-c case. As a practical matter, with suitable modifications or
extensions, the steady-case concepts are applicable to those cases in which time varia-
tions of & and g (or E and I) are present, provided the dimensions of the circuit are
sufficiently small so that, at any instant of time, the electric and magnetic fields are
essentially uniform throughout the region occupied by the circuit and provided that
(except in capacitors) displacement currents are negligible and, therefore, radiation
is inappreeiable.

1 This statement applies to the conventional direction of the current; the electron flow is opposite to
that stated here,
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The idea of lumped circuit elements applies to conducting circuits composed of
filamentary conductors through which the current flows and along which there are
differences of potential or of electric field intensity. An exception to this statement
must be made for capacitors, for the capacitance parameter necessarily involves a
volume, across opposite faces of which exists a difference of potential.

Circuit phenomena deal with the integrated effects of & and g; hence, these two
quantities may be replaced by potential difference (£) and current (I), respectively.
In developing the concept of lumped circuit constants, use is made of the relations

® = uiC g o8
D = €8 & 8

where g, ¢, 7, and p may vary with temperature but, for linear circuit elements, are
invariant with respect to potential differences across, or current through, the circuit
element. In practice this restriction does not impose objectionable limitations, except
that analyses based on the assumption of constant permeability imply that corrections
or modifications of the linear circuit theory are required in dealing with circuit elements
employing ferromagnetic materials. The principle of superposition (Sec. 87) applies
only to systems composed of linear circuit elements.

Three conditions exist for formulating the circuit parameters of lumped circuit
elements. In each case the property of storing or dissipating electrical energy is
represented by a different circuit element. In conductors the electric fields are accom-
panied by pure conduction currents and the dissipation of electrical energy in the form
of heat. These are characteristic properties of resistors. The electric fields in dielec-
trics are accompanied by displacement currents and the storage of electrical (potential)
energy within the dielectric. This is a characteristic property of capacitors. Mag-
netic fields are associated with the conduction of currents and are accompanied by the
storage of magnetic (kinetic) energy. This is a characteristic property of inductors.

The circuit properties of resistance, capacitance, and inductance as employed in
electrical analysis are idealized concepts. As such they represent hypothetical and
limiting cases that can be approached but never fully attained in the actual embodi-
ment of mathematical ideas as physical pieces of equipment. No physical circuit
element embodies purely and completely only that circuit property for which it is
named. All embody more or less perfectly that circuit property for which they are
named, but they also embody the remaining two circuit properties. In well-designed
circuit elements the extent to which the element conforms to the mathematical ideal
circuit property is a matter of design and application of the element. The extraneous
circuit properties can usually be made so small as to be of minor importance, except
where the frequency of variation of the voltage and current is high. In any case, the
actual behavior of any physical circuit element can be represented to any desired
degree of approximation or precision by suitable combinations of idealized circuit
parameters.

The idealized circuit properties discussed in the following sections are those rigor-
ously defined for the steady case. This conventional point of view fails to take in
account certain matters, such as the depth of penetration and phase differences, which
become important at very high frequencies and require modifications of the treatment
given here for extension to high frequencies. For treatment of these more advanced
topics, the reader is referred to other chapters of this handbook or to references giving
more specialized treatments of this topic.?

78. Resistance and Conductance. Resistance is the (scalar) property of an electric
circuit, or of any body that may be used as a part of an electric circuit, which deter-
mines for a given current the rate at which electric energy is converted into heat or
radiant energy and which has a value such that the product of the resistance and the
square of the current gives the rate of energy conversion. In the general case, resist-

1 These topics are treated in such works as G. P. Harnwell, " Principles of Electricity and Electro-
magnetism,” McGraw-Hill, 1938; A. Hund, " Phenomena in High-frequency Systems,"” MeGraw-Hill,
1936; L. Page, * Principles of Electricity,” Van Nostrand, 1931; 8. Ramo and J. R. Whinnery, *Fields
and Waves in Modern Radio,” Wiley, 1944.
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ance is a function of the current, but the term is most commonly used in connection
with circuits in which the resistance is independent of the current.

Conductance is the property of an electrie circuit, or of a body that may be used as
a part of an electric circuit, which determines for a given emf in the circuit or for a
given potential difference between the terminals of a part of a circuit, the rate at which
electric energy is converted into heat or radiant energy, and which has a value such
that the product of the conductance and the square of the emf, or potential difference,
gives the rate of energy conversion. In the general case, conductance is a function
of the potential difference, but the term is most often used in connection with circuits
in which the conductance is independent of the potential difference.

If an electric field is applied to the ends of a conductor of uniform cross section made
of homogeneous material, a potential difference will exist across the conductor and a
current will flow through it, the charges (electrons) flowing along the streamline of
the electric field (§ = 0), since they are assumed not to flow through the dielectric
that surrounds the conductor. For the steady case, the current flow will be of uni-
form current density over each part of the cross-sectional area,! so that if s is the area
normal to the direction of the conductor, 8 = I/s. If p is the resistivity of the homo-
geneous material of which the conductor is composed so that & = pg, the potential
difference between points A and B of the filamentary conductor, may be expressed
a8

E /A a=[* a=[*,1 : ;
a5 = [p & cos @ =/B pd cos 0 l—/B p;cosodl N

A
B s 8

where ¢ = 0, and R = pl/s is the resistance of the conductor of area s between the
points A and B. From a physical point of view, the resistance of a conductor may
be regarded as the opposition to the flow of the conduction current through a conductor
of specified cross-sectional area, specified resistivity, and specified length. The
resistivity, on the other hand, is an inherent property of the material of which the
resistor is made and is in no way related to the dimensions of the conductor or resistor.

The resistance of a conductor of uniform cross section and made of homogeneous
material may be expressed in terms of the electric field intensity and the current dens-
ity, or in terms of their integrated effects, voltage, and current, or, alternatively,
in terms of the conductor dimensions and resistivity of the material of which the
resistor is made. From the foregoing results we have the relation,

RoE_ fecos®hadl _ fed _ efdl _ 1

I [ecos(s,n)ds [o&nds o&fds o8

where [6-dl and [9-ds are the field equations for the steady-state case electric field

intensity and current density, respectively. Although the resistance has been specified

in terms of the rather special case of a conductor of uniform cross section composed of

homogeneous material, this procedure is largely a matter of convenience; the ratio of

the two field equations specifies the resistance for any material of whatever physical
form the resistor may take.

In the derivation of the constant resistance (above), it was assumed that the
material was homogeneous and, therefore, that the resistivity and conductivity were
constant. For many materials, these characteristic properties of material are not
constant but depend upon the current through, or the potential difference across, the
conductor. For such cases, E and I are not linearly related, since the resistance hasa
unique value for different magnitudes of voltage across or current through it. Since
the resistance is no longer constant, it is customary to define the nonlinear resistance
as the limiting ratio of the voltage increment to the resulting current increment, as
the latter approaches zero. The variational or differential resistance thus defined is

1
=p-
s

1 This condition is not fulfilled for high frequencies.
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usually designated by the letter r and is given mathematically by the relation,

where the voltage increment across the resistance is AE and the corresponding current
increment is Al.

The reciprocals of the ohmic resistance, R, and of the variational resistance, r,
are sometimes more useful electrical quantities than R and 7 for circuit calculations.
These reciprocal quantities are called the conductance (designated by G = 1/R)
and the ‘‘variational conductance’ (g3 = 1/r) and are defined by the equations

G=1=jf9cosl(9,n)ds=sffds_s 1

i J& cos (8, 1) dl pdfdl pl R
for linear conductors, or
- al

AE—0AE
for nonlinear conductors.

Resistance is measured in volts per ampere or in ohms in the mks system, and con-
ductance is measured in reciprocal ohms or in mhos.

The linear resistance and linear conductance express an electrical characteristic
of those materials or devices obeying Ohm's law. This includes most good con-
ductors encountered in radio practice, particularly those of metals. It does not
include conductors composed of carbon, nonhomogeneous materials, or those operating
over an appreciable temperature range. Ohm’s law does not usually apply for semi-
conductors. The variational resistance is commonly employed in such nonlinear
devices as electron tubes, electric ares, copper oxide, selenium, or other rectifiers,
thyrite nonlinear conductors, and temperature-sensitive conductors. The resistivity
of materials commonly employed in the construction of resistors for radio purposes is
given in Table 7, Sec. 64.

77. Capacitance and Elastance. Capacitance is that property of a system of con-
ductors and dielectrics which permits the storage of electricity when a potential
difference exists between the conductors. The magnitude of the capacitance is
expressed as the ratio of the quantity of electricity on the conducting elements to the
potential difference between them. If Q is the charge stored and E is the difference
of potential between the conductors, the capacitance is defined to be

Q

E
If there are two conductors in a homogeneous, isotropic medium between which an
electric field intensity, & produces a difference of potential E = [& cos 8 dl and
if the electric flux between the two conductors is ¥ = [ D cos ¢ ds so that the
charge on the conductor is @ = K'¢, the capacitance is defined to be

C=Q=K_.,¢=K'//;choso'ds=K’68//!ds_K’is_

E E f& cos 0dl &f dl l
where ¢ is the permittivity of the dielectric material, s is the surface area of the con-
ducting plates bounding the dielectric, and { is the distance between the conducting
surfaces. It is interesting to observe that this expression shows the physical dimen-
sional factors upon which the capacitance is based. The permittivity and breakdown
voltage of some representative dielectrics are given in Table 10.

The expression above gives the capacitance as defined for static conditions since
it has been derived on the assumptions that D and & were time-invariant. Exactly
the same expressions are obtained if D and & are functions of time, but in this case the
equation obtained for capacitance may now be expressed for the dynamic cases in terms
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of varying values of potential difference and displacement current. For the dynamic
case the expression for capacitance becomes

_ k) /de _ Krawdn _ K [ [, @orav as _La _ g
dE/dt dE/dt dE/dt dE/dt dE
from which I4 = C(dE/dt); hence, by integrating, the voltage-current relation for

any wave form becomes
Iq
E = / ——dt
o

For electric circuits, the displacement current in capacitors is the same as the con-
duction current in the leads to the capacitor so that I. = I4; therefore, we may deal
only with the conduction current.

Table 10. Relative Permittivity and Breakdown Voltage
of Typical Dielectrics Used in Radio Engineering

c

Material Relative permittivity | Breskown voltage:

Ebonite 2.80 300-1,100
Glass 5.4-9.9 300-1,500
Gutta-percha 3.34.9 80-200

ica... 5.6-5.8 1,800-2,000
Paraffin. 2.20 350
Porcelai 5.73
Quarts, fused 3.9
Rubber.......covvviviiiinnneaiad 0 ceeienn 150-500
Sulfur (amorphous) 3.9
Wood 4.2-7.8

It is easy to show that the static and dynamic equations for the capacitance, as
derived above, are identical. From the static definition, @ = CE, and since
Q = [I dt it follows that CE = [I dt. Hence, by differentiating, I = C(dE/dt)
which is the kinetic definition given above.

The capacitance, as defined above, is the total capacitance, since the total electric
flux originating on one surface or conducting plate is assumed to flow to the opposite
conducting plate or surface. If there are a number of conductors separated by a
dielectric and so arranged that the flux from conductor A flows to other conductors,
B, C, . .., N, then the total capacitance of conductor A with respect to all other

conductors is given by the expression,
K’ / /‘ Dnds

K’/ Dn ds K’//' Dnds
o A
= Cag + Cac+ - -+ 4+ Can

In devices intended to exhibit primarily the property of capacitance (capacitors
or condensers), the capacitance is the total capacitance between two plates or other
conductors separated by air, oil, mica, or othcr suitable gaseous, liquid, or solid
dielectric. Partial capacitances are encountered when more than two conductors are
separated by a dielectric, as when circuits are coupled through capacitors. It is also
encountered in the capacitance between the electrodes of a multielement electron
tube, and sometimes these interelectrode capacitances are responsible for undesired
behavior of the tube, even though the capacitances are fairly small.

Sometimes it is more convenient to employ another circuit concept, the elastance,
which is the reciprocal of the capacitance. The elastance, represented by the letter S,
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may be either the total or the partial elastance, corresponding to the total or the
partial capacitance. The total clastance is defined by the electrostatic relation,

gL\ _E_K'E_ K'fecosod _ K'fed K"efdl K"l

AR _//;‘Dcosods //‘D-nds=58//ds=—;

or, by the kinetic or dynamic relation,

S

_1__E
=C T TJIdt

Capacitance is measured in coulombs per volt to which the name “farad” has been
given. The farad is a large value of capacitance for engineering purposcs, so that
subdivisions of it are more commonly employed. A capacitor has a capacitance of
1 farad when a charge of 1 coulomb is sustained by a difference of potential of 1 volt
between the conductors. The microfarad (10-¢ farad, abbreviated uf) and the
micromicrofarad (10~!2? farad, abbreviated uuf) are units of capacitance commonly
used in radio engineering. Sometimes the abbreviations mf and mmf are used for
uf and uuf, but such practice is not in conformity with the usually accepted abbrevia-
tions for metric prefixes (see Sec. 111).

The unit of elastance is the reciprocal farad or daraf, which is the elastance repre-
gented by 1 volt between two conductors whose charge is 1 coulomb.

78. Inductance. Inductance is the (scalar) property of an electric circuit, or of
two neighboring circuits, which determines the emf induced in one of the circuits by a
change of current in either one.

Self-inductance is the property of an electrie circuit that determines, for a given
rate of change of current in the circuit, the emf induced in the same circuit, the
induced voltage, E, and the self-inductance, L, being related to the current flowing
in the same circuit by the relation

dI,
Ev=-L%
where L is the coefficient of self-inductance.
Mutual inductance is the common property of two associated electric circuits that
determincs, for a given rate of change of current in one of the circuits, the emf induced
in the other. Thus, if the mutual inductance, M, is positive,

dl,
Ey=-M-
dl,
Es= -M~

where E; and I, are the voltage induced and the current, respectively, in circuit 1,
and E, and I, are the voltage induced and the current in circuit 2, and M is the
coefficient of mutual inductance.

Inductance may be interpreted in several ways. We may, for example, interpret it
solely in terms of the mathematical relations given above, we may aim to provide
some physical pictorialization of the essential circuit phenomena taking place, or we
may build up a concept of it on the basis of field notions.

79. Self-inductance. The relation between induced voltage, current, and self-
inductance may be obtained directly from the definition of self-inductance and induced
emf. The inductance is defined as the ratio of the flux linkages to the current, or
L = A/I = N¢/I, whereas the induced emf is equal to the time rate of decrease of
flux linkages, or E = —(dA/dt) = —[d(N¢)/dt]. From the first of these relations
we have N¢ = LI and, combining this with the second relation, there results,

d(N ) d(LI) dl | dL
E=-—a =~ "a =_(Ldz+1 )
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If the inductance does not vary with time, the familiar result is obtained

dI
dt

The general expression for induced emf may be used to derive the expression for
the inductance in a way that gives a somewhat better picture of the physical action
taking place. In a multiturn coil of N turns in a magnetic field whose flux is ¢ webers
not all the turns cut all the flux lines even when the turns are close together. If K is
the fraction of the flux linkages out of the total maximum number that is possible, the
number of actual flux linkages is KN¢. For most coils in radio work (except those
in which mutual coupling between portions of the coil is adjustable or variable, as in
variometers, for example) K and N are constant. For this special but very common
case, the induced voltage is

E = —-L

d¢
E = —KNE

The magnetic flux may be produced by current flowing through the windings of the
coil, and in this case the magnetic flux produced is given by ¢ = NI. Hence the
voltage induced in the coil by current flowing through it is given by the relation

al

dt

from which L = KN?. From this point of view the self-inductance is an electrical
quantity whose magnitude depends upon the square of the number of turns of the coil
and also upon the fraction of the total flux linkages that actually exist for the coil in
question.

The self-inductance can also be derived from field relations. Provided it is not
in a region of ferromagnetic materials, i.e., so long as u is constant, the inductance is
the constant ratio of the magnetic flux linkages to the current flowing. Hence, from
the field relations for the steady case, the self-inductance may be defined by the relation

® //;(Bcosods

5 1" K'"'[3€ cos 6 dl
For a solenoid of N turns (the solenoid being infinitely long so that end effects may be
neglected) the number of flux linkages is KN ¢, and the self-inductance of the multi-

turn coil is then
KN//:(Bcoso'ds

K" 3% cos 6 dl

For a coil whose length, I, is very much greater than its diameter, the value of ® at the
central axis is 8 = uNI/l, so that for such a coil the inductance is given by

uNI
; =KNf/. T % KNwls _KNus
K" [G-dl K71 = K

In the form here given, this formula is not useful for computing the self-inductance of
solenoids unless the individual factors can be evaluated. Nevertheless, this result
is useful for illustrating the physical factors and dimensions upon which the self-
inductance of a solenoid depends.

Self-inductance is measured in henrys or convenient decimal submultiples of the
henry, such as the millihenry or the microhenry.

A few authors sometimes make use of the reciprocal inductance, designated by the
symbol T, The reciprocal inductance is, of course, defined to be I' = I/¢ and is
measured in reciprocal henrys or yrnehs.

dl
= —AN?— = —
E KN 4l L

L=
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80. Mutual Inductance. The determination of mutual inductance requires con-
sideration of two adjacent loops. If the current flows through one coil or loop, it
establishes a magnetic field around its own turns, but it also establishes a magnetic
field around the adjacent loop or coil in which it induces an emf. Conversely, the
current through the second coil sets up a magnetic field which induces an emf in the
first coil as well as in its own turns. Let I, and I; be the current in coils 1 and 2,
respectively. Let the magnetic flux linking circuit 2 as a result of current in circuit
1 be ¢a1, and let ¢,, represent the magnetic flux linking circuit 1 as a result of current
in coil 2. Then, if K is the fraction of the number of lines of magnetic flux set up
by circuit 1 which cuts circuit 2 (or conversely) and if N, and N, are the number of
turns of coils 1 and 2, respectively, the interlinking flux is given by either of the
relations

én = KN.I, or $1z = KN.\I,

The coefficient of mutual inductance, M, is defined as the number ot flux linkages of
one circuit per unit current flowing in the other. Hence, mathematically, the coeffi-
cient of mutual inductance is given by

M = Nigon - Nagrz = KN\N»
2

The magnitude of the mutual inductance between two circuits depends upon the
number of turns in each of the two circuits as well as upon the shapes of the coils, their
separation (linear as well as angular), and other factors having a bearing on the flux
linkages.

Mutual inductance may be derived from the basic field concepts. The calculations
are long and not particularly easy to carry out for any particular physical configura-
tion of conductors. A treatment of this subject may be found in Harnwell.?

The units in which mutual inductance is measured are the same as those for self-
inductance: the henry and its decimal submultiples. But, whereas self-inductance
is a positive quantity, mutual inductance may be either positive or negative.

81. Power Dissipated in a Resistor. If a potential difference, E, is maintained
across a semiconductor (resistor), electric charges in the resistor will be set in motion.
If a charge, dQ, is set in motion by the potential difference, E, the energy expended in
the process is dU = E dQ, and if this element of charge traverses the resistor in time
dt, the power expended in the process is

daU dQ
i i

For linear resistors that obey Ohm’s law, E = IR; hence, the power dissipated in
such a resistor is given by

P

E?
= = 2R = =

The power dissipated will be measured in watts if I is the current in amperes, E is the
potential drop in volts, and R is the resistance in ohms.

82. Energy Stored in Dielectric of a Capacitor. Suppose that at any instant of
time the potential difference between the conducting elements of a capacitor has built
up to the value E as a result of transferring an element of charge, dQ, to the plates
or conductors. The amount of energy required for the processisdU = E dQ. Since,
by definition of capacitance, C = Q/E, it follows that Q = CEordQ = C dE. Hence
the energy increment is dU = E dQ = CE dE. Upon integrating, the total energy
is found to be

E Q?

U= /dU - ﬁ’ CE dE = 05CE* = 0.5 &

The energy, in mks units, is in joules, E is in volts, @ in coulombs, and C in farads,
1 Harnwell, G. P., *Principles of Electricity and Electromagnetism,” p. 297, McGraw-Hill, 1938.
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83. Energy Stored in Magnetic Field of Inductor. From the relations given in
Sec. 78, the drop in potential difference across an inductor is given by the relation,
E = L(dI/dt), from which is obtained the expression, E dt = L dI. The energy
expended in time dt is given by the relation dU = EI dt = LI dI. Hence, the total
energy in the magnetic field of an inductor is the integral of dU, or

2
U=/dU=[)ELIdI=0.5LI’=0.5L(%?

In mks units, the energy is in joules, I is in amperes, and L is in henrys, and Q is in
coulombs.

The voltage-current relations for linear circuit elements such as have been treated
here are summarized in Table 11, Sec. 96.

84. Circuit Laws and Theorems. The behavior of electrical circuits can be pre-
dicted on the basis of two relations originally stated by Kirchhoff and applicable under
all conditions, and a relation, originally stated by Ohm which, although not universally
applicable (at least in its simplest form), is true for many instances and is highly
important and useful. In addition to these Kirchhoff and Ohm relations, a number
of theorems find extensive usefulness in simplifying the calculations of circuit behavior.
The most important of these are the principle of superposition, the compensation
(substitution) theorem, the reciprocity theorem, the maximum power theorem,
Thévenin's theorem, and Norton’s theorem. These laws and theorems are treated in
the following sections.

86. Kirchhoff’s Laws. The two circuit laws of Kirchhoff may be stated as follows:

1. The algebraic sum of the currents flowing toward any point in an electric circuitis
gero.

2. The algebraic sum of the product of the current and resistance in each of the con-
ductors in any closed path in an electric circuit is equal to the algebraic sum of the emfs in
that path.

As stated here, Kirchhoff’s laws apply to the instantaneous values of the current
and potential differences, but they may be extended to the effective values of sinu-
soidal currents and voltages by replacing ‘‘algebraic sum” by ‘‘vector sum" and
replacing the term “resistance’ by the term ‘“‘impedance.”

Each of the two Kirchhoff laws gives rise to a separate method of analyzing circuit
behavior: the node and the loop method. In the node or junction method, the
flow of current of all conductors meeting at a common point must be zero. Hence, if
the magnitude and direction of all currents but one are known (or can be assumed),
the remaining current can be determined by the application of the Kirchhoff law for
current at a junction. In the loop method, the sum of all potential differences must
be zero, or the sum of the rises of potential difference must equal the sum of the drops
in potential difference.

86. Ohm’s Law. Ohm’s law states that the current in an electric circuit is directly
proportional to the emf in the circuit. This law does not apply to all circuits but to
metallic circuits and to many circuits containing electrolytic resistance. Ohm’s law
was first enunciated for a circuit in which there is constant emf and an unvarying
current. It is applicable to circuits in which varying currents flow if account is
taken of the induced emf resulting from the self-inductance of the circuit and of the
distribution of current in the cross section of the circuit. Ohm'’s law applies only to
linear circuits.

87. Principle of Linear Superposition. According to the principle of superposition,
if several causes act simultaneously in a linear system, the resultant effect of all of
them is equal to the sum of the individual effects of each cause acting by itself. As
applied to electric circuits, the principle may be stated more explicitly. In a linear
circuit, each emf acts independently of all other emfs in producing currents in the
circuit.

88. Compensation Theorem. The compensation (or substitution) theorem states
the conditions under which an emf may be replaced, in an electric circuit, by a poten-
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tial difference across a resistor, so far as the circuit currents are concerned. Thus,
provided the emf equals the potential drop across the resistance and is oppositely
directed, a resistance element in a circuit can be replaced by an emf, or vice versa.
89. Reciprocity Theorem. In any branch, A, of an electric circuit, the current
produced by an emf acting in another branch, B, is equal to the current in branch B
when its emf is transferred to branch A. This is the equivalent of saying that
a resistanceless source of emf may be interchanged with a resistanceless current-
measuring instrument without altering the reading or indication of the instrument.
90. Maximum Power Transfer Theorem. The maximum amount of electric power
is delivered from a source to a load connected to it when the resistance of the load is
equal to the internal resistance of the power source. If the source and load contain
reactance as well as resistance, maximum power is transferred from the source to the
load when the load resistance is equal to the internal resistance of the source and
when the reactance of the load is equal in magnitude but opposite in sign to that of the
source. Thus, maximum power is delivered from a source to a load when the load
impedance is the conjugate of that of the source.
91. Thévenin’s Theorem. If two terminals are available for any linear network,
then, so far as external calculations of the system are concerned, they may be regarded
as the terminals of a simple series circuit
Ep:RI ELcL %L' Ec’% / 1dt having a resistance equal to the resist-
ance measured between the terminals,
I__ and an emf equal to the difference of
potential between the two terminals.
92. Norton’s Theorem. In a linear
circuit, any generator of eclectric power
1 may be considered equivalent, at speci-
fied frequency, to a current generator
whose current is equal to the short-
circuit current in shunt with an admit-

E tance whose magnitude is equal to that
E-Er-E_-Ec:0 which is measured across the generator
when the generator is inactive and there
EcER+E +E¢ is no load connected to it.
Fi1a. 26. 8eries circuit containing R, L, and C. 93. Electric Networks. An electric

network is a system of interconnected
circuit elements and sources of emf. The points at which two or more circuit elements
are connected are called “nodes’ or ‘“‘junctions.” A continuous path (or several con-
ducting paths) through which current may flow is called a ‘“loop.”
94. Circuit Connections. Fundamentally, two types of circuits are possible, accord-
ing to the way in which the circuit elements are joined:

1. In series-connected circuits, the circuit elements are connected, one after the other,
in such a way that the same current flows, successively, through each element, and the
applied emf is equal to the sum of the drops in potential differences across all the succes-
sively connected circuit elements.

2. In parallel- or shunt-connected circuits the circuit elements are connected side by side
in such a way that the same emf is applied simultaneously to each and every element, the
total current flowing through the circuit being the sum of the currents flowing through each
circuit element individually.

Examples of the most general two-terminal series-connected circuit and the most
general two-terminal shunt-connected circuit containing, in each case, one of the
three common circuit elements are shown in Figs. 26 and 27, respectively.

Combinations of series-connected circuit elements and shunt-connected circuit
elements are possible to give rise to series-shunt or shunt-series circuits of any degree
of complexity, but in any case only these two methods of connection are possible for
two-terminal circuit elements.
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95. Resultant of Series- and Shunt-connected Circuit Elements. Circuit elements
connected either in series or in parallel, provided they are all of the same kind, may
be replaced by an equivalent circuit element whose circuit parameter is the resultant
of that of the individually connected cir-
cuit elements. So long as there is no
interaction between the fields of two or
more circuit elements, <.e., 8o long as no \ '
coupling exists between two or more %

151gel ¢l

—

dE
at

J/ -
i\

circuit elements, the resultant circuit ¢
parameter of several like circuit elements
connected together is simply expressed.
In the case of series-connected circuit
elements, the resultant of several like
circuit elements may be determined I-lgl-Ig 20
from the loop equations of Kirchhofi’s I=lg+l +l¢
!aws. If subscripts 1, 2.’ 0gopft des- Fia. 27. Parallel circuit containing R, L,
ignate the component circuit elements ;4 .
connected in series without coupling or
field interaction, the resultant circuit parameter, indicated by the subscript 7', is given
by the following relations:
For resistors,

VAL
1

RT=R|+R3+R;+"'+Ru= 2 Rn

n=1

For inductors having no mutual coupling,
n

Lr=Lit+Lit Lt - +Lo= ) L
nm]

For elastors (reciprocal capacitors) having no coupling,

Sr=Si 48+ 8t - +E= ) S

n=]

In the case of parallel-connected circuit elements, the resultant of several like
circuit elements may be determined from the node or junction equation of Kirchhoff’s
laws. If the subscript notation is the same as that used above for series circuits, the
resultant circuit parameter, indicated by the subscript T, is given by the following
relations:

For conductance elements (reciprocal resistors),

Gr=G+G+Gi+ - - +Go= ) G
For reciprocal inductors having no mutual coupling,
rT=rl+r2+r3+"'+rvA=zrn

For capacitors having no coupling,

C'l

Cr=Ci+C:+Cs+ -+ +Cn

n=1

In each case the resultant circuit element has properties like those of its constituent
equivalent elements and is measured in the same electrical units of ohms, henrys, and
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darafs for the series circuits, and in mhos, yrnehs, and farads for the shunt-connected
circuit elements, respectively.

96. Circuit Solutions. The solution for an electric circuit consists in finding the
relations between the voltages (rises as well as drops of potential difference) and
currents a8 a function of time. This relationship is determined by means of Kirch-
hoff’s laws and by writing the node or loop equations for the circuit in terms of the
general voltage-current relations for circuit elements as given in Table 11, and includ-
ing any sources of emf that may exist in the circuit.

Table 11. Voltage-Current and Energy Relations for Circuit Elements

Relation for the circuit property of
Relation
Reaiat Induct. Capascit
dI 1
VOIBE-CUTENt. .. . . \'eeensreneeeienenn.s E =RI E-LG E-z / Idt
E 1 dE
Current-voltage. ..........oivunninnninnanarannn I= F ]l = Z/E’dt ]l = CE
t
Power dissipation....................ouuuaa..., P=]IR = % P =0 P=0
Energy 8tOrBge. .. ..cvuunetenronnoavsasnannsnnns U=20 U = LI U = ¥CE?

Since the general voltage-current relations for circuits composed of linear circuit
elements are expressible through the use of differential, algebraic, or integral expres-
sions, it is possible to differentiate these expressions with respect to time so that the
circuit behavior is expressed in terms of differential equations that represent the
dynamic equilibrium of the circuit.

The complete solution of the differential equation representing the dynamic equi-
librium of the electric circuit consists of two parts: (1) a transient (represented or
expressed by the particular integral solution of the differential cquation) specifying the
temporary redistribution of charges (hence, a temporary voltage and current com-
ponent) resulting from a sudden change in dynamic conditions, and (2) a steady-
state solution (expressed by the complementary function of the differential equation)
which represents the dynamic equilibrium of the circuit when subjected to an applied
emf.

The currents and voltages representing the transient conditions of a network usually
decrease rapidly with time and soon become negligible. 1In the steady-state condition,
the voltages and currents may vary cyclically, but their effective value is constant.
In the case of a harmonically applied emf, the drops in potential difference across each
of the circuit elements and the current through the linear circuit elements are also
harmonic functions of time and of the same frequency (but not the same phase, in
general) as that of the applied emf. It is not generally true for any wave form, how-
ever, that the same wave shape exists for each of the circuit elements in the circuit.

97. Steady-state Solution. The steady-state condition of an electric circuit com-
posed of linear two-terminal elements of R, L, and C is that in which the effective value
of the current flowing in the circuit as a result of an applied emf is constant, each cycle
of the recurrent wave form being like that of every other cycle. In general, the wave
forms of the voltages across the different kinds of circuit elements of a series-connected
circuit are unlike those across other dircuit elements and, except in the case of a resis-
tor, are not like.the wave form of the applied emf. Likewise in shunt-connected
circuits, the wave form of current through each circuit element is, in general, different
from that flowing through circuit clements of another kind. Except for phase displace-
ments, the wave forms are alike in the special but important case of harmonic voltages
and currents. This is a direct consequence of the fact that the derivative and integral
of a harmonic function are also harmonic functions.
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The determination of the steady-state solution of electric circuits composed of
linear circuit elements will be illustrated by ﬁnding the current that flows in a series
R, L, C circuit when a harmonic emf, E = Eme/** is impressed across the series circuit
of Flg 26. From Kirchhoff’s voltage or loop law and the voltage-current rclations
for the three kinds of circuit elements in the system, it follows that the loop equation
takes the form

dl 1
E=E,,.el'”‘=EL+En+Ec=LI+R1+E,/1dt

where I is the current flowing in the circuit and whose value is to be determined.
Since it is easier to manipulate differential equations rather than integro-differential
equations, the loop equation above may be transformed into a differential equation by
differentiating both sides with respect to £. The result is

d I 1
; jwt — -
JwEneivw dl’ + R + c I
A solution of this equation is I = Ime™*, from which (dI/dt) = jwImei* and
(d?I/dt?) = —w?Imei**. Substituting these values in the above equation and dividing

both sides by jw, there is obtained
Enmeiot = (ij +R+ ,l) Ineist = ZIneiot
juC

where Z = [juL + R + (1/jwC)] = R + jloL — (1/wC)] is the impedance of the cir-
cuit. From this result it is evident that current and voltage both vary harmonically
with time, as does the voltage drop across each of the circuit elements.

98. Transient Solution. The transient condition of an electric circuit composed
of linear elements of R, L, and C is that which involves the temporary redistribution
of charges as the result of a sudden alteration of the dynamie equilibrium of the
eleetric circuit. Since this transient condition expresses a readjustment of the circuit
condition, the solution does not involve any continuously externally applied emf or
current. It does, however, involve the initial conditions of the circuit at the time
when the circuit equilibrium is disturbed. The wave forms of voltage and current
depend not only upon what clements are present in the circuit but also upon the rela-
tive magnitudes of the parameters of the circuit clements in the system.

The transient solution of electric circuits will be illustrated by finding the transient
current that flows in a series circuit of linear R, L, and C circuit elements, when the
quiescent equilibrium of the system is suddenly disturbed by closing the cireuit with
a battery of time-invariant emf, E, in the circuit. Physically, the circuit represents
the charge on a capacitor in a circuit also containing inductance and resistance, under
the assumption that the initial charge on the capacitor is zero.

At any instant of time, the Kirchhoff loop equation requires that

E = EL+Fn+Ec—L-—+R1+ /Idl
To transform this to a differential equation, differentiate with respect to ¢ to obtain
dE dl dl | 1
@ 0=l TRy te!
the general solution of which is

1 4L 1 4L
[ 4L %:l €—(Rt/2L) [62—L \/R’—-C,—t —¢€ 2L \/B’—F‘]
(-2

From this solution, it is evident that the term with the negative exponent indicates
that the transient current will approach zero for a sufficiently large value of time,
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gpproaching zero current at infinite time. But the manner in which this zero current
is approached depends upon the relative values of R, L, and C, and three different
cases may exist for this circuit:

1. If R? > 4L/C, the exponential terms in the brackets are positive numbers; the current
begins at zero, rises to a maximum value, and then gradually decays to zero slowly, without
changing polarity.

2. If R? = 4L/C, the solution above becomes indeterminate, but by differentiating
both numerator and denominator individually with respect to the factor that is the coeffi-
cient of ¢, the solution for the current is

Et
= [ == —(Rt;2L)
I (L) et

For this case, often called the **critical”’ case, the current begins at zero, rises to a maximum
value, and returns again to zero without changing polarity. This is the limiting condition
of case 1 in which the rise and fall occur more slowly than for the present critical case.

3. If R? < 4L/C, the current takes the form

I = 2——.E— e~ (Rt/2L) gin

Ve -m

1 f4L bé
where w = 5L (—? - R’) - For this case it is evident from the equation above that the
current oscillates with an angular velocity w and that the amplitude steadily decreases with
time until the magnitude of the transient oscillations becomes negligible, ultimately reach-
ing zero at infinite time.

Transients are assuming increasing importance in radio engineering design, and the
following list of references will serve as a suitable introduction to this topic.
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99. Impedance, Resistance, and Reactance. The impedance of an electric circuit,
or portion of an electric circuit, to a completely specified periodic potential difference
and current is the ratio of the effective or rms value of the potential difference across
the circuit to the effective value of the current flowing through it, there being no source
of power in the portion under consideration. The impedance is designated by the
letter symbol, Z, and if Erms and Irm, are the effective values of the potential drop and
the current of the circuit, the circuit impedance is given by

Erma

Irml

Z =

The impedance is measured in ohms.

If the periodic emf applied to the circuit is composed of components of different
frequency, if Eo, E\, Ei, . . . , E. represent the effective values of voltages of fre-
quencies 0, w, 2w, . . . , nw, if Io, I, I, . . . , I, represent the effective values of the
currents of the same frequencies, respectively, and if the maximum values of the volt-
age are Eo, E\., Ez., . . . , En. and the maximum (amplitude) values of the currents
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are Io, I\, I3, . . ., Ina, then theimpedance of the circuit or portion of the circuit is
given by the relation
g o FBme V2 EAA Bt - VERHEP+ B4 -
Ime N2l + L+ L+ - NI+ I+ I+ -

The impedance thus defined is a scalar quantity and gives merely the ratio of the
magnitudes of the voltage and current.

The vector impedance of an electric circuit, or portion of a circuit, for simple
harmonic voltage and current is the ratio of the corresponding complex harmonic
potential difference to the corresponding complex current. In the example given in
Sec. 97, the applied harmonic voltage is E = Kneit and the resulting current is
I = Inei and the vector impedance. i.e., the impedance expressed as a vector in
rectangular coordinates, is

Eneiot ) 1 . 1 )
B o4 )] [ ()] -

I eiot

where R is the resistance, jwL is the inductive reactance in ohms, 1/juC = —j/wC is
- . . 1y, .
the capacitive reactance in ohms,and X =j (wL - _é') is the net reactance in ohms.
w'

Depending upon whether the inductive or the capacitive reactance has the larger
magnitude, the net reactance will be, respectively, positive or negative, but the
resistance will always be positive for linear dissipative circuits.

In the above expression the impedance has been given in rectangular components,
R and X, but the impedance may also be expressed in polar coordinates in terms of the
magnitude of the impedance, |Z|, and the angle of phase shift, /6 of the impedance.

Thus, in polar coordinates, the impedance for the series R, L, C cireuit is

R
tan~! 7/—————
1\? ( 1
Z—|Z|/~0—‘\/R2+(wL—;6) / wh—wc

= v/ R? + X? /tan~! (R/X)

where |Z] = \/R? + X?and 6 = tan~! (R/X). Conversely, the rectangular com-
ponents of the impedance, in terms of the polar components, are

R=|Z

X=|Z

Physically the impedance of a circuit is the opposition to the flow of a periodic
current under steady-state conditions. It is composed of two parts: a resistive
component usually regarded as constant (although the resistance is, strictly speaking,
a function of frequency) and a reactive component whose magnitude usually varies
appreciably with frequency. Over a sufficiently large frequency range the sign of the
reactance also changes. The resistive component accounts for the ahsorption or dis-
sipation of power. The reactive component results from properties of inductors and
capacitors that involve the voltage-current rate of change relationships. For ideal
circuit elements the reactance determines the frequency selective properties of the
circuit.

The impedance is an electrical quantity whose use is most convenient in solving
electrical circuits with circuit elements connected in series.

100. Admittance, Conductance, and Susceptance. The admittance of an electric
circuit is the reciprocal of the impedance; it is, therefore, the ratio of the effective value
of the current through a circuit or portion of a circuit, to the effective value of the
potential difference across the circuit, for a completely specified periodic applied

cos 6
sin 6
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voltage. The admittance is designated by the letter ¥ and is measured in reciprocal
ohms or mhos or its multiples or submultiples.
If Eems and Iima are the effective values of the voltage and current, respectively, the
admittance is given by
Irma

Y=+

For a nonharmonic periodic voltage, the admittance may be determined in a manner
similar to that for determining the impedance of a circuit in which nonharmonic
current flows.

In any electric circuit whose resistive and reactive components are R and X, respec-
tively, the corresponding admittance is given by the relation

1 1___1 R¥je__R_ _.

Z Rtjs Rtjs RF¥jz R+X* TRFX?
whereG = R/(R?* 4+ X?*) = R/Z?is the conductance of the circuit (measured in mhos)
and B = F X/(R* + X?®) = X/Z? is the susceptance of the ecircuit measured in mhos.

The admittance may be expressed in polar components as well as in the rectangular
components given above. In polar components,

Y =|¥|/6 = \/G* + B? /tan" (B/G)

where |Y| = A/G? 4+ B? and ¢ = tan~! (B/G). Conversely, the rectangular com-
ponents of the admittance, in terms of polar components, are

G=|Y
B =\|Y

Since impedance and admittance are reciprocally related, the impedance may be
expressed in terms of admittance components just as admittance was expressed, above,
in terms of impedance components. Thus, in terms of the admittance, the impedance
is

Y = =G7F jB

cos ¢
sin ¢

11 1 GFjB @ . B
“Y~G:tB G:B GTIB G+B etm

Physically, the admittance expresses the ease with which the current flows through
a circuit. It is composed of two parts: a conductance component, which is usually
regarded as constant and which enters into determinations of power, and a susceptive
component, which usually varies appreciably with frequency in a manner inverse to
that of the reactance of the circuit.

Admittance is a concept that is most useful in dealing with parallel circuits.

101. Resonance. Resonance exists hetween one coordinate of a system that is
executing oscillations or vibrations and a periodic agency that maintains the oscilla-
tions or vibrations when a small amplitude of the periodic agency produces in the
system a relatively large amplitude of the oscillation or vibration.

Amplitude resonance exists when the resonance is such that any change in the
period of the periodic agency without changing its amplitude produces a decrease in
the amplitude of the oscillation or vibration of the system.

Period or natural resonance exists when the resonance is such that the period of
the applied agency is the same as the natural period of oscillation or vibration of the
system.

Phase or velocity resonance exists when the resonance is such that the angular
phase difference between the fundamental components of the oscillation or vibration
and of the applied agency is 90 deg (x/2 radians). With phase resonance, the time
derivative of the coordinate that is in resonance is a maximum.

Resonance may exist in an electric circuit possessing inductance, resistance, and
capacitance between the quantity of electricity that oscillates and a periodically
applied emf that sustains the oscillations. Any one of three kinds of resonance, viz.,
amplitude resonance, period resonance, or phase resonance, may exist depending

zZ




CHar. 1] BASIS OF RADIO COMMUNICATION 73

upon the constants of the circuit. In electric circuits having a high degree of selec-
tivity, there is little distinction between the three kinds of resonance.

In a series circuit composed of linear circuit elements of R, L, and C, resonance is
obtained when the net reactance is 0 or when wL = 1/wC. Hence, the frequency of

resonance is obtained from the relation, w* = 1/(LC) so that
1
f, = ——
2r \/LC
The frequency will be expressed in cycles per second if L is inductance in henrys and
C is capacitance in farads.
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MAGNETIC CIRCUITS

102. Electric and Magnetic Circuits. A magnetic circuit is a closed path of mag-
netic flux, the path having the direction of the magnetic induction at every point.
On the other hand, an electric circuit is a closed path of electric current, the path
having the direction of the electric current at every point. Although the equations
for electric and magnetic circuits may take the same mathematical form, the analogy
between them expresses no physical correspondence. Particularly is this true for
magnetic induction, which does not represent a dissipation of power, whereas the
flow of electric current does.

Corresponding to the relation between voltage, current, and resistance, as given by
Ohm’s law for an electric circuit, the magnetic circuit relation may be written

F = ¢o&

where § is the magnetomotive force in ampere-turns in the mks system, ¢ is the mag-
netic flux or induction in webers, and ® is the reluctance of the magnetic circuit in
ampere-turns per weber. An unvarying magnetic flux is regarded as a static condi-
tion, whereas in the equivalent electric circuit, the steady flow of current is the corre-
sponding uniform flow of electric charges. Reluctance is not analogous to resistance
in the sense of accounting for energy dissipation. Another difference between electric
and magnetic circuits is the degree to which electric or magnetic effects are confined
to their respective circuits. Whereas excellent insulators for the flow of electric
conduction current exist, there is no insulator for magnetic induction; therefore, the
magnetic flux is not so completely confined to its magnetic circuit as the conduction
current is confined to the electric circuit. From the practical point of view, the most
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useful magnetic circuits are those in which the lines of magnetic force flow through
ferromagnetic matcrials, and for such materials, the reluctance is not constant; in
this respect, too, magnetic circuits differ from most electric circuits for which Ohm’s
law is obeyed.

108. Magnetic Permeability and Reluctivity. Permeability is the property of an
isotropic medium which, under specified conditions, determines the relation between
the magnitudes of the magnetizing force and the magnetic induction of the medium.
Under the specified conditions, permeability is measured as the ratio of the magnetic
induction to the magnetizing force, or

®
B=3
where, in mks units, ® is the magnetic flux density or induction in webers per square
meter, and 3C is the magnetic field intensity in ampere-turns per meter.

The relative permeability of most substances does not differ appreciably from that
of vacuum, which is taken as unity. For practical purposes the relative permeability
is constant, independent of the flux density. Iron, nickel, steel, cobalt, and magnetic
alloys—the materials of practical importance in magnetic circuits—have relative
permeabilities appreciably greater than unity, and the permecability varies consider-
ably with the magnetizing force or the flux density, with the composition, and with the
previous heat-treatment of the magnetic material.

For a uniform magnetic path, the reluctance may be detcrmined from the field
expressions for the magnetomotive force and magnetic flux,

fcosgdl _  xfd 3

//(Bcoso’ds m//ds “s

where  is the magnetomotive force in ampere-turns, ¢ is the magnetic flux in webers,
3 is the magnetic field intensity in ampere-turns per weber, 8 is the angle between
3¢ and ! or the angle between the direction of & and the normal to the surface s and
for this case has the value 8 = 0, u is the permeability in henrys per meter, and

= 1/uis the reluctivity in meters per henry. For nonmagnetic substances (vacuum,
air, and so on) the permeability and reluctivity are unsually written uwo and »o. The
permeability and reluctivity of magnetic materials are not usually the absolute per-
meability and reluctivity, but the relative values of these quantities referred to the
values for vacuum are those customarily tabulated.

In some magnetic circuits, varying as well as steady components of magnetic flux
flow. The permeability offered to the varying component of the magnetizing force
superimposed upon the steady component of the magnetizing force is called the “incre-
mental permeability,” the ‘‘apparent permeability,” or sometimes the ‘‘a-c permeabil-
ity.”” For such cases the magnctization cycle follows a small displaced hysteresis
loop. The incremental permeability is measured by the slope of the straight line
connceting the end points of this hysteresis loop. The incremental permeability
decreases with increasing magnetization due to the steady component of magnetizing
force and, up to the point at which saturation occurs, increases with the magnitude of
the time-varying component of the magnetic flux density.

104. Reluctance and Permeance in Series and Parallel Magnetic Circuits. Per-
meance of a magnetic circuit is the reciprocal of the reluctance and expresses the ease
with which magnetic flux may be established in a magnctic circuit, whereas reluctance
is a measure of the opposition or difficulty with which magnetic flux is established in
the magnetic circuit.

For magnetic circuits in series with one another, the total reluctance is the sum of
the reluctance of the individual circuits, plus the reluctance of the joints where the
magnetic circuits of high permeability are joined. If magnetic circuits are placed in
parallel with one another, the permeance of each circuit is added to ascertain the
total or net permeance of the combination of magnetic circuit branches in parallel.
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Only electromagnetic waves that (when expressed in rectangular coordinates) satisfy
these equations are possible; the equations above may, therefore, be used to determine
the required form of the fields for wave propagation.

Solution of the above equations requires that each directional component of the
electric or magnetic field intensity be of the form

&
PN
¢

where v is the velocity of propagation and is given by v = 1/ \/ pe, Lis used generically
to designate a distance in any of the three orthogonal directions, and the functions, f,
represent any single-valued functions. For propagation in free space, the propaga-
tion velocity has the special value of the veloeity of light, approximately 3 X 10 m

per sec obtained from the relationv = ¢ =1/ \/ woco. The fact that the functions, f,
are arbitrary functions of time makes it possible for the electromagnetic waves to be
formed in such a way as to be capable of representing intelligence. The fundamental
problem of radio communication is to make the time variations of the electromagnetic
wave conform to the variations of the intelligence to be transmitted.

The energy stored in the electromagnetic field travels with the wave from the source
of the disturbance outward into space, and this phenomenon is the mechanism by
which the transmission of electric power, sufficient to carry on communication, occurs.
An important point regarding the transmission of electromagnetic waves through space
is that the energy is propagated through a dielectric; no conduction can occur in the
(ideal) dielectric of freec space. The mechanism of propagation is, briefly, that the
variations of clectric field intensity give rise to variations of magnetic field intensity
which, in turn, give rise to variations of the electric field intensity once more, and so on.
Once established, the original disturbance is sustained by the mutual interaction of
electric and magnetic components of the clectromagnetic field as the wave travels
through space with the velocity of light. The amplitude of the variations of the
electromagnetic field decreases with distance from the center of the disturbance as the
wave expands to grcater and greater size.

106. Energy in the Electromagnetic Field. Since, as noted above, the energy of the
electromagnetic field radiates outward into space, it is desirable to have quantitative
expressions for the field energy. Such cxpressions can be obtained from energy rela-
tions derived in Secs. 82 and 83 by converting the circuital relations into field relations.

From the relation giving the total cnergy stored in the dielectric of a capacitor, the
total electric energy stored in an clectromagnetic field of volume v is

Ug = 0.5CE? = 0.5QE = 0.5K" (/ /u:D-n ds) . (js-dl)
= 0.5K" (/ /‘ e&n ds) . (/ s-dl) = 0.5K"eg? / / / dv = 0.0A"e8%

so that the electric energy per unit volume of field is
ug = 0.5K'e8*

In a similar way, by making use of the energy in the magnetic field surrounding a
coil, the total magnetic energy stored in an electromagnetic ficld of volume v is

K”/ a£D~n ds

Use = 0.5LI% = 0.5 (—— (e ) ([ sear)’
0.5k ([ [ e ds) - ( [oear) = 0.5K"er [ [ ] @ =o05kusen
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8o that the magnetic energy per unit volume is
uze = 0.5K"usc?
The total energy, per unit volume, is the sum of the electric and magnetic energy, or
u = ug + uze = K''(0.5¢8? + 0.5u3C?)

107. Poynting’s Vector. Poynting’s vector has importance in the determination
of power flow throughout space; it is, therefore, frequently encountered in radiation
phenomena. Usually designated by the letter S, it represents the energy per second
flowing per unit area perpendicular to the direction of propagation.

At a point in space, the total flow of power (or energy per second) is equal to the
product of the electric field intensity and the
current density (representing a dissipation of
power) plus the time rates of change of the
magnetic field and the electric field. Mathe-
matically, in terms of Poynting’s vector, S,

. dug = oduje
—divS =48 + 3 + ot

This equation defines conditions at a point in the
electromagnetic field, but it is possible to define
the same conditions for a volume, dv. Thus, by
expressing ¢, §, and 3C in terms of their orthogo-
nal components, we obtain the integral expres-
sion for rectangular coordinates,

[ . 35, 08
/ /,, (61: ay + 62) v

= / / / (928 + 9,8, + 9:8:) dv

v
. O €82 €8, €&
[[]a(5+5+5 )@
9 [pdC:? w3, uiC,?

[ [ LA+ ) w

108. Boundary Conditions for Electric and
Magnetic Fields. In order that any electro-
magnetic field distribution may be realized
physically, it must satisfy Maxwell’s equations.
In addition it must also satisfy boundary condi- .

q 7 . . q . 28. Bound dit fi
tions for the physical system in which the electri- fl:;tri g ::::;n::{c g:?d; tons for
cal effects take place.

Whenever an electromagnetic field or wave meets a boundary between two mediums
of different dielectric or magnetic properties, there is a change in the fields and, in
general, the wave splits into two components, one of which is reflected back into the
first medium, the other is refracted into the second medium. For any two mediums,
1 and 2, the tangential components of the electric field and also of the magnetic field

are equal on both sides of the dividing surface. Hence, as shown in Fig. 28, the rela-
tion exists that

8ir = 82y and iz = 3Car
The relationship between the normal components may be determined from Gauss’s
law. If the surface charge density of the surface separating the two mediums is o,

then the relation exists that
Din — Dy, =0
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If, as is often the case, the surface charge density is zero, then the above relation sim-
plifies to

Dy, = Da,
From similar reasoning it can be shown that for the magnetic field, for which no free
magnetic poles exist, the required relation is

®, = B,
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UNITS AND DIMENSIONS

109. Nature of Units. Quantities of many kinds (mechanical, thermal, chemical,
physiological, etc.) are encountered in scientific and engineering work. The magni-
tudes of different quantities are recorded or compared with one another by selecting
some magnitude as unity and expressing all others of the same quantity as a ratio to
the unit quantity or magnitude. Hence, any quantity is composed of two parts: (1)
a numeric which expresses the relative magnitude of the quantity in terms of the
established unit magnitude, and (2) a statement designating the kind of measurement
that the quantity represents. For example, the velocity of 3 m per sec contains these
two parts: the numeric 3 indicates that the quantity in question has a magnitude 3
times that of unit magnitude in the system of measurement under discussion, and the
kind of quantity is indicated by the measure of meters per second, having the dimen-
sions of length divided by time.

Each quantity selected as a reference unit must be established by a physical stand-
ard of some kind, or, alternatively, it must be obtained or derived from combinations
of other units that are selected or recognized as standard units. The units may be
artificial or natural.

For engineering use, two general systems of mechanical units are in use in the
United States. The English system of units, most frequently used, is based on the
custom of common law and common and generally widespread use. The metric sys-
tem of units, on the other hand, is legalized by an act of Congress of July 28, 1866.
The metric 8ystem is extensively used in scientific work because of its simplicity and
the ease with which decimally related quantities may be converted from one set of
units to another.

110. English Units. Long usage and custom have lent a considerable weight of
authority to the English system of units in the United States, in spite of the unnatural
and unrational relationships that exist between the various quantities in this system.
Because of the unnecessary complication of the oddly related units, the English system
has found little support in scientific circles. In engineering work, which is more
closely related to the everyday commercial transactions than is scientific work, the
English system of units is encountered to such an extent that familiarity with it is
requisite. The English system is based on the foot as the unit of length, the second
as the unit of time, and the slug as the unit of mass.
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111. Metric Units. The metric system, which finds extensive application through-
out the scientific world, is based primarily upon the prototype standards of mass and
length preserved at the International Burecau of Weights and Measures at Sévres,
France. Similar standards of length and mass are deposited in numerous national
laboratories and serve to define the legal standards for the nation.

A great convenicnce of the metrie system is that all units are expressed in decimal
multiples or submultiples of the unit selected for the standard or reference value.
The decimal multiples or submultiples are designated in Table 12. Combinations of
these prefixes may be used to designate i
intermediate values; for example, millimi- Table 12. Metric Prefixes

cro may be used to designate 0.000,000,001.

112. Fundamental Units and Dimen- Name of prefix | Symbol [ Multiplying factor
sions. All engineering quantities may be — - -
expressed in terms of a comparatively few g M 1.000.000
quantities that are basic or fundamental. kilo- k 1,000
In mechanical units, the fundamental hecto- . 100
quantities are length, mass, time, and angle. dekes - “1)

In general, each of these dimensions has a deci o 0.1
different unit or reference standard in the centi- c 0.01
metric system than in the English system. milli- m 0.001
The name of the unit of measurement is miere- # Rl LGl

usually sufficient to designate the system as
well as the unit of measurement in question. Electrical quantities are usually
completely specified in terms of three mechanical units and one electrical quantity
(although other combinations are possible) so that mechanical units provide a basis
for understanding the fundamental propertics of electrical quantities.

For quantities that are derived from, or are more complicated than, the elementary
or fundamental quantities, the term ‘‘dimension” is used in a slightly different sense
than its usual one. In the case of derived units, each new physical quantity gives
rise to a new dimension or to a new combination of fundamental quantities to express
the new physical quantity. For example, in terms of the fundamental quantities of
mass, length, time, and angle, area may be expressed as the product of length and
length, so that the dimensions of area are length squared, or, more compactly, s = 2.

Table 18. Mechanical Units and Dimensions

D,’n"}f,?,%’:,;' s Equivalent magnitudes
Name Sym-
bol
A B (o4 D Mks units Cgs units English units

Length.......... l 0 1 0 1] 1m 100 ¢cm 3.281 ft
Mass. m 1 1] 0 0 1 kg 1,000 g 2.2046 b
Time. ¢ 0 0 1 0 |1 see 1 sec 1 sec
Angle............ 0 0 0 1 1 radian 1 radian 1 radian
Area............ [ 0 2 1] 1] 18qm 10,000 8q cm | 10.76 8q ft
Volume.......... |4 0 3 0| 0 [lcum 10° cu cm 35.31 cu ft
Velocity. . v 0 1 -1 (1] 1 m/sec 100 em/sec 3.281 ft/sec
Acceleration a 0 1( -2 0 1 m/sec? 100 cm/sec? | 3.281 ft/sec?
Density.. .. .. 1 -2 0 1] 1 kg/m? 0.1 g/ecm? 0.2048 lb/ft?
Force............ s 1 1 -2 (1] 1 newton 107 dynes 723.30 poundals
Pressure......... P 1 —-1| -2 0 |1 newton/m? | 102 dynes/cm?| 67.222 poundals/ft?
Work (energy)...| w 1 2| -2 0 |1 joule 107 ergs 0.7376 ft-lb
Power........... P 1 2| -3 1] 1 watt 107 ergs/mec 0,7376 ft-lb/sec
Momentum...... my 1 1| -1 1] 1 kg-m/sec 10% g-cm/rec | 7.233 Ib-ft/sec
Angular velocity . 1] 0| -1 1 1 radian/sec | 1 radian/sec | 1 radian/sec
Angular accelera-

tion........... 0 0| —2 1 1 radian/sec? | 1 radian/sec? | 1 radian/sec?
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Table 14. Electrical Units and Dimensions
& Dimensions
Name gol- Definition LA
A(B|C¢|D
ChAIEe. «e v v et ieiie s nnennennannns Q Fundamental of 0O 0 1
I = Q1Q:
FE]
Surface charge density................ G o R=I i aQ 0j—2| 0 1
As—0 A8
Volume charge density................ '] p = Lim aQ 0|—3| O 1
av—0 3V
Electric field intensity................. ¢ |6= Lim & 1| 1|-2[-1
2Q—04Q
Displacement,........ccovvevenenn.. D D= 0|—-2| 0 1
Permittivity.........covviniiinnnn... ] € = eoty = % —1|-3| 2| 2
Electric flux......c.oooiviiiiinnnnn,. '3 V= // Dn de of o 0 1
]
Pole strength.........cceernuunueen.. M |r=- M“'lf!’ 1 2-1f-1
Magnetic field intensity............... X | = Alﬂ:}ﬂa% ol—-1—-1 1
= (NIl gin 6)/7?
Magnetic flux density................. B (B = uC 1 of-1] 1
Magnetic flux............oov el ¢ ¢ = // ®Bn ds 1l 2|—1|-1
8
Permeability.............. ..ol m o= pour -% 11 11 0|—-2
Reluetivity................ccovens. v yo= = -%S —1|-11 of 2
Electric voltage (potential and induced a
electromotive force)................... E,e |[E= &-dl 4 ) ®n ds 1} 2[-2|—-1
8
CapacitAnce.......... cevenienrann .. C (C= 1043 -1|—-2] 2| 2
Magnetomotive force. ... .. F F = /JC dal o[ of-1] 1
Reluctance, ... .......civiiieeneen... R (R = g -1]-2( of 2
Permeance.... ................ @ @ = a-} 1l 2| o-2
CUITent.. o oo eeeeeeeeieaee Li 1=+ pg of of-1| 1
Current density............co000vun.. g ¢ = Lim 8 ol—-2[—1] 1
As—0 As
Resistance....... .......ci.iieenenns R,r [R= IE 1] 2j—-1f-2
Resistivity. ........ ©oeovrininnnnn. o |o=% 1| a|-i|-2
I 1 )
Conductance, ...ocvvvrvoneeneennnnns. G, |G = E™R =1|-2f 1 2
Conductivity.............cooviunne.. k% y - % - ;1,- -11-3] 1] 2
Self-inductance....................... L |L=% 1| 2| of-2
Mutual inductance................... M |Mi = Is 1| 2 of-
Energy.....ccoiiviniiiecnncernrana, W |W=EI 1] 2]—2
Power.......oooviiiiiiirniiiiiinens P P = EI 1} 2{-3
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Table 14. Electrical Units and Dimensions. (Continued)
Mks unit Cgs electrostatic unit* Cgs electromagnetic unit T“gg:? in
1 coulomb 10-1¢(2= 3 X 10%) statcoulombs 10! abcoulomb 30
coulomb =] 5 Statcoulombs _. abcoulomb
1922 1074e(22 3 X 109 =222 107 =22 33
coulomb statcoulombs abcoulombs
ccutomb ~10(2X Slateor omM -7 Abcodlomnbs
1528 10776(2 3 X 109 220 10 - 33
volt statvolt abvolt
Yot -1 -q) SL8LYVOL c__
1 o 10%-1(= 34 X 1079) 10! 34
K" coulomb K"10-%(22 K" 8 X 108) st.atvolt.s K10~ BRYOlts abvolu 40
m? - em
y fared 10-162(2£ 9 X 10%) 10-u 10
K" coulomb K10 %¢(=2 K” 3 X 10% statcoulombs K’’10-1 abecoulombs 39
1 10%-1 (=< 3§ X 10™?) 108 poles 48, 49
K AmEture K"107%(2< K3 X 107) statoersteds K"10-2 oersteds 50, 60
b
1 eber 106(2X 36 X 10~ 2ateber 10¢ gausses 53
1 weber 10%~1(=2 3§ X 107?) statweber 10® maxwells 52
henry 7. -3 ( O - gausses
1 b 10%c73(=2 3¢ X 10-1) 107 ——— S 55, 103
m a3 O Y _, oersted
1 m 10-7e3(=2 9 X 101) 107 e 55, 103
1 volt 10%~3( 2 1§ X 107%) statvolt 109 abvolts 37,70, 71
1 farad 107%3(=2 9 X 10)11) statfarads 10-* farad 77 .
K" amp-turn K'"10"%e(= K3 X 10%) K107 gilberta 87
K omp-turn K*10-%3(22 K9 X 101) K10~ Eilberts 55, 103
weber - maxwell
, weber GO - +1 g Maxwells
—_n.mp-turn K'10% (= K36 X 10-1) K’10° Tibere 103
1 amp 10-1¢(2< 3 X 109) statamp 107! abamp 57
amp utatamp _, abamp
1 o 10-6¢(= 3 X 10%) ——— 1078 ——= “om? 58
1 ohm 10% (=< 1§ X 10~11) statohm 10° abohms 76
1 ochm-m 10%1c-3 (22 3§ X 10%) statohm-¢m 10't abohms 63, 76
1 mho 10-%2(22 9 X 1011) statmhos 109 abmho 76
1 mho 10-1e(22 9 X 10%) statmhos 10-1 abmho 63, 76
m cm
1 henry 10%-3(= 14 X 10-11) stathenry 10® abhenrya 78,79
1 henry 10%~3(2X 3§ X 10~1) stathenry 10° abhenrys 78, 80
1 joule 107 erga 107 ergs 82, 83, 108
y TES y Sres
1 watt 10! == 10 560 81

*c = 2,09706 X 1010 cm/mec.



82 RADIO ENGINEERING HANDBOOK - [CraPr. 1

In another example, velocity, v = /¢, or the ratio of the length to the time, has the
dimensions of t~!; acceleration has the dimensions It~2 force of mit~2, and so on.

In Table 13 are given the more important mechanical units and dimensions in the
mks, cgs, and English systems.

113. Electrical Units and Dimensions. Electrical energy and power, being pri-
marily thought of as mechanical in their properties, can be expressed in terms of
dimensions which are strictly mechanical and which are given in Table 14. Other
electrical quantities cannot be expressed in terms of mechanical units alone but require
at least one other electrical dimension for their specification. The electrical quantity
selected for such dimensional analysis may be arbitrarily chosen. Proposals have
been made to select, as the fourth unit, that of charge, current, resistance, or the
permeability of free space, and perhaps other quantities as well, as recorded in the
excellent treatment by Jauncey and Langsdorf.! For developing a philosophy relating
all derived quantities in terms of fundamental concepts, the charge is the most logical
fourth unit, although resistance is more suitable for laboratory purposes where working
standards are to be maintained. Electrical quantities can be expressed in terms of
more than one fundamental electrical concept, with a consequent reduction in the
number of mechanical quantities that are then required as fundamental. One system
that has been proposed is to omit mass as a fundamental quantity in building up a sys-
tem of electrical dimensions in which the fundamental quantities would be resistance,
current, length, and time. No matter what four quantities are selected as the basis of
electrical dimensions, they may be expressed in metric (cgs or mks) or English units;
they may also be rationalized or unrationalized depending upon whether the factor
4x (resulting from a fundamental property of space) is missing from expressions for
force or potential or whether it is missing from expressions for flux, magnetomotive
force, and the field equations.

Table 14 lists the more important electrical quantities together with their dimen-
sions and method of expression in several systems of measurement. The mks system
of units is regarded as basic since this system has been standardized or established by
international agreement and has the further advantage that its units are, in most
cases, the units of practical engineering use. The question of rationalization has not
yet been definitely settled, but by using the factors of Table 6 (Sec. 35) the relations of
Table 14 apply for either the rationalized or the unrationalized system.

114. Comments on Units and Dimensions. The system of units and dimensions
encountered in electrical work is apt to be quite confusing because of the numerous
systems of measurement and the various proposals that have been made from time to
time. The mks system is the only one that meets the requirements of the scientific
worker and the practical engineer alike, and since it has been adopted by international
agreement, it appears destined to replace the older cgs systems. The mks system of
units eliminates the confusion introduced by the constant of proportionality (numeri-
cally equal to the velocity of light in free space), which relates the cgs electrostatic and
the cgs electromagnetic systems of units.

The question of electrical dimensions and units is an extensive one and cannot be
adequately treated here.
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CHAPTER 2

RESISTANCE

By JEsSE MARSTEN!

1. General Concepts. In any electrical conductor or system in which there is a
flow of current there is a certain amount of energy continually being lost or converted
into forms not readily available for use. As far as is known at present this dissipation
of energy may take one of two forms: there may be an evolution of heat or radiation
of energy into space. Such energy dissipation is attributed to a property of electric
conductors or systems termed ‘‘resistance.”

When dealing with continuous currents, the resistance of a conductor or network,
R, is adequately defined by Ohm’s law,

E =iR 1)

where E is the voltage drop across the conductor or network and 7 is the current
through it. This assumes no back emf duc to polarization or other causes. In this
case the dissipation of energy takes place entirely in the form of heat generation, and
the rate at which electrical energy is thus converted into heat is given by Joulée’s law,

P =R 2)

where P is the power or rate at which electrical energy is being dissipated in the form
of heat,  is the continuous current in the circuit, and R the resistance of the circuit.

Ohm’s law is insufficient to define resistance in a-c circuits. It is found experi-
mentally that the rate at which heat is evolved in a circuit exceeds that which would
be necessitated by the resistance of the circuit as determined by Ohm’s law. This is
due to the fact that the electromagnetic and electrostatic fields around the circuit
vary with time and introduce effects which increase the losses in the circuit. Among
these effects may be enumerated the following major ones:

Eddy-current losses in conductors and other masses of metals in and near the circuit.
. Hysterests losses in magnetic materials.

Dielectric losses in the insulating mediums.

Absorption of energy by neighboring conductors or circuits by induction.
Radiation of electromagnetic energy into space.

. Skin Effect. Increase of conductor resistance due to nonuniform current density.

Do o

All these effects result in an increase in energy loss in the circuit over and above
that given by Ohm’s law. It, therefore, becomes necessary to introduce the concept
of a-c resistance or effective resistance, which is defined by the more general joulean
relationship,

P = 1R effective 3)

where P is the power loss in the circuit due to all causes and 7 is the effective current
in the circuit. Ohm’s law for continuous currents follows directly from this more
general definition.

2. Units of Resistance. The practical unit of resistance is the ohm and is defined
by Ohm’s law when the voltage and current are unity in the practical system. It has,
however, been arbitrarily defined as the resistance at 0°C of a column of mercury
having a uniform cross section, a height of 106.3 em, and weighing 14.4521 g. Owing

! International Resistance Company.

83
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to the increasing use of resistors having resistances of the order of millions of ohms,
the megohm unit is also employed. The megohm is equal to 10% ohms.

8. Specific Resistance. It is found experimentally that the resistance of an electric
conductor is directly proportional to its length and inversely proportional to its cross
section:

l
The proportionality factor p is called the specific resistance of the conductor and is a
function of the material of the conductor and temperature.

From this definition of specific resistance it is apparent that any number of units
may be derived for specific resistance, depending upon the units chosen for ! and 4.
The unit generally employed in practical engineering is the ohms per circular mil foot,
and is the resistance of a 1 ft length of the conductor having a section of 1 cir mil
(diameter 1 mil, 0.001 in., for a circular conductor).

4. Volume Resistivity. If, in the above definition, ! and 4 are both unity in the
same system of units, then p is the resistance of a unit cube of the material and may
be defined as the volume resistivity of the material. It should be noted that volume
resistivity is not the resistance of any unit volume of the material but is specifically
the resistance of unit volume measured across faces whose areas are each unity.

With a knowledge of the dimensions of a conductor and its specific resistance the
resistance of the conductor to d.c. may be computed from Eq. (4). Consistent units
must be employed. The resistance thus computed will be correct at the temperature
for which the specific resistance applies. To obtain the resistance of the conductor
at any other temperature a correction must be applied.

P
R,
0 AMAAAA
Rz
Lo wmvn—
O W : ks
R, R, Ry
E £
Fra.1. Simple series circuit. Fi1c.2. Parallel circuit.

5. Temperature Coefficient. The resistance of a conductor is a function not only
of the material and dimensions of the conductor but also of its temperature. Within
the temperature limits generally encountered in practice, the change in resistance due
to temperature variation is directly proportional to the change in temperature:

Ru = Ru[l + alts — tl)] (5)

Ry, and Ry, are the conductor resistances at temperatures ¢; and ., respectively.

The proportionality factor « is defined as the temperature coefficient of resistance of
the material and is the change in resistance of any material per ohm per degree rise
in temperature.

All conductors do not react alike to changes in temperature. Metals, for example,
have a positive temperature coefficient. Some alloys, such as manganin and constan-
tan, have practically zero temperature coefficient and are, therefore, used primarily
for resistance standards.

A knowledge of the temperature coefficient of conductor materials enables one at
times to make more accurate determinations of temperature change than is possible
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by thermometer measurements, especially in cases where parts to be measured are
not readily accessible. Resistance determinations of the conductor are made at two
temperatures and the temperature change computed from Eq. (5).

8. Properties of Materials as Conductors.

. Specific Temperature
Materials resistance coefficient
Pure metals:
(- (600000000000000000000000000000000000000000000000000000004a 9.796 +0.0038
L0 Y < PN 10.37 +0.0039
L2 T 14.55 +0.0034
AIUMINUM . .. e ettt it ie it ittt ettt it 16.06 +0.00446
BT T 17 N 33.22 +0.0045
/7P 35.58 +0.00347
8T R €Lt -3 T 60.14 +0.0050
W3 000060000006000060000060000000600060000006006000000600800000 80 +0.0050
Platinum. .. ..ot e i e i i e e 63.8 +0.0030
Lead. ..o i ettt i ettt 114.7 +0.0041
Alloys:

30" alloy, alloy 30 (Cu97.78%, Ni2.28%)...............c....... 30.0 +0.0013
80" alloy, Lohm (Cu94%, Ni6%).. .. 60.0 +0.00071
*90" alloy, 95 alloy (Cu 89 %, Ni 11%). e 90 +0.00049
Hytemco (Ni 72%, Fe 28%) . 0e0reiiiiininiiiiiiiiiniiiiinnnann.. 120 +0.0045
180 Alloy, Midohm (Cu 77%, Ni23%)....ccviviiiiiiiiiiiinnnnn.. 180 +0.00018
Manganin (Cu87 %, Mn 13 %) ....cviiieierniinenennrossonennnnns 290 +0.000015
Advance, alloy *“45," Copel, Cupron constantan (Cu 57 %, Ni 43%)..| 294 +0.00002
Nichrome V, alloy “A,” Chromel ““A,"” Topehet “A' (Ni 80%, Cr

D% 3)0000000000000000000000000000000000000005000000000003090 650 +0.00013
Nichrome, alloy “C,” Chromel “C,"” Tophet *“C** (Ni 61 %, Cr 15§%,

193 P¥3%8)00 00000000000000000000066006666000000666000063000000a 678 +0.00017
Radiohm (Fe 78.5%, Cr 16.5%, A1 8%)........ccvviiiinninnnann. 800 +0.0007
*331" alloy, Karma Evanohm (Ni, Cr, Al, and small trace of Fe)..... 800 +0.00002

7. Resistors in Series and Parallel. Simple and complex networks of resistors
may be represented by an equivalent resistor expressed in terms of the individual
resistances making up the network. The equivalent resistance of a number of
resistors connected in series is equal to the sum of the individual resistances. Refer-

ring to Fig. 1,

E-iRruuiv=el+e!+ cectea=Rit+ R+ -+ +Rpi =
R+ R+ - -+ + Ry

E
?‘Rﬂluiv=(Rl+R!+°°° +Rn)

n
Reass = ) B
1

The reciprocal of the equivalent resistance of a number of resistors connected in
parallel is equal to the sum of the reciprocals of the individual resistances. Referring
to Fig. 2,

t=ttit - th=p+p+-- g
LA
E=Roquiv

n
L z_l
Rﬁquiv = 1 R

~L,1 as
_Rl+R'+...+R"
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RESISTANCE AS FUNCTION OF FREQUENCY
8. Ratio of H-f Resistance to the D-¢ Resistance for Different Values of

z = =d \/2uf/p X \/1/1,000

z Rs/Ro z Ry/Ro z Ry/Ro
0 1.0000 5.2 2.114 14.0 5.209
0.5 1.0003 5.4 2.184 14.8 5.388
0.6 1.0007 5.6 2.254 15.0 5.562
0.7 1.0012 5.8 2.324
0.8 1.0021 6.0 2.394 16.0 5.915
0.9 1.0034 6.2 2.463 17.0 6.268

18.0 6.621
1.0 1.005 6.4 2.533 19.0 6.974
1.1 1.008 6.6 2.603 20.0 7.328
1.2 1.011 6.8 2.673
1.3 1.015 7.0 2.743 21.0 7.681
1.4 1.020 7.2 2.813 22.0 8.034
1.5 1.026 7.4 2.884 23.0 8.387
24.0 8.741
1.6 1.033 7.6 2.954 25.0 9.094
1.7 1.042 7.8 3.024
1.8 1.052 8.0 3.094 26.0 9.447
1.9 1.064 8.2 3.165 28.0 10.15
2.0 1.078 8.4 3.235 30.0 10.86
32.0 11.57
2.2 1.111 8.6 3.306 34.0 12.27
2.4 1.152 8.8 3.376
2.6 1.2C1 9.0 3.446 36.0 12.98
2.8 1.256 9.2 3.517 38.0 13.69
3.0 1.318 9.4 3.587 40.0 14.40
42.0 15.10
3.2 1.385 9.6 3.658 44.0 15.81
3.4 1.456 9.8 3.728
3.6 1.529 10.0 3.799 46.0 16.52
3.8 1.603 10.5 3.975 48.0 17.22
4.0 1.678 11.0 4.151 50.0 17.93
60.0 21.47
4.2 1.752 11.5 4.327 70.0 25.00
4.4 1.826 12.0 4,504
4.6 1.899 12.5 4.680 80.0 28.54
4.8 1.971 13.0 4.856 80.0 32.07
5.0 2.043 13.5 5.033 100.0 35.61

It is frequently useful to know the largest diameter of wire of different materials that
will give a ratio of R;/Roof 1.01 for different frequencies. For a ratio of R,/E, equal
to 1.001, the diameters given in Sec. 10 should be multiplied by 0.55; and for R,/R.
equal to 1.1, the diameters should be multiplied by 1.78.

9. Skin Effect. The resistance of a conductor is & minimum when the current
density is uniformly distributed over the cross section of the conductor. This condi-
tion obtains for d.c. The resistance increases for nonuniform distribution of current
density over the cross section of the conductor. This Jatter condition obtains in
conductors carrying a.c. ‘This is a result of the distribution of magnetic flux lines,
outside and inside the conductor. If the conductor is assumed to be made up of a
number of conducting elements in parallel, then the interior elements, being sur-
rounded by more flux lines than the exterior, will have greater reactance and, there-
fore, the current in the interior elements will be less than that in the exterior elements.
As a result, the current crowds toward the surface of the conductor, giving a nonuni-
form current density. This imperfect penetration of current in a conductor, resulting
in an increase in resistance, is termed “skin effect.”
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Skin effect in a conductor is a
function of the following factor:

' N ©
P
where ¢ =thickness of the
conductor

J = frequency of current

pu = permeability of the
conductor

p = specific resistance of
the conductor, mi-
crohm-cm!

It is possible to compute accur-
ately the h-f resistance of simple
round cylindrical conductors from
involved functions of the above
factor. To facilitate these com-
putations, tables have been pre-
pared from which the ratio of h-f
resistance R, to d-c resistance Ro
may be quickly determined. From
this factor and the easily measured
d-c resistance, the h-f resistance
may be computed.

The table on page 86 gives the
values.of R,/R, for different values
of the factor

N N
Hls‘&/\b 1,000

where d is the diameter of the wire
in centimeters, p is the volume re-
sistivity in  microhm-centimeters
(1.724 at 10°C for copper), zmay be
computed for any particular case,
and 2o may be measured at d.c. or
computed.

11. Reduction of Skin Effect.
In view of the tendency of the cur-
rent to crowd to the surface of the
conductor at high frequencies, the
remedies that have been found
practical in effecting an improve-
ment in the resistance ratio R;/R,
have been those in which the con-
ductor has been designed so that it
presents a thin skin to the current
flow; i.e., the conductor should be
a thin skin rather than a solid con-
ductor of large cross section of
which only a small part is used at
high frequencies. These are

1 Microhms per centimeter length ‘of a
conductor having a cross section of 1 8q
cm.

RESISTANCE

10. Mazximum Diameter of Wires for H-f Resistance Ratio of 1.01.
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1. Use of Flat Copper Strip. While skin effect is present, for the same cross-sectional
area a flat strip gives a lower resistance ratio than do round conductors.

2. Use of Tubular Conductors. Here the external magnetic field is much greater than the
internal field; therefore, all parts of the conductor are affected alike by the field, thus
reducing the skin effect.

3. Use of Litzendraht. According to Eq. (6) the smaller the diameter of the wire, the less
the skin effect. Litzendraht is a braided cable made up of a large number of fine strands of
wire. When certain precautions are taken, this braid shows a very much lower resistance
ratio than does a solid copper wire of equal section. These precautions are

a. Each strand must be thoroughly insulated from every other strand to avoid contact
resistance.

b. Braiding must be such that each strand passes from the center to the outside of the
conductor at regular intervals—a sort of transposition. This ensures that all strands are
affected alike by the magnetic flux.

¢. Each strand must be continuous.

CLASSIFICATION OF RESISTORS

Resistors generally used in radio and allied applications may be broadly classified
as .
1. Fized resistors, i.e., those whose ohmic value is not adjustable manually or mechanically
and is intended to be substantially independent of circuit and environmental conditions,
such as voltage or temperature.

2. Variable resistors, i.e., those whose ohmic value is manually or mechanically adjust-
able, the value for any adjustment being substantially independent of circuit and environ-
mental conditions.

NoTE: There is a class of resistors that are fixed in the sense that they are not adjustable
manually and mechanically but vary with voltage or temperature by design. These are
called “varistors.” An example of a temperature-sensitive varistor is the so-called
“thermistor”’ or high-negative-temperature-coefficient resistors. Examples of the voltage-
sensitive varistor are the ‘*dry-disk’’ rectifiers (see Sec. 39).

Each of these groups may be further classified on the basis of the conducting material
used in the resistor:

1. Wire-wound resistors, in which metal alloy wire is the conductor.

2. Composition resistors, in which carbon or graphite is the principal conductor.

NoTe: There are resistors using other types of conductors; e.g., resistors in which the
conductor is a metallic film. The thermistor uses metallic compounds as conductor, such
as nickel oxide or ferric oxide. These will be treated as special cases.

12. Fixed Wire-wound Resistors. As commonly made, wire is wound on a core of
these general types: (1) textile cord or glass fiber, (2) strips of fiber or bakelite, and
(3) ceramic forms. These windings are then embedded or enclosed in a coating or
covering for protective purposes. The nature of the covering depends upon the
core, power rating, and design of the resistor. The characteristics of the wire-wound
resistor depend on the wire, core, and covering employed. Some of the performance
characteristics are in large measure determined by how closely the expansion coeffi-
cients of these three elements match. In general, wire-wound resistors show a
negligible or small temperature coefficient and no voltage coefficient; i.e., the re-
sistance is independent of the applied voltage.

Wire-wound resistors are used at powers ranging from less than 0.1 to 200 watts
or more. To cover this wide band, different designs and structures are used, which,
for convenience, give resistors that may be classified as low, medium, and high-power
resistors, generally corresponding to the three core structures enumerated above.
For general work these resistors are wound to accuracies of 5 and 10 per cent, although
closer accuracy is possible. For precision work, a special class of resistors is generally
used, which may be made to an accuracy of as low as 0.1 per cent.

18. Wire (sce Sec. 6 for Constants). Two classes of alloy wire, which may be
round or flat, are generally used:

1. Ni;:kel-copper. in which class some of the more commonly known trade names are
Advance, Cupron, Manganin, Constantan. The nickel-copper alloys are made to cover a
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wide range of specific resistivities, which makes it possible to make very low resistance
values without resorting to excessively large wire and resistor sizes. The temperature
coefficient of these alloys, however, increases as the specific resistivity decreases. Con-
stantan (Advance, Cupron) has a negligible temperature coefficient and is, therefore,
widely used for precision resistors as well as in other types of resistors. It has a high
thermal emf against copper and iron and is, therefore, widely used in thermocouples.

2. Nickel-chromium, in which class are the commonly known trade names of Nichrome,
Tophet, and Chromel. This class of alloys has a very low temperature coefficient and the
highest specific resistance of those commniercially useful in resistors. As a result, it is the
most generally used resistance alloy. It is made in two formulations: one iron-free, the
other with a substantial percentage of iron.

Alloy wires are made in sizes as low as 0.0007 in. in diameter. However, in resistor
design there is usually a limit placed on the minimum allowable size. This is usually
set at 0.0013 in., the objcct being to reduce the possibility of failure due to corrosion
and mechanical weakness. Where nickel-chromium alloy is used, it is sometimes
recommended that the iron-frec wire be used for wire sizes smaller than 0.002 in.

14. Ceramic Forms. The winding forms generally used for power wire-wound
resistors are ceramic. They are also used as the insulating base for h-f composition
resistors (Sec. 35) and deposited-carbon resistors (Sec. 37). Different types of
ceramics are used depending upon the application, typical ones being porcelain and
steatite. Some of the more important characteristics of a good ceramic for resistor
use are as follows:

1. It should have high insulation resistance at room and elevated temperatures.

2. It should not have much free alkali content, otherwise ionic conduction will result
with consequent electrolysis and corrosive effect.

3. It should have high mechanical strength.

4. It should have low moisturc absorption, otherwise it should be protected against
moisture absorption.

5. It should be capable of withstanding high thermal shock.

6. Its coefficient of thermal expansion should approximate as closely as possible that
of the resistance wire and protective coating of the resistor.

7. It should have low h-f losses when the resistor is intended for high frequencies.

15. Protective Coverings for Wire-wound Resistors. Coverings on wire-wound
resistors are cmployed to protect the windings from mechanical injury, to prevent
electrolytic effects and conscquent corrosion due to penetration of moisture, and to
provide an insulating covering for the winding. Coverings most widely used in
practice are as follows:

+A. Vitreous-enamel coatings
B. Cement coatings employing inorganic binders
C. Ceramic tube enclosures
D. Glass or ceramic tube enclosures, hermetically sealed
E. Cement coatings cmploying organic binders
F. Molded phenolic enclosures

Coverings in the first four classifications are capable of withstanding temperatures
in excess of 250°(* without deterioration. They afford a high measure of protection
against humidity. Exceptions to this statement are coverings employing sodium
silicate (water-glass) binders which are highly hygroscopic and, therefore, unsuitable
where resistance to humidity is an important factor.

The hermetically scaled tube enclosure affords the maximum protection against
humidity. Such resistors are capable of standing severe thermal shock and numerous
alternate immersions in salt water solution at 0 and 100°C, a requirement often speci-
fied by the U.S. Navy.

Coverings in the fifth classification are capable of withstanding temperatures up to
about 175°C, varying with the nature of the binder. Resinous binders in general
stand lower temperatures than asphaltic binders. They are, however, supcrior to
the high-temperature coatings in their moisture-resistant properties. Silicone resin
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binders have recently been developed which are capable of withstanding temperatures
as high as 200°C and which afford a high measure of protection against humidity.

Coverings of the last classification are capable of withstanding temperatures from
100 to 160°C, depending upon the nature of the molding material used. The ordinary
general-purpose molding materials with wood-flour base are good for the lower tem-
peratures, whereas the asbestos and mica-filled materials are good for the higher
temperatures.

16. Power Rating of Wire-wound Resistors. In view of the low-temperature
coeficient of the resistance wires generally employed in wirc-wound resistors, the
resistance change with loads normally encountered is small. The power rating is,
therefore, primarily determined by the power that the resistor can dissipate con-
tinuously for an unlimited time without

280 : . .
exceeding the permissible maximum
o 240 | temperature of the resistor and without
9200 L~ deterioration of the resistor. This
Y, AondB limits the permissible temperature rise,
o - . .
2 160 which varies for different classes of
5 o A resistors, as measured from a specified
] y £ A ambient temperature, usually 25 or
!é 80 == 40°C.
& 40 P 17. Temperature Rise of High-power
1 Wire-wound Resistors. Although the
temperature rise varies somewhat with

20

O 10 20 30 40 50 60 70 80 90 100 ({ifferent makes of resistors owing to
Power In percent of rated value differences in coating materials such as
Fig. 3. Temperature rise of wire-wound texture or color, Fig. 3 is typical and
resistors. A and B, vitreous enamel Or  ghows the temperature rise to be ex-
!norgnnic cement; E, organic cement cover- pected at various loadings of these
e resistors wound on ceramic forms,
with vitreous-enamel and cement coverings. The 100 per cent rating is based on
manufacturers’ rating of 250°C rise in open air for class A and B coatings, and 130°C
rise in open air for class E coating (see Sec. 15). Temperature is measured at the
center of the outer surface of the resistor, the resistor being in free air. The factors

influencing this rating are

1. Heat-resistant properties of protective covering.

2. Heat-resistant properties of core.

3. Use of intermediate taps. Taps reduce effective winding space. resulting in less active
cooling surface and thus reducing the nominal rating. The extent of reduction depends
upon the length of the resistor, being smaller for long units than for short ones. On short
units 2 in. long. the rating may be reduced by as much as 15 to 20 per cent; on units 6 in.
long the reduction may be 3 to 5 per cent.

4, Ventilation. Nominal power ratings are based on specified good ventilation which is
seldom encountered in practice. The actual load at which resistors may be used safely is,
therefore, frequently less than the nominal rating. For example, in the case of high-power
resistors nominally rated on the basis of 250°C rise, it is generally recommended that they
be used in confined space at loads 14 to }¢ nominal rating, resulting in temperature rises of
80 to 160°C. In practice, even these temperature rises may be excessive because of the
proximity of the resistors to other parts that may not be subjected to elevated temperature,
fire hazard, underwriters’ requirements, etc. The specific application, therefore, limits the
practical use of a resistor rather than any nominal rating.

18. Power Derating. In practice, the above considerations are taken into account
by “derating” resistors. If a resistor is used at its nominal rating at an ambient
temperature greater than its reference ambient, the maximum permissible temperature
will be exceeded. To avoid this, the temperature rise must be limited by the use of
power low enough to compensate the increased ambient. This is done by means of
derating curves for each class of resistor showing ambient temperature vs. permissible
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operating load. This principle of derating applies to all classes of resistors. Every
class of resistor can have such a derating curve computed from its rating and tempera-
ture rise curve. Figure 4 shows typical derating curves for fixed wire-wound resistors
having class A, B, and E coatings (see Sec. 15, and Fig.3). For derating curves applica-
ble to any specific type of unit, reference

must be made to the appropriate RMA 100 |
or government specification (see Sec. 49). \

19. Types of Fixed Wire-wound _ \‘ AandB cocting
Resistors. 1. Low-power Resistors. § 80 \ \
These units dissipate !4 to 1 watt per 8
8q in. of surface. There are two general 3 \ \\
styles: (1) flexible resistors and (2) £ 60 >\ ~
phenolic insulated resistors. Both have .Z £ coating”
a core of either cord or glass fiber. g \
The former has a textile or glass-fiber }L'» 40 AN
covering, the latter is molded in phe- \
nolic. They are equipped with wire
leads making them very convenient for 2020 40 60 80 100 120

so-called ‘‘point-to-point”’ wiring in cir-
cuits, eliminating the necessity for spc-
cial fittings for mounting. The flexible
resistors with glass-fiber cores and cover-
ings are capable of much higher ratings. The phenolic-molded style has become
standardized in the radio industry. The table below gives the standardized data and
other pertinent characteristics of this class of resistor. These units are made only in
resistance values corresponding to the “preferred number” series adopted by the RMA
(see Scc. 34).

Ambient temperature -degrees centigrade

Fi1a. 4. Power wire-wound resistor; derating
curve for high ambient teimnperatures.

size. i
Rating, watts, e Min Inductance Max Inductance,
based on 40°C | — — | resistance, i 'l resistance, uh *
ambient Diam Length ohms chms
41 e 5% 0.24 0.04 820 4
1 u 1Y% 0.47 0.07 5,100 52
2 He 134 1.0 0.1 8,200 120

2. Medium-power Resistors (Flat Wire-wound Type). These units dissipate between
2 and 4 watts per sq in. They consist of wire wound on strips of fiber or laminated
phenolic insulation to which lug terminals are attached at appropriate points. The
strip is covered with phenolic either by molding or by other means. This assembly
is then tightly enclosed in a sheet-metal punching with mounting holes, or a metal
mounting strip is attached in intimate engagement with one side of the resistor,
enabling the other side to be mounted flat against a metal chassis.

This design has many advantages. It is easy to mount. The metal enclosure, or
mounting strip, and the chassis act as heat distributors and prevent exeessive dif-
ferences in temperature along the length of the unit. Use is made of the metal chassis
and metal mounting to conduct heat away from the resistor. This enables higher
power ratings for a given temperature rise. This type of mounting in effect approxi-
mately doubles the free air rating of the resistor. For example, a resistor of this
type, having a rating of 3.9 watts when suspended in free air, will have a rating of
7.4 watts when mounted on a steel plate 1 ft by 1 ft by 1{¢ in.

They are used in the power range from 2 to 20 watts. Lengths vary from 2 to 6 in.
Widths vary from 34 to 31 in. Terminals employed are generally soldering lugs.

3. High-power Resistors. These are generally single-layer inductively wound on
various shapes of ceramic cores, have cement or vitreous enamel coatings, or are
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hermetically sealed in glass or ceramic tubes. When inorganic cement or vitreous
coatings are used, they are made to handle powers from 5 to 225 watts, depending
upon the size of the unit, at dissipations of 5 to 10 watts per sq. in. of surface. These
ratings correspond to a maximum operating temperature of 275°C and are based on a
250°C temperature rise above a 25°C ambient. Terminals used on these resistors are
wire leads, soldering lugs, or ferrules for mounting in fuse clips.

When organic coatings are used, they are made to handle powers from 2 to 90 watts,
depending upon size of unit, at dissipations of 2 to 4 watts per sq in. of surface. These
ratings correspond to a maximum operating temperature of 160°C and are based on
a 135°C temperature rise above a 25°C ambient.

When used at higher ambients than 25°C, they must be derated in accordance with
the derating curve of the appropriate RMA or government specification (see Sec. 18).

20. Special High-power Wire-wound Resistors. 1. Flat Type. This is a wire-
wound resistor using a rather flat elliptical ceramic with a hole of rectangular cross
section through which the mounting bracket, made of a good heat-conducting metal,
such as copper or aluminum, is passed. The advantage of this type is that the heat
is conducted from the unit, by means of the metal mounting bracket, to the chassis
on which it is mounted. This results in a more uniform temperature distribution
along the length of the resistor. The mounting hardware is such that these units
may be stacked one on top of another and so provide some space saving. However,
the power rating of each resistor is reduced when used in this way because of the
heat radiation from one unit of the stack to the other. The reduction in rating to be
expected is as shown in the aceompanying table.

Reduction of Rating Caused by Stack Mounting

Per cent reduction of rating when

) number of units stacked is
Resistors stack-mounted on

2 3 4
Horizontal panel........... ... ... .. .. .. ... ... . i 25 45 60
Vertieal panel... ... ... . e 18 ! 30 35

2. Noninductive Type. Power wire-wound resistors of all styles can be wound
noninductively by using the Ayrton-Perry winding, consisting of two windings in
opposite directions, with both windings connected in parallel. This type of winding
has not only low inherent inductance but low capacitanee as well if wound with bare
wire. The crossover turns reduce the distributed capaeitance because the adjacent
turns have very little potential difference between them. Typical inductance specifi-
tions for this type of resistance are shown below. Because of the double winding it is

Maximum Residual Series Inductance,
Resistance Value, Ohms Microhenrys, Measured at 1 to 3 Me

1- 0.5
100-999 1.0
1,000, or higher 2.0

necessary to wind the noninduetive resistor with very large pitch. This limits mate-
rially the maximum value of resistance obtainable on a given form, as shown by the
following examples.

Size of winding form Max resistance value, ohms
Diam, in. Length, in. | Noninductively wound Inductively wound
e 134 12,000 | 2,000
He 3 37,000 2,000
5 43 90,000 5,000

134 63 200.000 5,000
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3. Adjusiable Resistors. In many applications a fixed resistance value is required,
but the exact value is not known. The adjustable resistor fills this need. This is a
standard power resistor as described (Sec. 19) with a cement or vitreous enamel
coating. A portion of the form along its entire length, usually }4 in. wide, is left
uncovered, leaving the wire exposed. This forms a track on which an adjustable
terminal, which makes pressure contact on the wire, may be moved until the proper
value is obtained, after which the terminal is locked in position. Such resistors are
made to tolerances of +10 per cent only.

21. Precision Resistors. Any of the types of wire resistors previously described
can be made to a close accuracy. However, they were not designed specifically for
precision purposes and so do not lend themselves to this type of application. Preci-
sion resistors, as used in instrument work, gain controls, etc., are resistors having an
accuracy of +1 per cent or less. They are made in resistance values from a fraction
of an ohm to 4 megohms or more.

Precision resistors are wound on forms, usually ceramic, having an even number of
sections, the sections being separated by thin barriers of the form. The winding
consists of enameled resistance wire, multiple-layer wound, adjacent sections being
wound in opposite directions. The minimum wire size used is 0.0015 in. over the
enamel. The winding is usually continuous, although as many as four breaks, welded
or brazed, are permitted in practice. Although adjacent sections are wound in opposite
directions, the resistors are not noninductive. In audio circuits they do, however,
help reduce inductive pickup. The wound resistor is then protected by an insulating
coating to protect it against humidity. The coating may be wax, varnish, or any
other suitable material. Some resistors are hermetically sealed in a ceramic container.
Terminals used are wire leads or soldering lugs.

General Data. These resistors are made in a large number of sizes ranging from %{¢ by
%6 in. to 7 by 27§ in. They are made in resistance values from 0.1 ohm to 4.0 megohms.
Standard tolerances are }4, 14, and 1 per cent, although they can be made to + 0.1 per cent.
There has not been sufficient standardization of ratings on this type of resistor. There
are two ratings, power and voltage, the rating that is first exceeded being the applicable one.
Temperature rise is used as the basis of power rating, and this varies from 20 to 40°C rise.

Power ratings vary from 14 to 114 watts for the different sizes, with a maximum voltage
limitation of approximately 76 to 125 volts per section, depending upon the design and
manufacturer. Thus a two-section resistor would have a maximum voltage limitation of
150 to 250 volts.

The power rating is the limiting rating up to the resistance value that requires the maxi-
mum voltage rating. Higher resistance values are limited by the vo!tage rating.

22. Variable Wire-wound Resistors. 1. Low Power. These are usually of the
eontinuously variable type made by winding resistance wire on an insulating form of
bakelite, fiber, or similar material, which may be arcuate in shape or a flat strip
formed into an arc after winding. The form is then placed in a protective container.
A metallic sliding arm is arranged to travel over the winding, thus making contact
with each turn as it isrotated. The choice of wire and size is determined by the resist-
ance and space requirements.

In general, wire-wound continuously variable resistors are wound so that the resist-
ance changes uniformly with the motion of the sliding contact. For certain uses, e.g.,
antenna-type volume controls, it is desirable that the resistance change be nonuni-
form. In this case, the form on which the wire is wound is sometimes tapered so that
the resistance per degree of rotation is not constamt. Other methods of tapering
employed are winding with variable pitech, winding sections of the control with
different sizes of wire, and copperplating the start and finish of the winding.

The resistors are made in sizes varying from approximately 114 in. in diameter and 4 in.
deep to 5 in. in diameter and 214 in. deep. The maximum resistance varies from 10,000
ohms for the smallest size to 500,000 ohms for the largest. The standard power ratings
vary from 2 watts for the smallest size to 25 watts for the largest. Usual standard ratings
are 2, 3, 7, 8, 12, and 25. The power rating is based on a temperature rise of 60°C, when
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mounted on a steel plate 1{¢ in. thick and 4 to 6 in. square. This rating is based on a
resistor wound linearly.

2. High Power. There are two general types of high-power variable resistors, usu-
ally made in two ways:

a. Ceramic Type. Resistance wire is wound on a toroidal ceramic core, and the
winding coated with vitreous enamel and bonded to a ceramic base or otherwise
mounted on materials having high temperature resistance. A sliding contactor,
which may be metallic, or a graphite-metal brush is arranged to rotate around an
open track on the resistor winding.

These resistors are made in sizes varying from 134 to 12 in. in diameter. They
are made in power ratings from 10 to as high as 1,000 watts; the usual standard ratings
being 25, 50, 75, 100, 150, 225, 300, 500, 750, and 1,000 watts. Standard tolerance
is +10 per cent. The maximum resistance values that can be wound are very high,
based on the size of these rheostats. Since these units are intended for relatively low
voltage systems in which heavy eurrents and high power are controlled, the maximum
resistance values are generally limited to 5,000 to 10,000 ohms.

Power Rating. Power rating is the power dissipated in the total resistance of the rheo-
stat. Linear-wound rheostats of this type having ratings of 100 watts and less are rated
on the following basis: When mounted in the center of a 0.063 in. thick steel panel, 12 in.
square and vertically suspended in still air at an ambient of 40°C, the temperature rise,
measured at the center of the open track, at rated power, shall not exceed 300°C. For
rheostats above this rating, under similar conditions, the temperature rise shall not exceed
350°C. Enclosed rheostats are rated at 50 per cent of their unenclosed rating.

b. Metal-clad Type. Resistance wire is wound on an asbestos insulated metallic
strip of high heat conduetivity (aluminum or copper), which is formed into an are or
circle after winding. This is assembled, with appropriate insulation, in a metallic
housing, usually dic-cast aluminum. A contactor, metallic or metal-graphite, is

arranged to rotate around an open track

100 on the resistor winding.

y These resistors are currently made in
/ y; two sizes, approximately 134 ¢ and 2151 ¢
s in. in diameter, rated at 25 and 50 watts,

, respectively. Maximum resistance

/A values wound are 5,000 and 10,000 ohms,
/os‘o | respectively.

@
[e]

o
O

o Power Rating. For this type of rheostat
'?0{0(“ the power rating, under the same condi-
(42 tions as given for the ceramic type of rheo-
! / stat, is based on a temperature rise of 140°C
Vi for the 25-watt rheostat, and 170°C for the
L& 50-watt rheostat. The reason for the
7/ lower temperature rise in this type of
4 rheostat is that the heat generated in the
7 winding is carried away by conduction to
(o] the metallic housing and mounting panel.

o] 20 40 60 80 100 . . .

O . Operation at F (actwnal' Rotation. In
. a rheostat the active portion may be any
Fra. 5. Per cent rated power and current g1, 4ion of the total winding. The per-
My pte r d cenltz e: e(itzl:'% r%t afil'c:n.st I}es;s:;r missible power in this active portion of a
founted on 2= By v 7Ag-in. SteCL PANCL  lincarly wound rheostat is a function of
the amount of rheostat in circuit. In the ceramic type it is practically a linear func-
tion; ¢.e., for rated temperature risc the power varies direetly with rotation. For
example, at one-third rotation, one-third rated power may be applied without exceed-
ing rated temperature rise. In the case of the metal-clad type, it is a nonlinear func-
tion. It is possible to apply very high powers at fractional rotations without exceeding
permissible temperature rise. For example, at 50 per cent rotation, 80 per cent of
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rated power may be applied. This is possible because of the high heat conductivity
of the winding core. The heat generated in a portion of the winding core is conducted
throughout the whole winding core, so that the rheostat behaves as though the entire
winding were active. This is illustrated by Fig. 5.

Derating. When rheostats are operated at ambient temperatures greater than
40°C, they must be derated in accordance with specifications applicable to the particu-
lar type of unit. Figure 6 illustrates one such derating curve.

100

80 NN
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/A

\ Type PR-50
<
Type PR-25 \\
\

N
NN

Percent of rating
H
o

n
Q

sl

o]
40 60 80 100 120 140 160 180 200 220
Ambient temperature °C

Fia. 6. Derating curves for metal-clad power rheostats, 25- and 50-watt ratings for
ambient temperatures above 40°C.

Design Consideration. Some of the factors to be considered in design are as follows:

. Contact between slider and resistor element should be positive.
. Winding should not become loose on the form.
. Sliding contact should not wear away resistance wire.
. Resistance change per turn should be as small as possible.
. Slider material should be such that it will not oxidizge, wear excessively, or pit.

28. Fixed Composition-type Resistors. The term ‘‘composition-type resistor’’ is
employed to cover that group of resistors in which a conductor is mixed with a binder
in definite proportions and suitably treated to produce a resistor material. The
physical form it takes may be a solid body or a film. By and large, these resistors,
whether of the solid body or film type, are made in the same general way although
there are wide variations in materials, formulations, details of procedure, etc. Resis-
tors of this class are made by preparing a homogeneous mix of a conductor, generally
graphite or carbonaceous, or both, with a resinous binder and sometimes filler. In
the case of the solid resistor, the binder is a resinous molding powder; in the case of the
film resistor, the resin is in the form of a varnish. In both cases a curing operation
is essential to harden the mass or film. The mixtures have infinite or very high resist-
ance prior to the final polymerizing operation. This operation, involving temperature
or pressure, or both, shrinks and fuses the resistive composition into a tough hard
body or film. The resulting structure then consists of conducting particles held
together by a dielectric binder. Resistance values are controlled by modifying the
ratio of dielectric to conductor. The higher this ratio, the higher the resistance
value. The conducting particles make contact with each other under the pressure
that exists in the structure. Most of the resistivity of the device is a suramation of
the contact resistances between particles, so that whatever alters the contact pressure
will affect the resistivity. Many of the performance characteristics of this class of
resistor are a direct result of the structure of this device.

This type of resistor is made up for different general applications as listed below.

G LN =
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24. Composition-type (Radio Low-power) Resistors. The composition-type
resistor has attained a wide popularity in the manufacture of radio and allied products
because of the following advantages: (1) flexibility in range—it may be made in any
values up to several hundred megohms; (2) compactness—its physical dimensions are
small for any range and they may be made in sizes as small as 345 in. in diameter by
134, in. long.

Numerous styles of these resistors have been produced but they take two general
forms:

1. Solid-body Resistors. In this style the resistor material is extruded, pressed, or
molded into its final physical form, which generally is a solid rod. After this it may be
subjected to some form of heat-treatment. The so-called ‘‘carbon’’ resistor is an example
of this style. It is produced both as an uninsulated resistor (as described) and as an
insulated resistor with an outside molded insulating covering. Wire leads are used as
terminals.

2. Filament-coated Resistors. Here a conducting coat or film is baked on the surface of a
continuous glass filament or other form. In the case of the glass filament this is com-
pletely enclosed in an insulating housing. The so-called ‘‘insulated-filament’ resistors
are examples of this style. Wire leads are used as terminals.

The insulated type of resistor, in which the resistor element is molded in a phenolic
covering is used almost universally and may be considered standard in the industry.
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F1c. 7. Voltage characteristics of composition resistors.

Resistors of this type possess properties differing very markedly from those of
metallic resistors. The most important are as follows and are possessed by all styles
in varying degree.

26. Voltage Characteristics. The resistance is not independent of the applied
voltage and falls with increasing voltage. This characteristic is measured by a factor
called “voltage coefficient’’ which is defined as

. R, — R, 1
Voltage coefficient = 100 R, X E, — £,

where E; = rated continuous working voltage
E, = 0.1 rated continuous working voltage
R, = resistance at rated continuous working voltage
R2 = resistance at 0.1 rated continuous working voltage

The voltage coefficient is a function of

1. Composition of resistance mix.

2. Resistance value. For a given type of composition or mix and size of resistor, the
coefficient decreases with decreasing resistance value.

3. Length of resistor. For a given composition and resistance value, the coefficient
decreases with increasing length.

These facts are generally true of all types of composition resistors and are illustrated
in Fig. 7, taken on resistors of two different lengths made with two formulas of resist-
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ance material. The reason for this behavior will be clear from the following: Lower
resistance values for a given composition imply less insulating material in the mix.
Greater length of resistor for a given value implies lower resistance per unit length of
resistor and, therefore, less insulating material. The variation required in each of
these factors to produce minimum voltage coefficient is in the direction to reduce the
amount of the dielectric required in the mix.

The explanation is to be found largely in the observed relationship between the con-
tact resistance of carbon particles and the voltage across contacts. The contact
resistance between two carbon particles
is an inverse function of voltage. Since
most of the resistance resides in the con-
tacts, anything that reduces the voltage
across the contact of conducting parti-
cles will reduce the voltage coefficient.
Increasing the number of conducting
particles is the equivalent of reducing
the amount of dielectric in the resistor,
which is the condition for minimum
voltage coefficient.

26. High-frequency Characteristics—
Boella Effect. Unlike wire-wound
resistors, which generally show an in-
crease in resistance with frequency (skin
effect), the composition-type resistor
shows a pronounced fall-off in apparent
a-c resistance from its d-¢c value with
increasing frequency. This is particu-
larly true of high resistance values.
This effect, known as the ‘ Boella effect ”’
after its discoverer in Italy, was further
investigated in England where G. W. O.
Howe proposed a theory explaining this io) .
behavior. He assumed that the resistor F10- 8- (o) Composition resistor of length
simulated a transmission line of half the fl’ (b) Representation zf (a) a_slt;ransg}uss!::])n
length of the resistor, with uniformly ne having a length L/2 with uniformly

PR . U N distributed R and C.

distributed resistance and capacitance

(see Fig. 8). He derived a universal relationship between E;/Roand fR,, in which the
ratio of R;/R, is constant for equal products of Bo and f. (R, is the apparent h-f
resistance at frequency f; B¢ equals the d-c resistance.) The fall-off in resistance value
with increasing frequency is, therefore, due primarily to shunting effect of the distri-
buted capacitance in the resistor. Many observations confirm this theory generally,
although Salzburg and Miller! show considerable departure at frequencies above
200 Mc. More recently this subject has been studied by R. F. Field of the General
Radio Company. In an unpublished paper, he introduced the additional considera-
tion of dielectric loss in the distributed and lumped capacitances in Howe’s artificial
line, which would increase still further the fall-off in apparent a-c¢ resistance. The
Boella effect in composition resistors of all types is a direct result of the resistor
structure. Large numbers of conducting particles interspersed with a large amount of
dielectric produce capacitances and their concomitant dielectric losses, which act as
shunts at high frequencies.

27. Conditions for Good H-f Characteristics. On the basis of this analysis two
important conditions follow for optimum h-f characteristics:

[

»
(2]
@

1. Minimum dielectric in the resistor mass and surrounding it. The dielectric constant
and IOs's factors should be minimum.

1 RCA Rev., April, 1939.
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2. Geometry of Resistor. As a direct result of this condition, the geometry of the resistor
influences the h-f characteristics. Consider two resistors of equal length, one having twice
the cross section of the other. For a given resistance value, the smaller unit would require
resistance material with the lower specific resistivity. This means less dielectric resulting
in better frequency characteristics. The condition for minimum dielectric is, therefore,
minimum cross section of resistor. Similarly, if the areas of both resistors are constant,
the condition for minimum dielectric is maximum length. For best h-f characteristics,
the ratio of area to length of the resistor should be a minimum.

The filament-type resistor most nearly meets both requirements established for
minimum Boella effect. Its cross section is extremely small since it is a film. (Film
thicknesses in commercial practice vary from 0.0002 to 0.001 in.). The film volume
also being small, the dielectric mass is very low.!

Figure 9 is taken from Field.? Figure 10 represents results of an earlier set of
measurements. Both sets of curves represent the average performance of a number
of resistors of each type. The curves are self-explanatory and indicate the effect of
geometry, insulation, and type of construction.
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Fic. 9. Frequency characteristics of different types of composition resistors.

28. Resistor Noigse Characteristics. These resistors all show, in varying degree,
the presence of microphonic noise. The degree of noise is a function of the voltage, size
of the resistor, resistance value, and the nature of the materials used. In general, for
a given set of materials in the resistor, the noise level increases with increasing voltage,
increasing resistance, and decreasing size of the resistor. Figures 11 and 12 show
typical noise-level curves for two types of resistors. The points of discontinuity show
where a change of mix or materials is made. The curves also show the increase in
noise for a given value as the resistor size decreases. Noise measurements were made
in accordance with the method deseribed in the ‘“Joint Army-Navy Specification on
Fixed Carbon Resistors,” JAN-R-11.

It is interesting to note that the pattern of factors influencing noise is similar to that
influencing the voltage coefficient and h-f characteristica of composition resistors.

Christensen and Pearson? reported that they failed to detect any noise in a solid
carbon filament other than that due to thermal agitation. As a result, they concluded

1 The most comprehensive set of h-f measurements on composition-type resistors of the solid and
filament variety have been made by D. T. Drake, Massachusetts Institute of Technology, published in
Unclassified Report 520; and by R. F. Field, previously mentioned.

2 Loc. cil.

3 Bell System Tech. J., April, 1936.
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that most of the noise in carbon-composition resistors came from the contacts between
carbon particles and that this was a function of voltage. They demonstrated that
increasing the number of contacts would decrease the over-all noisc. Empirical
results with solid and film types of composition resistors confirm their conclusions.

In the type of resistor under discussion, resistance is increased by adding dielectric
binder. This is equivalent to reducing the contact density or the number of contacts
per unit volume, and increasing the resistance of the contacts. For a given current
through the resistor or a given power in the resistor, this results in greater voltage drop
across each contact, which produces greater noise.  As in the h-f and voltage charac-
teristic the condition for minimum noise is minimum dielectric in the resistor.

29. Humidity Characteristics. Although the general effect of humidity on resistors
is to reduce resistance value because of resultant leakage, its effect on composition
resistors is the opposite: resistance increases. This is because moisture causes expan-
sion of the resistor material and separation of the conducting particles, with resulting
increase in value. This effect may be reduced by proper choice of materials used and
by suitable treatment of the resistor.

30. Temperature Characteristics. The temperature coefficient of this class of
resistors is not a constant factor. It varies with resistance value, and for a given
resistance it varies with temperature. The coefficient may even change sign at some
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Fre. 13. Resistance-temperature characteristic, ¢ watt, 1§ by 34, film composition

resistor. Curve 1, 33,000 ohms; curve 2, 0.100 megohm; curve 3, 1.00 megohm; curve 4,

10.00 megohms.

point on the temperature scale. This anomalous behavior is due to the peculiar
structure of the resistor. A composition resistor is one in which the conduetor
(graphite, carbon, or other material), which may have negative and/or positive coef-
ficients, is mixed in varying proportions with insulation. In addition, there is an
insulating supporting base for the film-type resistor. All these components react
differently to temperature changes. Stresses are set up by even small differences in
coefficient of expansion between these various components. Also, contraction and
expansion may affect the contact pressure between conducting particles nonlinearly
for the same temperature increment at different temperatures. The temperature
coefficient of the conducting material itself—graphite, carbon, or other material—is
not the dominant factor in establishing the temperature characteristic of the resistor.
Rather it is the result of all the stresses set up by differential expansion, which affects
the contact pressure hetween conducting particles, and this pressure determines the
ultimate resistance and, therefore, temperature cocfficient. As a result, it is necessary
to speak of temperature characteristics over a wide range of temperatures rather than
to cite a constant temperature coefficient.

Figures 13 and 14 show typical temperature characteristics of two types of composi-
tion resistors for different values and over a wide range of temperatures.

31. Rating Composition-type (Radio) Resistors. The rating of composition-type
resistors is complicated by many variables. Their temperature coefficient being
large, it is possible for a resistance change to become quite appreciable hefore a tem-
perature limitation is exceeded. Furthermore, with the higher ranges, such as 0.25
megohm and higher, in which the power dissipation may be very low, the voltage
characteristics may be a determining factor instead of the load-carrying characteristics.
Also it is possible that the insulating materials used in and around the resistor may
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have some influence on the rating. It is, therefore, customary to rate this type of
unit on the basis of the maximum load it can carry, or the maximum voltage that
can be applied to it for a long time, without exceeding prescribed resistance changes.
The prescribed changes generally accepted are 10 per cent for intermittent rated-load
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Fia. 14. Resistance-temperature characteristic, 14 watt, '§ by 34, solid composition

resistor. Curve 1, 1,000 ohms; curve 2, 10,000 ohms; curve 3, 0.100 megohm; curve 4,

1.00 megohm; curve 5, 10.00 megohms.

operation and 10 per cent for 50 per cent overload operation. As a result of recent
developments, notably the development of insulated resistors in which the resistance
element is molded in phenolic and also the development of new mixes, it has been
posgible to increase the rating of given sizes of resistors. This is particularly true
of small resistors. This was made possible by the discovery that the temperature
rise of the very shert resistors is appreci-

ably lower for a given power dissipation Insulated Composition Resistors

than would be expected from its reduced Max diam of | M 1 length
cooling surface. The reason for this is Rating, watts| "2 diam o (3 OV LTS
that the metal end terminals, e Gh K resistor, in. of resistor, in.
shortness of the unit, cover a substantial

portion of the entire resistor, are very 34 ¥ . 3

close to the center hot section, and, b -3 34-34
therefore, cool the resistor by conducting ; g{f 80 l;?

the heat away.

The accompanying table gives the . ] ]
adopted standard ratings and sizes of insulated resistors, the ratings being based on
an ambient temperature of 40°C.

ey 32. Power Derating. Where com-
90 Y position resistors are operated at am-
80 ‘\ bient temperatures in excess of 40°C, it is
- 70 necessary to apply a ‘‘derating’’ factor
8 60 N\ to avoid exceeding permissible maximum
B 50 temperatures. Figure 15 shows a typi-
s cal power-derating curve generally
- 40 N applied to composition resistors.
§ 30 3 83. RMA Color Code. The use of
& 20 \‘ composition resistors has increased to
0 N such an extent and so many are employed
o N in a radio set that it has become desirable

0 20 40 60 80 100 120 to identify each resistor for range in a
quick and simple manner. Such identi-
fication simplifies assembly of these units
and helps in servicing. It also enables
) the tolerance of the resistor to be identi-
fied. Ten colors are assigned to the figures as shown in the following table. These
designations indicate the shades as shown on the Standard Color Card of America, 9th
ed., 1941, issued by the Textile Color Card Association of the United States, New York.

Ambient temperoture in degrees centigrade

F1a.15. Composition-resistor derating curve
for high ambient temperatures.
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It shall be standard in fixed-composition resistors with axial leads to indicate the
nominal resistance value of the resistors by bands of color around the body of the

resistor, in accordance with the following

system:
Figure | Color | Color to be equivalent to cable Three or more bands of color shall pro-
vide indications as follows:
0 Black Band A shall indicate the first significant
1 Brown 70118 figure of the resistance of the resistor.
2 Red 70179 Band B shall indicate the second signi-
3 Orange 70071 ficant figure.
4 Yellow 70067
5 Green 70063
6 Blue 70209
7 | Violet 70058 A BCD
8 Gray 70170 Fig. 16. Fixed com-
9 White position resistor with
axial leads.

Band C shall indicate the decimal multiplier.
Band D, if any, shall indicate the tolerance limits about the nominal resistance value.

1t shall be standard to indicate the significant figures of the resistance value, the
decimal multiplier, and the tolerance with the modifications and extensions of the
Standard RMA Color Code GEN 101 as given below:

Decimal multipliers
Tolerance
Color '
Significant | Power of At L5557 G
figure 10 Multiplying value
0 100 1
1 101 10
2 10t 100
3 108 1,000
4 104 10,000
5 104 100,000
8 106 1,000,000
7 107 10,000,000
8 100 100,000,000
9 100 1,000,000,000
oa 10! 0.1 + 5
102 0.01 +10
cooo || 0o00000000000000 +20
Examples illustrating the standard are as follows:
Ohms A B [od
10 Brown Black Black, no cipher
1 )]
220 Red Red Brown, one cipher
2 2
3,300 Orange Orange Red, two ciphera
3 3
4,700 Yellow Violet Red, two ciphers
4 7
88,000 Blue Gray Orange, three ciphers
8 8
150,000 Brown Green Yellow, four ciphers
1 5
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34. Standard Resistor Values (Preferred Numbers). In the interest of standard-
ization, the RMA has established standard resistance values in accordance with a
preferred-number series. These values have been adopted universally in the industry.
The series of values, appropriately rounded to two significant figures, is defined for
each tolerance band as follows (RMA Standard GEN 102):

1. For tolerance of *5 per cent a series of values between 0.1 ohm and 100 megohms in

which successive values are related by the multiplying factor, WE, t.e., 1.10 approximately.
2. For tolerance of 10 per cent, a series of values between 0.1 ochm and 100 megohms in

which successive values are related by the multiplying factor, \/’ 10, t.e., 1.21 approximately.
3. For tolerance of 20 per cent, a series of values between 0.1 ohm and 100 megohms in

which the successive values are related by the multiplying factor '\./IT) t.e., 1.46
approximately.

The table below gives the basic decade of standard preferred resistance values for
each of the three standard tolerances. These standard values apply between 0.1
ohm and 100 megohms. This standard is also applicable to fixed low-power wire-
wound resistors (see Sec. 12).

Standard Preferred Resistance Values

Tolerances available, per cent

5 10 20 5 10 20
1.0 1.0 1.0 3.3 3.3 3.3
1.1 3.6

1.2 1.2 3.9 3.9

1.3 4.3

1.5 1.5 1.5 4.7 4.7 4.7
1.6 5.1

1.8 1.8 5.6 5.6

2.0 6.2

2.2 2.2 2.2 6.8 6.8 6.8
2.4 7.5

2.7 2.7 8.2 8.2

3.0 9.1

36. Composition-type H-f Resistors (Medium-high Power). As commonly made,
these resistors consist of ceramic tubes or rods (Sec. 14) with a resistive film deposited
on the outer surface of the ceramic. This film usually consists of carbon or graphite
in a resinous binder that has been properly cured. Silver film terminations are applied
over the ends of the ceramic, to which soldering lugs or ferrule-type terminals are
applied. These resistors are made commercially in a large number of sizes. The
table below gives a few typical sizes with pertinent information as supplied by the
manufacturer.

Composition H-f Resistors

Min Max A
IRC Poyver Vol.t.age available available Ceramic Resistor Lex'xgth of
type rating, Taling, | ;egistance, | resistance, | length, in. body resistance
watts volts iy megohms diam, in. path, in.

MPM M 200 10 1.0 %46 0.060 34
MPF 2 500 20 1.5 13 e 1
MPJ 5 1,000 35 3.0 3 e 2
MPP 10 1,750 25 2.5 4% LA 3.5
MPA 20 2,750 35 4.0 (371 13§ 5.5
MPO 30 4,750 50 5.0 1034 13§ 9.5
MPR 90 8,500 80 6.0 1834 2 17
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Some of the characteristics are as follows:

1. The temperature coefficient varies with resistance value and varies from 0.005 per cent
per °C for the minimum values indicated in the table to 0.07 per cent per °C for the maxi-
mum values.

2. The voltage cocflicient also varies with resistance value and, between minimum and
maximum resistance values, varies from approximately 0.002 to 0.03 per cent per volt per
inch of length of resistance path. This limits the maximum voltage recommended.

3. Typical curves of the frequency characteristics are shown in Figs. 17, 18, and 19 for
different sizes and resistance values up to a frequency of 30 Me.

4. Aging. The average per cent of change per year on shelf is 3 per cent.
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Fia. 17. Frequency characteristics of high-  Fia. 18. Frequency characteristics of high-
frequency resistors, MPM type. A4, 30 to frequency resistors, MPF type. Full curve,
100 ohms; B, 200 to 10,000 ohms; C, 0.01 50 to 10,000 ohms; dashed curve, 0.1
megohm; D, 1.0 megohm. megohm.
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Fig. 19. Frequency characteristics of high-frequency resistors. (@) MPP resistor:
A, 50 to 100 ohms; B, 1,000 ohms; C, 10,000 ohms; D, 0.1 megohm. (b) MPR resistor:
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Power Rating. The ratings assigned these resistors arc based on operation at an
ambient of 20°C and a maximum operating temperature of 90°C for continuous opera-
tion, and 110°C for short-time intermittent operation. Temperature rise curves for
this type resistor are shown in Fig. 20. If operated at higher ambients, it is necessary
to derate in accordance with the derating curve in Fig. 21.

Increasing Power Ratings. This type of resistor, when operated in free air, is
restricted to medium power ratings because of the temperature limitations of the
materials used in the resistive film. Means for increasing the power rating are

1. Forced Air-draft Cooling. The use of an air stream from a fan or blower can increase
the rating from two to three times.

2. Immersion in Oil. This also has the effect of increasing the rating by a factor of
2 to 3.

3. Water Cooling. Extremely large increases in rating from 100 to 250 times the air
rating can be obtained by appropriate methods of water cooling. This type of water-
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cooled resistor is made with the resistor film on the inside of a glass tube. Water is fed
through appropriate fittings tangentially into the tube at a high velocity. It flows along
the resistor film in intimate thermal contact with the film and returns to its source.
Resistors having a free air rating of 20 watts can be rated at 5 kw by such means. The
rating depends upon the water flow. Such resistors are built so that different inlet nozzles
can be installed to accommodate different water flows. The effect on rating is shown by
the following table:

Effect of Water Flow on Rating of IRC Water-cooled Resistors—Type LP Having
Air Rating of 20 Watts

Nozzle Water flow, gpm Water pressure, lb Power rating, kw
1 20-25 5
2 2 15 2
3 1 15 1

36. Composition-type High-voltage Resistors. The increasing use of high-voltage
sources, as in radar, television, and X-ray equipment, introduced a requirement for
resistors capable of handling high voltages

20 at moderate powers Also these resistors
must be made to extremely high values,
7 / hundreds to thousands of megohms, so that

/ the load on the high-voltage source may be
low.

/| High-voltage resistors are made by apply-

70 ing on a ceramic tube a resistance film as
8 described in the previous section on h-f re-
e a sistors, except that the resistance path is a
'.f-' 0 continuous spiral line. Terminals are ap-
8 plied as described in Sec. 35. In thiswaya
3
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F1a. 20. Type MP resistor; load-tempera- Fia. 21. Type MP resistor; high-ambient-
ture rise in free air. temperature derating curve.

long resistance path can be obtained on a very short tube. For example, the resistance
path on a tube 414 in. long and 31 in. in diameter can be made to have a linear length
of 80 in. On the basis of a 250-volt-per-in, rating, such a resistor could be rated for
20,000 volts. The long resistance path also makes it possible to obtain very high
resistance values more readily. For example, on the basis of 20 to 25 megohms per
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in. of path, which is possible in practice, 1,500 to 2,000 megohms can be obtained on
the 414-in. ceramic mentioned above.

Except for the h-f characteristic, these resistors have exactly the same qualities as
those of h-f resistors described above. The table below gives typical data on some
of the sizes available.

High-voltage Composition Resistors

Min Max R
IRC i:i‘:: v,‘;l:;:,';e available available Ceramic REZ';;O" :‘;’;;;hn::
type watts volts rea(:;tr::ce. r:ls cli::;\n:l:' length, in. diam, in. path, in.
MVF 2 5,000 2,500 250 13 e 10
MVJ ! 5 10.000 20.000 1,500 3 Ue 50
MVP 10 15.000 50,000 2.000 £ 321 { 80
MVA 20 25.000 0.2 megohm 4,000 (371 134 190
MVO 30 50,000 0.4 megohm 8.000 1034 134 330
MVR 90 100,000 | 1.0 megohm | 20,000 1834 2 1,100

87. Deposited-carbon Resistors. The deposited-carbon resistor is a film resistor,
differing from the composition type in that the resistance film contains no dielectric
material—only carbon. This film is deposited on a ceramic tube or rod (Sec. 14)
by pyrolysis, i.e., the cracking of a hydrocarbon gas at elevated temperatures in the
proximity of the heated ceramic form. Under suitable conditions, erystalline carbon
deposits on the ceramic to form an extremely hard dense film. Terminals may be
wire leads, lugs, or ferrules. To obtain high resistance values, a spiral groove is cut
in the carbon coating, which in effect gives a long spiral resistance line. Suitable
protection is applied to the resistor in the form of a lacquer coating, phenolic tube, or
hermetic sealing in glass or ceramic.

Typical Deposited-carbon Resistors Data

Resistance Approx over-all | Power rating,
range, chms X size watts
Manufacturer Pr9zec- Min 5
d ty tive — | tolerance o peak,
and type enclosure percent | po |y ength volts
Min| Max | R | Nom | Max
Western Electric:
Phenol, 200 108 +1 1344 1.0 0.5 1.5 8,000
shell
141 Phenol, 200 5 X 107 +1 134, 24 1.0 3.0 (15,000
shell
D-168753 Varnish 1 3 X 108 +1 1164 13{4 0.15 0.8 6,000
D-169025 Varnish 200 5 X 107 +1 b2 2% 1.0 3.0 (15,000
D-169201 Glass 200 | 1.5 X 107 t1 13¢, 2154{¢ | 2.0 20.0 6,000
Wilkor Products:
CP ¥ Watt Varnish 20 | 0.5 X 10¢ +1 He 3% 0.25
CP % Watt Vinylite 20 1 X 107 +1 0.255 15{¢ 0.5 . 6,000
sleeving over
sleeving
CP 2 Watt Vinylite 100 | 200 X 10 11 0.325 2 2.0 6,000
sleeving over
sleeving
International Re-
sistance:
DCF Varnish | 200 [ & X 10¢ +1 %32 154¢ 0.25 1.0 6,000
DCH Varnish | 500 | 2 X 107 +1 %52 2o 0.50 2.0 8,000
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In effect, the physical form of this resistor is similar to the h-f resistor described in
Sec. 35, and the high-voltage resistor described in Sec. 36, the important difference
being that the resistance film contains no foreign dielectric material. This results
in some important advantages:

1. The resistor can be operated at high temperatures, e.g., at red heat, prpvided precau-
tions are taken to avoid oxidation, as by hermetic sealing in vacuum. This permits high
power ratings.

2. The stability of the resistor is considerably improved.

3. Aging characteristics are improved.

4. Precision is attainable because of the foregoing.

Some of the characteristics are )

1. The temperature coeflictent varies between 1 0.025 per cent per °C to +0.054 per cent
per °C.

2. The voltage coefficient is negligible.

3. Aging. The average per cent of change per year on shelf is less than 0.1 per cent.

4. Typical curve of the frequency characteristics is shown in Fig. 9.

The table at bottom of page 106 gives a few typical makes, and sizes and pertinent
information.

88. Varistors. Varistors is the coined name applied to a class of nonohmic con-
ductors, whose resistance, though not manually adjustable, varies over wide ranges
with voltages and/or temperature. These are made of a class of materials called
‘‘semiconductors,” whose resistivitiesat .
room temperatu’re fall between those B CorChRle )
of metallic conductors and insulators. <3000 -2000 -1I000 0 1000 2000 3000

7
The order of magnitude of these resis- 10
tivities is as follows: R
!
Resistivity in Ohms-cm 28“ °
Metals | Semiconductors | Insulators § 10° b
g
2104 ‘
10+ 10-%-10- 108-101 s J \
o
=| °
These semiconductors are usually metal- g 103
lic oxides, or other types of metallic com- § \
pounds, which may be sintered in some 'z 192
inert binder such as clay. They are §
characterized by their extreme sensitivi- 2 .
ty to voltage or temperature changes. & 'O 4 5777 mick]
They may be divided into three classes. —_— S—
39. Low-voltage Varistors—Recti- 10°
fiers. The classic examples of these are \ Cug0
the selenium and copper-oxide rectifiers " [t
(used as power supply), and the galena N o ; 2 3

or lead-sulphide and carborundum single-
contact rectifiers used for detection.
These are used primarily at low voltages
and are characterized by their asym-
metrical voltage-resistance curve; i.e.,
the resistance is dependent on the direction of the applied voltage. They have ex-
tremely high resistance to negative voltages and extremely low resistance to positive
voltages (see Fig. 22a). This property is responsible for their rectifying ability. It
should be noted that this is a characteristic of single-contact varistors, i.e., varistors
consisting of a single crystal or disk making one contact to the other electrode.

40. High-voltage Varistors. A typical example of this class is the silicon-carbide

Volts per disk (copper oxide)

Fra. 22. Resistance-voltage characteristic of
varistors: a, low-voltage copper oxide;
b, high-voltage silicon-carbide varistor.
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resistor (thyrite). This, in contrast to the single-contact varistor described above,
consists of a large number of silicon carbide granules sintcred in a vitreous ceramic.
Unlike the rectifier type, the resistance voltage characteristic is symmetrical, 7.e., is
independent of polarity (see Fig. 22b). This is explained partly by the fact that,
although any single contact in the resistor mass may rectify, random distribution of
large numbers of contacts in serics and parallel result in equal numbers of contacts
rectifying in opposite directions.

The characteristics of the high-voltage resistor depend upon the composition of
material and heat-treatment. Changes in resistance of the order of 100,000 to 1 may
be obtained by changes in the heat-trcatment. Resistance changes of the order of
100,000 to 1 or more can be obtained by voltage changes of the order of 1,000 volts.
Figure 23 shows a variety of characteristics possible with this type of resistor.

The temperature coefficient is negative and a function of voltage, being higher at
low voltages. At low voltages a change of 45°C may change the resistance value by
a factor of 2.
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F1a. 23. Characteristics which may be obtained in silicon carbide varistors.

41. Thermistors. This class of resistors consists of mixtures of one or more
metallic oxides, such as ferric oxide, Fe;0;, nickel oxide, NiO, manganese dioxide,
Mn:0Os, sintered in inert binders, such as clay or titanium dioxide. These resistors
are temperature-sensitive and are characterized by an extremely high-negative-tem-
perature coefficient. The explanation, in simplified form, is that at low temperatures,
semiconductors have relatively few ‘‘free’” or conduction electrons, most of them being
bound to their respective atoms; hence, the resistivity is high. As the temperature
is increased, however, more and more of the electrons in bound states acquire energies
sufficient to carry them over into ‘““free’’ energy states, where they can be accelerated
by an electric field; hence, the resistance decreases, which accounts for the high nega-
tive-temperature coefficient.

There are three methods of controlling the resistance of a thermistor:

1. External heating or controlling ambient temperature.
2. Direct heating, in which the circuit current passes directly through the thermistor,
thus heating the thermistor and altering its resistance.
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3. Indirect heating, in which the thermistor is placed inside or near a heating coil that
carries the control current, and the heat thus generated controls the thermistor resistance.

42. Characteristics and Uses of Thermistors.

1. Reststance vs. Temperature. Figure 24 shows the relationship between specific resist-
ance and temperature for three different types of thermistor materials and for a metal,
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Fia. 24. Temperature characteristics of thermistor materials and a metal.

platinum. The relationship between resistance, temperature, and temperature coefficient
for thermistor materials, in general, are

given by 5
p(l_l_ = |
R = Ree \I " g4
and 2 \
=1drR B a3
Rdl o : \ Res 28040 ohms
where ¢t = absolute temperature of é T~
thermistor g M—
Ro=Ratt =t § T
@ st:sin;f:nrc:ture coefficient of S o20 206 B0 00 20 R0 —85200
e =2.718 . . ., the Napierian Temperature - degrees C
base F1a. 25. Temperature coefficient vs. tem-
B = function of material and perature for iron-oxide thermistor.
temperature

By varying the size, shape, and composition of thermistors a wide range of resistance
values, and to a lesser extent temperature coefficients, can be obtained. The temperature
coefficient of the resistor is also an inverse function of temperature. Figure 25 shows how
the temperature coefficient of a specific type of iron-oxide thermistor varies with
temperature.
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2. Voltage-Current Characteristics. Figure 26 shows the EI characteristic of an iron-
oxide thermistor. Although the specific eurve shapes vary for each type of material, they
all show the same general form. An interesting feature of this curve is the falling voltage
characteristic with increasing current to the right of the maximum voltage point. This
shows a negative resistance characteristic, similar to that displayed by an are, such as the
Poulsen arc, indicating possible uses as an oscillator.

24
) P/rrr'\\\ I '

2 % N | | [fes 10000 0tm

4 N

| 0 100
Milliomperes
F1a. 26. Voltage-current characteristic of iron~oxide thermistor.

3. Resistance-Power Characteristics. Figure 27 illustrates the relationship between
resistance and power in a Western Electric uranium-oxide thermistor.

4. Current-Time Characteristics. Owing to the thermal inertia of thermistors, the
resistance change does not take place instantaneously with change in current. Figure 28
illustrates the relationship betweer. current and time and shows the delay in current
build-up.
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Fra. 27. Power characteristic of directly Fic. 28. Time characteristic of directly
heated thermistor. heated thermistor.

43. Applications of Negative-temperature Coefficient Resistors. By virtue of
their high negative-temperature coefficients of resistance, their time constants, and
their peculiar volt-ampere characteristics, thermistors are useful in a number of ways,
a few of which are mentioned here:

1. Resistance Thermometers. The application here is almost obvious. A thermistor in
series with an ammeter and constant-voltage source will indicate temperature when the
ammeter is properly calibrated. Simple refinements of this system make it possible readily
to indicate changes in temperature as small as 0.0005°C.

2. Temperature Controllers. Related to their use as thermometers, thermistors can be
employed as temperature controllers.
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3. Time-delay Devices. Owing to the thermal inertia of thermistors, the current through
them will increase for a while after voltage is applied, as the thermistor heats up and the
resistance decreases. This fact can be made use of to provide time delays ranging from a
few milliseconds to several minutes.

4. Motor Starters and Overcurrent Protection. The high initial cold resistance of a
thermistor, which decreases rapidly as it is heated by current flowing through it, is useful in
motor protection or in other devices that draw high initial starting or heating-up currents.

5. Temperature Compensition. By proper choice and connection of thermistors the
positive temperature coefficient of resistance of many passive networks can be neutralized
to give a resultant network whose resistance is substantially independent of temperature
over wide limits.

6. Wattmeters. Thermistors have been used to measure power, especially in the u-h-f
band, by measuring their change in d-c resistance as they absorb all, or a given fraction,
of the power to be measured.

7. Manometers. Since the dissipation constant of a thermistor depends on the thermal
conductivity of the surrounding medium and this in turn depends, in the case of gases, on
the pressure, thermistors can be readily used as sensitive-pressure gages for gases. Through
a similar mechanism they can also be used as velocity meters for gases or liquids.

8. Automatic Gain Control. By incorporating a thermistor in the feedback circuit of a
negative feedback amplifier, the amount of feedback voltage can readily be varied auto-
matically to compensate for changes in the output signal. Many types of such AGC
circuits have been devised.

9. Amplifiers, Oscillators, and Modulators. Since thermistors can be made to display
negative resistance characteristics, they can, theoretically at least, be used as oscillators,
amplifiers, and modulators. Such devices actually have been made in laboratories and
have functioned well at low and audio frequencies, but there are still many difficulties that
prohibit their practical use at this time.

44, Variable Composition Resistors. In numerous applications high-valued vari-
able resistors are required; e.g., for controlling the sensitivity of a receiver by varying
the bias on the r-f tubes a variable resistor up to 50,000 ohms maximum is commonly
employed. For adjusting the audio signal level in a-v-c radio sets a variable resistor
up to 2.5 megohms is not uncommon. From the point of view of cost, wire-wound
resistors of this magnitude are prohibitive. Furthermore, it is frequently desirable to
have a nonuniform rate of change of resistance with respect to angular rotation, which
is very difficult to secure with wire-wound resistors. Therefore, carbon or graphitic
types of variable resistors made to meet these requirements at reasonable cost are
widely used.

There are two classes of this type of resistor:

1. Pilm Type. Such resistors generally consist of a resistive solution applied to some flat
form, such as paper or ceramic, and baked on. The resistor solution consists generally of
carbon or graphite, or both, mixed in a resinous binder (varnish) or lacquer. This solution
may be applied to the insulating base by spraying, rolling, printing, or other means of
depositing a liquid. A rotating slider or some other form of contact travels over this
resistive element and produces a continuous variation of resistance. Since the resistor is
essentially painted on the form, its geometrical form may be varied by design. Also
different concentrations of the resistor ink or paint may be employed at different positions
of the resistor element. By the use of these two expedients, the resistor may be designed
to give any resistance-rotation law desired.

2. Solid Type. In this type, the resistor element consists of carbon and graphite mixed
with a resinous molding powder and molded in solid form to an insulating base. A rotating
slider or other form of contact travels over this element and produces a continuous variation
in resistance. By varying the ratio of conductor to binder along different positions of the
resistor track, the resistor element may be made to follow different resistance-rotation laws.

In both types the resistance element is mounted on or embedded in an insulating
base, and this assembly is enclosed in a metallic case. A line power switch is fre-
quently assembled to the cover, which is operated by the shaft. Both types are made
in resistance values up to 10 megohms. Standard tolerance for this type unit is
20 per cent, although they are also made to 10 per cent.
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The mechanical characteristics are as follows:

1. Size. These controls are made in sizes varying from 34 to 1}4 in. in diameter.
Standard sizes are 15{¢, 114, and 117 in.

2. Mounting. Single-hole mounting is standard, using a 3§ in. by 32 threads per inch
as the standard mounting bushing.

3. Rotation. Rotation is by means of a standard )4 in. diameter shaft, to which a knob
is attached.

4. The terminals are solder lugs.

Note oN MinNiaTURE ConTroLs: There is a class of variable resistors, approximately
34 in. in diameter, intended to meet space limitation requirements imposed by miniature
equipment, such as hearing aids. These controls use mounting bushings or studs approxi-
mately 0.1 in, in diameter. Rotation is accomplished by a knurled cover, which encases
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Fi1c. 29. Temperature-resistance characteristic; printed resistance on phenolic sheet.
Curve 1, 1,000 ohms; curve 2, 10,000 ohms; curve 3, 0.100 megohm; curve 4, 1.00 megohm;
curve 5, 10.0 megohms.

the control. Space occupied by the control proper is approximately 13{ g in. in diameter by
14 in. deep.

5. Taps. Taps or terminals may be brought out at intermediate points along the
resistance element for any purpose, e.g., for acoustic compensation at low levels. The
standard positions for bringing such ‘aps out are 35 and 65 per cent of effective elcctrical
rotation.

6. Multiple Controls. Standard controls are made so that a number of circuits may be
controlled simultaneously. Two or more single controls are mounted on one shaft and
bushing assembly, so that rotation of the shaft will vary all the controls simultaneously.

7. Concentric Dual Controls. There are equipments, such as television receivers, in which a
large nuraber of circuits must be controlled independently. The use of individual single
controls would require considerable space. So-called ‘' concentric dual controls' are made
to avoid this loss of space. These consist of a two-section control with one mounting
bushing, using conecentric shafts, the hollow shaft controlling the front section, the solid
shaft controlling the rear section. Two circuits can be controlled independently, and the
panel mounting space is that required for only one control.

The electrical characteristics are as follows:

1. Voltage Coefficient. Since the composition of the resistor element is the same as for
fixed-composition resistors, the voltage characteristic is also the same (see Sec. 25).
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2. Temperature Characteristics. 'The same considerations apply here as to fixed-composi-
tion resistors (see Sec. 30). Figure 29 shows typical characteristics for a volume-control
resistance element on phenolic sheet, for different resistance values.

3. Noise. Standard quantitative requirements and methods of measurement have not
yet been established for this characteristic. The characteristic of importance is the noise
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generated as a result of the movement of the contactor across the element. This is a
function of a number of factors:

a. Surface of resistor element. A smooth flat surface produces less noise than a rough
irregular one.

b. Nature of solid contactor. The points or area of the slider at which contact is made
to the resistance element should not change or shift as the slider is rotated, if minimum
noise is to be obtained. Such shifts produce irregular resistance changes and current
distribution which produce noise. This imposes severe requirements on the flatness of
both resistance element and contactor.

¢. Taper or resistance-rotation curve. Smoothness and gradualness of a taper curve are
important for minimum noise. Bad breaks, irregularities, and sharp changes in slope in
the curve cause corresponding changes in resistance which produce noise.

d. Presence of d.c. in the resistor circuit aggravates the production of noise. This
explains why diode load and sensitivity controls in cathode circuits used as rheostats are
more noisy than audio level controls.

4. Power Rating. The power rating of the film-type variable resistors is }4 watt for the
15{ ¢ in. diameter size, 14 watt for the 13§ in. size, and }4 watt for the 124 in.size. This
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rating ig increased by a factor of two to four times in some types of controls by the use of a
copper heat plate between the resistance element and the mounting. The copper plate is
in mechanical contact with the metal cover, bushing, and panel, so that the heat from the
resistance element is carried off by the copper
100 i plate and conducted to external parts, thus

reducing temperature rise.
N * . The solid type of variable-composition re-
90 N\ . ! sistor has a power rating of 2 watts for the
] \ _Linear L h 114 in. size, which is the only size currently

\ e A made.
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Antenna’C Bias Z ; 45. Uses for Variable Carbon Resistors.
Sensitivity / Within their power limitation these resis-
Canzel \ / / [l tors may be used wherever a continuously
[ [l var(ilable n;iistor i: reéluire(;l. The{1 may be
'Control used as either potentiometers or rheostats.
Sin o’f,,’,"o/;ped \ 9 ,{ i They find their widest use as volume con-
| Yor Bass Compensation / / I/ H trols and tone controls in radio receivers.
atLowLevels of-. q Some of their specific uses are here listed,
/ and some of the basic circuits illustrating

/ these uses are shown in Fig. 30.
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combination of Figs. 30a and 30b (Fig. 30c¢).
4. Audio-level control (Fig. 30d).
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j ) / \ level control in diode rectifier circuit (Fig. 30e).
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9. High-frequency variable resistor when nonreactive feature is essential, as in signal
generator attenuators.
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46. Tapers. The circuit considerations involved in these applications are discussed
elsewhere in this handbook, particularly in the chapter on Receiving Systems. How-
ever, each of these applications calls for a resistance curve, or ““taper” as it is termed,
which is most suitable for it. This taper defines the law of resistance change vs.
angular rotation of the variable arm. Some widely used curves are given in Fig. 31.

A suitable specification defining the taper should include:

1. Curve showing resistance variation against active angular rotation of the contactor.
Where a switch is incorporated in the variable resistor, the angle taken up for operation of
the switch is considered inactive. Curve should indicate whether resistance increases
with clockwise or counterclockwise rotation.

2. Resistance at extreme counterclockwise end between variable arm and left terminal;
this is generally called '‘left terminal minimum " and is specified as ‘‘less than so many
ohms.”

3. Resistance at extreme clockwiss end between contactor and right terminal; this is
generally called *‘right terminal minimum'’ and is specified as *“less than s0 many ohms."’

4. When a tap is specified, the angular location and resistance of the tap should be given.



CHar. 2] RESISTANCE 115

The resistance between the tap terminal and the variahle arm, when located at the tap, is
sometimes specified.

47. Choice of Volume-control-resistance Curve. In an audio amplifier in which
the maximum output is 40 db abhove the minimum output, the volume control should
be so made that each 140 of the rotation should correspond to an attenuation of 1 db.
If the volume control has a total attenuation of 80 db, more than is necessary on this
particular amplifier, each 14 of the rotation will correspond to 2 db attenuation since
only half of the total rotation can be used. In the sccond case the control should be
more critical than in the first case.

In a radio receiver the design of 'I
the volume control differs widely [
depending upon whether the re- | L
ceiver hasa.v.c.ornot. Ifnot,the | | |} L
entire voltage gain of the receiver ——— =
must be under control, perhaps 120 e 7
db. The tendency for the volume _Aopbr' ~
control to become noisy or to be [ % 7 =
difficult to adjust without produc- | f/ : . oM 2
ing violent jumps of volume change —rp = —
increases with the total gain that r e
must be controlled. ——f—b — | —=

The fact that a-v-c systems can- —,({‘}
not deliver a uniform voltagetothe | &f i - :
audio detector because of the wide [F—§/= E e
variations of input voltage (ranging =0 =
from a microvolt to several volts) EH— T T s =
makes necessary a different shape J,I" '/j
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of attenuation curve than would be
used on an audio amplifier used by  HZi—
i Cent

itself. Atype of curve ( n ralal?) e e
useful in the a-v-c recceiver IS juvime Per Cent Knob Rotation MaxVolume

shown. Here, approximately uni- g 39 Advantage of special taper for volume
form attenuation of 40dbissecured g, trol.

in 80 per cent rotation from the

maximum volume. This is the range most often used. The departure from linearity
in the first 15 per cent of rotation is to keep the resistance gradient within limits repre-
senting low noise.

Between 80 and 100 per cent rotation, the curve changes rapidly to provide a total
attenuation of 80 db. Rapid attenuation in this region is accomplished without
noise because the resistance change per decibel is small. Such a curve is much more
satisfactory than a straight logarithmic line (note the 80-db curve). In addition
they are simpler to build. A tapered resistance curve such that equal increments in.
rotation produce equal increments in attenuation (a straight line when plotted against
the logarithm of the resistance) requires that a change of 300,000 ohms take place in
the first 10 per cent, 120,000 ohms in the sccond 10 per cent, and so on till the last 10
per cent rotation produces a change of only 75 ohms. This is true of a 500,000-ohin
control with a total attcnuation of 80 db.

Wear Characteristics. Variable-carhon resistors necessarily have the same general
electrical characteristics as fixed-carbon resistors. In addition, owing to the motion
of the slider on the resistance element, there is a certain amount of wear on the
resistance element. This produces a change in resistance value and noise. Factors
influencing these changes are as follows:

i
= o

1. Hardness of resistance element which determines ability to withstand abrasion.
2. Pressure of moving contact on resistance element.
3. Smoothness of moving contact surface.
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PRINTED CIRCUITS

This name is applied to circuits where the conventional conductive wiring for inter-
connections is replaced by conductive metallic films.

A circuit consists of inductors (self and mutual), capacitors, and resistors intercon-
nected by copper wiring. A printed circuit is onc where any of these components is
replaced by conductive or resistive films applicd to an insulating base. Where this is
possible, a three-dimensional device is reduced esscntially to two dimensions. The
art is old. There is an extensive patent literature on the application of metallic con-
ductive films on insulation to replace conventional wiring. Inductors as well as wiring
have been printed. Application of resistive filns has been commercial for many
years. The reduction of printing complete circuits to commercial practice is new.

48. Methods of Printing. Films, whether conductive or resistive, can be applied in
several ways through stencils or shiclds:

1. Spraying. Molten metal, metal paint, resistor paints can be sprayed on the insulat~
ing base and processed.

2. Painting. Metallic and resistor paints can be painted or brushed on the insulation.

3. Chemical Deposition. Chemical solutions of metals are applied to insulation and are
reduced to metal films by heating.

4, Evaporation and Sputtering. Metals are heated in vacuum and deposited on the
insulating base by evaporation.

Printed Resistors. Printed resistors are film resistors. Methods of application and
the characteristics of the film are given in Sec. 44.

RESISTOR STANDARDS AND SPECIFICATIONS

Over the past few years there has becn considerable activity in the radio industry
toward establishing standards and specifications for the performance of resistors and
all other components. Prior to the Second World War the RMA had such a program
of standards under way which would satisfy commercial requirements. The advent
of the war introduced conditions of operation encountered by the military so far out-
side the commercial orbit that new military specifications for components were set up.
For example, ambient tempecratures between —50 and 100°C had to be considered.
Operation at altitudes of 30,000 ft with the resultant low barometric pressure placed
greater burdens on components. As a result, two sets of standards, commercial and
military, for components exist. However developments in thc components field are in
the direction to make these two sets of standards converge.

49. Types of Tests. Performance specifications and tests have become so extensive
that it is not possible to give them in detail. The following is a list of standard tests,
commercial and military, to which resistors are subjected. The detailed procedures
can be obtained from the specific standard specifications listed.

Standard Tests Applied to Resistors

Test Applied to
1. Resistance measurement All types of resistors
2. Power rating by measurement of temperature rise All types of resistors
3. Voltage coeflicient Fixed- and variable-composition resistors
4. Temperature—resistance characteristics between
—55 and 105°C Fixed- and variable-composition resistors
5. Rapid temperature cycling between —55 and Composition resistors
+85°C
8. Dielectric strength or voltage breakdown All resistors
7. Vibration All resistors
8. Noise 1 Fixed- and variable-composition resistors
9. Life test at rated load and 40°C ambient All resistors
10. 8hort-time overload All resistors
11. Load test at high ambient temperature, 85°C Fixed-composition resistors
12. Humidity—90 to 95 per cent relative humidity at All resistors
40°C.
13. Salt-water cyeling Fixed-composition and wire-wound resistors
14. Thermal shock Fixed-power wire-wound resistors
15. Wear test All variable resistors
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60. List of Specifications. The industry or commercial specifications are prepared
by the engineering division of the RMA and can be obtained from the RMA Data
Bureau, New York, 6. The military specifications for resistors are the Joint Army-
Navy Specifications (abbreviated JAN) prepared by the Army-Navy Electronic and
Electrical Standards Agency, Fort Monmouth, N.J.

Description of Standard Specifications for Resistors

Commercial, | Military,

RMA JAN
Fixed-composition resistor............ 000GE00006600 v.ssee.| REC-118 R-11
Fixed low-power wire-wound resistor............ vereiseness| REC-117 R-184
Fixed high-power wire-wound resistor. eeeeeen 00006000|lboooococo000 R-26
Fixed precision resistor............. 0000000008000 0600000000|[pocoocoooa00 R-93
Variable low-power wire-wound resistor........... 000000000|l60coccaooooo R-19
Variahle high-power wire-wound resistor............. 000000||boooooooooo0 R-22
Variable composition resistor.......coooeviiiion o, REC-121 R-94
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CHAPTER 3
INDUCTANCE; MAGNETIC MATERIALS

By ¥. G. WEBBER! aAND RAYMOND L. SANFORD?

1. Definitions and Units. Inductance is that property of an electrical circuit
whereby changes in the current flowing through it produce changes in the magnetic
field associated with the current such that a counter emf is set up in that same circuit
or in neighboring ones. If the emf is set up in the same circuit, the phenomenon is
called “‘self-inductance”; if in a neighboring circuit, it is called ‘“mutual inductance.”
Inductance is an effect exactly as inertia is an effect in a mechanical system. Inertia
is that fundamental property of matter which causes a body to resist a change in its
state of rest or motion. The important points are (1) that a change is necessary and
(2) that the effect is to resist the change.

Inductance is measured by the emf produced in a conductor by unit rate of variation
of the current. The practical unit of inductance is the henry (h). The henry is that
inductance in which an induced emf of 1 volt is produced when the inducing current
is changed at the rate of 1 amp per sec.

Since the henry is a rather large unit, especially in radio engineering work, it is
commonly subdivided into two smaller units: a one-thousandth part, the millihenry
(mh) = 107 henry; and a one-millionth part, the microhenry (zh), = 10~¢ henry.

2. The Inductor. A straight conductor carrying a current has the property of
inductance and, as will later be shown, is sometimes used as an inductor. However,
in other configurations this property can be enhanced to become more useful. The
most common inductors are coiled conductors. Since inductance is a magnetic
effect, coiling the conductors gives a more concentrated field pattern. Flux set up by
one turn of the coil links mutually with other turns of the coil, thereby increasing the
total inductive effect. It follows that the closer the turns, the greater is the induct-
ance. The design of an inductor would seem to be a relatively simple matter. How-
ever, it is not possible to construct an inductor capable of pure and simple inductance.
(1) There is no perfect conductor and, therefore, losses in the form of resistance are
introduced. (2) Distributed capacitance exists between turns of a coil and between
the conductor and surrounding objects. The actual inductor is always a combina-
tion of resistance, inductance, and capacitance. The true inductance is the absolute
or theoretical inductance. The apparent inductance is the effective inductance at
any frequency, i.e., the inductive minus the capacitive effect.

3. Resistance Effects. The reason for the difference between the d-c and the r-f
resistance of a conductor is the so-called “‘skin effect.” Consider two small filaments .
of a conductor, one filament at the center and one near the surface of the conductor.
All the flux produced by the current through the conductor will link the center filament,
but the flux within the conductor will not link the filament near the surface. This
means that the center filament will have a higher self-inductance than the surface
filament, This higher self-inductance means a higher reactance path for the current
in the conductor. More current, therefore, flows at the conductor surface. The
redistribution of the current forces more current through less of the conductor, giving
higher losses and more heating. The r-f resistance can become several times the d-¢
resistance. Seec Sec. 9, Chap. 2 for ratios of a-¢ to d-c resistance.

1 F. W. Sickles Co.
? National Bureau of Standards.
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Since the smaller the conductor, the less the skin effect, if the conductor is broken
down into many small strands, twisted about ten turns per foot and each strand
insulated from the others, the skin effect is lessened. Such wire is known as “litz”’
wire. Skin effect is a function of the following factors:

J\E
p
where d = diameter of conductor
p# = permeability of conductor
p = specific resistance of conductor
J = frequency

For air-core inductors, skin effect is the major consideration; for iron-cored or

copper-cored inductors eddy-current and hysteresis losses in the core reflect as resist-

ances in the coil. Both these losses vary with frequency.
The eddy-current loss for any material may be expressed by
W, = eVi}f?B ., ?
where e = loss per unit volume
V = volume
t = thickness of laminations or particle size
Buax = maximum flux density
f = frequency
The hysteresis loss for iron, according to the Steinmetz empirical law, is

Wi = anBmu"s

where n = loss per unit volume
V = volume
Buax = maximum flux density
f = frequency
The total loss expressed in watts in an iron-cored inductor is

W = I*Ry. + Wy + W,

Another factor affecting the resistance of an inductor comes into play when that
inductor ‘couples’ with other circuit elements. If current is induced in the coupled
circuit, losses occur and the resistance is increased. The general definition of effective,
equivalent, or apparent resistance is such that this resistance multiplied by the square
of the effective value of the current gives the true average rate at which heat energy is
dissipated.

4. Distributed Capacitance Effects. The distributed capacitance can be assumed
to be a capacitance shunted across the inductance. The effect is to give an apparent
inductance that is less than the true inductance. The higher the distributed capaci-
tance, the greater is the ratio of true to apparent inductance. Furthermore, because
this distributed capacitance has dielectrics other than air in many cases, other losses
can be introduced as dielectric losses. See the chapter on Capacitance for a further
explanation of such losses.

The distributed capacitance of a multilayer coil, e.g., a universal winding, is a highly
complex thing. Capacitances occur between layers as well as between turns. The
result is a network of capacitors in series, in parallel, and in series-parallel, which may
cause the total distributed capacitance to increase or decrease as the inductance
increases. This effect is shown in Table 2 (page 126), which gives the approximate
distributed capacitance of choke coils. This also explains one reason why the Q of
a coil may increase with inductance up to a point and then begin to decrease.

The distributed capacitance of a single-layer solenoid is a simpler function and is
approximately proportional to the radius of the form and independent of the number
of turns and the winding length for solenoids of the same inductance.

6. Figure of Merit or Q. To judge the quality of an inductor, which of necessity
cannot be perfect, a figure of merit is used. This figure of merit, or Q, gives an idea
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of the ability of an inductor to perform its primary function, that of supplying induc-
tance at some given frequency. @ is defined as the ratio of inductive reactance to
effective resistance. Therefore, the higher the true inductance, the lower the dis-
tributed capacitance, and the lower the losses from all sources, the higher the Q.
Q varies with frequency since both the reactance and the losses vary with frequency.
Power factor is the ratio of impedance

200 to resistance for any circuit. Since, for
-180 [\ all practical inductors, the impedance
160 and the reactance are nearly the same,
[ \ the power factor is very nearly the re-
140 .
[T ciprocal of Q.
120
Q 100 l \ Q = { = tan ¢
\ R
80
\ Power factor = B = cos
60 % S 7 @
40 §%4 . .
PO // ‘A N where ¢ is the angle between Z and Rin
- 1 | aright-angled triangle with a hypotenuse

%o 56-30-3020 -0 T, 10 20 30 40 50 60 ©of Z. For very large angles, the cosine

Kilocycles off resonance is approximately equal to the reciprocal
of the tangent, thc cotangent. If the
Q of the induetor is 10 or more, its
power factor will be within 14 per cent of the reciprocal of the Q.

Q has another significance, that of showing the relative sharpness of resonance of
series-resonant circuits. If the absolute value of the admittance of the circuit is
plotted against frequency, a peaked resonance curve is obtained. If the resistance is
increased, the admittance will be decreased at all frequencies but much more markedly
near the resonant frequency. Thecurve

Fia. 1. Effect of Q on sharpness of resonance.

will be much flatter under these condi- 200
tions. The less the resistance, the 180
steeper and sharper the curve will be, v L
resulting in a more selective circuit. 160 P e
Since the inductor has the greatest part //2 L1
of the resistance of the circuit, the Q of 140 | £
the inductor is a good indicator of the a L~ 3
expected selectivity of the circuit. High 120 ]
@ means good selectivity. \>< 4
The curves in Fig. 1 show the sharp- 100 // —
ness of resonance for both good and poor \\
Q windings. The curves in Fig. 2 show 80 \‘.\
the Q vs. frequency characteristics for 60
several types of windings. 600 800 1000 1200 1300

Frequency in Kilocycles
MEASUREMENTS OF INDUCTANCE Fig. 2. Q@ vs. frequency for various types of

The theory of the various methodsof  Windings: curve 1: two-layer bank winding;
"]eﬂsurements to be discussed here is curve 2: progressive umversal Wlﬂdlﬂg; curve

i . 3: solenoid winding; curve 4: universal
gzorEiet};:i::Oal;g\}}]y covered tm thﬁgh?‘)’ te(:_r winding. All coils are 250 ph, wound with
eCASUTEINENTS. i * 714, SSE wire on 7§-in.-OD phenolic forms.

the practical problems involved in
measurements concerned with inductors will be considered.

6. Apparent and True Inductance. Apparent inductance may be measured by
finding the capacitance necessary to resonate the inductor to a given frequency.
Such measurements are frequently made since standard calibrated capacitors and
frequency sources are usually handy in the laboratory. The apparent inductance is



CHap. 3] INDUCTANCE; MAGNETIC MATERIALS 121

then calculated from the formula

1
L 4x?f2C
where L is in henrys, f in cycles, C in farads, or
4
L = 2.533 X 10
f*c

where L is in microhenrys, f in megacycles, C in micromicrofarads.

Apparent inductance matching is used in the production testing of inductors when
the beat-frequency or single-frequency method of testing is employed. In this case
the inductor under test is compared with a standard or set-tested inductor by com-
paring the amount of capacitance required to tune each inductor to the same frequency.

True inductance measurements are approximated on the 1,000-cycle impedance
bridge since, for most inductors used at radio frequencies, the reactance of the dis-
tributed capacitance is very high at 1,000 cycles and in parallel with the comparatively
low inductive reactance it has little effect. The effective resistance is taken care of
in the bridge balance.

True inductance may also be measured by finding the amounts of capacitance
required to resonate the inductor to two different frequencies and then calculating the
inductance by the following formula:

- D2l
T 42 (C, = C))
where f, and f. = the two frequencies
n = fi/fs
C: and C; = capacitances required to resonate at f; and f,
The effect of distributed capacitance is eliminated as is shown by the derivation of
.the general true inductance formula:

1
= — (a
7= VT ¥ 0o )
1
e — 2
Ry Ca) @
n =5—; or f1 = nfz (3)
Substituting Eq. (3) in Eq. (1),
1
T = LG T 0 @
Substituting Eq. (2) in Eq. (4),
n? _ 1
L(C:+ Cs) ~ L(C: + Ca)
whence,
Cy — n?
Ca = % (6))]
Substituting Eq. (5) in Eq. (1),
fitdn? = -
b (C’ —n1Cl)
whence,
2
L = n 1

4x2,2(C: — C1)
which is the general true inductance formula.



122 RADIO ENGINEERING HANDBOOK [Cuar. 3

Example: If f; = 600 ke, /1

It

1,200 ke, C2 = 130 ppuf, C1 = 30 uuf, then

» = 1200 _
600
r o= 22 ~1
¥ 7 472(1.2 X 10%%(130 — 30)10712
=528 X 107¢h
= 528 uh
and
C: — 4C
Ca==5—
_ 130 — (; X 30) _ 440 .

For simplicity of calculation and equipment design, it is common to choose the
frequencics as the fundamental and the second harmonic so that

hi_y .38 ) 0.07599
5o T 43 C—C) T i€ - C)

Note also that this gives a method for the measurement of distributed capacitance
Cy — n2C,

o1 °F for the more usual case where

from the gencral formula (5) C4 =

True inductance measurcments by this method are sometimes used but are generally
spurned in favor of the simpler 1,000-cycle bridge measurements.

True inductance or two-frequency inductor matching is often used in the produc-
tion testing of inductors to ensure more accurate ‘““tracking’’ of the r-f part of single-
dial radio sets.

7. Two-frequency Test. The test equipment (Fig. 3) consists of two oscillators,
one used as a reference and the other used with the inductor under test. The signals

Varioble
reference
oscillotor

| .L; T.est
I I osciliotor
¥,

“\Standard inductor or inductor under test
F1a. 3. Two-frequency or true-inductance matching setup.

Mixer Beat
amplifier indicator

from the two oscillators are mixed, fed into an amplifier and thence to either an audible
or a visible beat indicator to show when the two oscillators are at the same frequency.
The reference oscillator is sct to the lower of the two frequencies (in the example,
600 ke). A standard inductor, cither tested in a radio set or accurately measured as
to its true inductance, is placed in a test jig so that it forms the inductance for the
second oscillator circuit. A variable capacitor is shunted across the inductor. This
capacitor is sufficient to tune the inductor to the second harmonic of the reference
oscillator (in the example, 1,200 ke). A switch is provided that allows approximately
three times that capacitance to be added in parallel when desired. With the addi-
tional capacitance, the inductor will tune to the fundamental frequency (600 kc).
The standard inductor is tuned to the second harmonic and then, without disturbing
this capacitor, the second capacitor is added and with it the inductor is tuned to the
fundamental frequency. Both capacitor readings are noted. An unknown inductor
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may now be matched to the standard by removing the standard from the test jig and
inserting the other inductor. That inductor is then adjusted until both capacitor
readings are within the desired tolerance of the standard. The difference in capaci-
tance readings between the unknown and the standard at the second harmonic gives
an indication of the differences in their distributed capacitances, and the difference
in readings at the fundamental frequency gives the difference in true inductance
between the two. .

8. Measurement of Distributed Capacitance. One very common method of
measuring distributed capacitance has already been discussed under measurement of
inductance. That method must be used with caution since it depends upon the dif-
ference of two numbers of much greater magnitude than the resulting distributed
capacitance and is, therefore, liable to introduce large errors.

1t is possible to determine the natural resonant frequency of an inductor by placing
it in parallel with another resonant circuit whose resonant frequency is calibrated and
can be varied. The frequency of the calibrated circuit is varied until the introduction
of the inductor being measured does not affect the tuning but only the circuit Q.
This is the natural resonant frequency of the inductor since at that point it has no
reactance but acts as a pure resistance loss. Assuming that the inductance remains
relatively constant over a range of frequencies, the distributed capacitance can then
be found by measuring the capacitance required {0 tune the inductor to some lower
frequency, far removed from the natural resonant frequency, and then calculating the
distributed capacitance by the formula

ic

¥ Ca= fat
where f = lower frequency
C = capacitance to tune to that frequency
f» = natural resonant frequency

In practice f» is about ten times f. This method is more accurate than the previous
method, especially for distributed capacitances of less than 10 uuf.

9. Measurement of Q. The figure of merit, Q, is most readily measured on @
meters that have been calibrated to read directly over large frequency ranges. The
Q meter is based on the fact that the ratio of the voltage developed across the capacitor
in a resonant circuit to the voltage introduced into the circuit is equal to @. Thus a
measured current from an oscillator flows through a resistor of very low resistance in
geries with the inductor to be measured introducing known voltage into the circuit.
A built-in calibrated capacitor completes the series circuit. A voltmeter, calibrated
directly in Q, measures the voltage developed across the capacitor. This voltmeter
has negligible power consumption.

In resonant circuits containing a well-designed, low-loss capacitor, the resistance
of the capacitor is negligible as compared with the resistance of the inductor. The
total losses can be considered as occurring in the inductor alone. Under these
conditions,

Ir

=TG-

where f. is the resonant frequency, f; and f» are the frequencies above and below reso-
nance at which the power dissipated is one-half the power dissipated at resonance, and
the current is 0.707 times the current at resonance.

c,
= -c

where C; is the capacitance at resonance, and C; and C: are the capacitances corre-
sponding to frequencies f; and f.. With these formulas, ¢ measurements may be
made with equipment usually available around a laboratory.

10, Measurement of Mutual Inductance. The simplest method of measuring
mutual inductance is the Felici balance in which the unknown mutual inductance is
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compared with a variometer whose mutual inductance with respect to rotation has
been calibrated. The primaries of both inductors are connected in series across an
a-¢ source, usually 1,000 cycles. The secondaries are also connected in series, so that
the voltages induced in them oppose each other, and in series with a null detector,
usually a pair of headphones with a suitable amplifier. At the null, the mutual induc-
tance of the unknown is equal to the mutual inductance of the known calibrated
variometer.

If an inductance bridge is available, the mutual inductance, M, may be found by
measuring the total inductance of the primary and secondary inductances in series
aiding and then in series bucking. M is calculated from the formula

Llidin‘ - I_Jbuekin;
4

Coefficient of coupling is a term sometimes encountered in working with coupled
inductors. This coefficient, K, is the ratio of the mutual inductance to the geometrice
mean of the primary and secondary inductances, or

=_I‘£_
VL,L,

TYPES OF INDUCTORS

11. Straight Conductors. Since any conductor carrying a current has the property
of self-inductance, the simplest form of inductor is a straight wire. Straight wires
are used as inductors in h-f applications where the inductance must be very low.
In some cases the induetance is furnished by the current flowing along the plates of the
variable tuning capacitor. At tke frequencies at which straight conductors become
important as inductors, many other complications arise not within the scope of a dis-
cussion of inductors; therefore, they are simply mentioned here without any detail.

For reference, a straight piece of No. 10 AWG wire 1 in. long has an inductance of
about 0.015 uh at low frequencies, if the return conductor is assumed to be remote.

12. Single-layer Solenoid Windings. The single-layer solenoid winding is probably
the most important type of inductor for frequencies from about 1 to 100 Me, or higher.

It has the advantage of being fairly simple. Its in-
I"" Il T ductance can be varied by spacing a fraction of the
I | total turns away from the main body of the winding
(Fig. 4). Then by moving a few of the spaced turns
nearer to the main body, the induetance'can be raised
slightly. By moving a few turns away from the main
F1e. 4. Solenoid with spaced D0dy to the spaced portion, the inductance can be
section for adjustment of lowered slightly. Such adjustment of inductance is
inductance. important in the tracking of the r-f portions of super-

heterodyne receivers,

The single-layer solenoid winding has the further advantage of low distributed
capacitance, since the first and last turns which have the greatest voltage developed
between them are relatively far apart. The voltage between any two turns is only
1/n of the total voltage if n is the total number of turns.

This type of winding can be made to have a fairly eonstant inductance with tem-
perature changes since it can be wound in grooves in the coil form or firmly cemented
to the form.

For a given design, Q variations of +5 per cent and inductance variations of +2
per cent can be expected in the normal production of solenoids. In the case of coils
used in broadcast receivers whether the windings are solenoids, universals, progressive
universals, or banks, the common commercial inductance tolerances after adjustment
are 134 per cent for oscillator coils and +1 per cent for r-f and antenna coils. See
Table 1 for a list of common h-f solenoids.

Ly =

K
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Table 1. High-frequency Solenoids

R R = : Inductance, Frequency,

OD, in. Wall, in. Wire Tpi* Turns uh Q Mo
1 364 20E 20 5% 1.1 105 7
1 364 20E 20 5% 0.9 95 8
r 142 22E 22 7% 1.6 165 12
3% 193 22T 22 101¢ 1.7 146 7
M 3¢ 22T 22 713 1.1 165 14
34 s 20F 19 11 2.1 127 7
3, e 20E 20 914 1.2 185 14
3, Ye 22F, 18 1234 2.2 115 10
34 L2 22T 22 7% 1.1 165 14
%e 142 24E 30 15 2.7 145 10
e ‘32 24E 30 1234 1.9 137 10
1 ‘{s 2E 34 193¢ 3.0 133 12
12 s 22E 36 2444 4.3 112 7

* Tpi is turns per inch for grooving,.

Nortz: All forms are phenolic, grooved.

18. Multilayer Solenoids. Multilayer solenoids are usually wound with the first
layer running from left to right, the next running from right to left, etc (Fig. 5). If
the layers are separated by paper, the
winding is known as a ‘‘paper-layer”
solenoid. This type of winding has the
disadvantage of high distributed capaci-
tance since the beginning of one layer
and the end of the next layer, which are
at high potential difference, are directly  pyg, 5, Cross section of multilayer solenoid
above one another. Multilayer sole- winding.
noids are used at power and audio fre-
quencies but never at radio frequencies where distributed capacitance is important.

14. Universal Windings. The universal winding is a comparatively narrow multi-
layer winding in which the conductor spirals back and forth across the width of the
winding as the winding is built up. This results in a self-supporting lattice type of
construction. By changing the ratio of the pitch of this spiral to the number of turns,
varying numbers of crossovers per turn and turns per layer can bc obtained. The

o~ 4

Single Pi Universol Winding Thres Pi Universal Winding

F1G. 6. Single- and three-pi windings.

distributed capacitance is fairly low since turns with high potential difference simply
cross each other and do not lie parallel to one another for appreciable distances.
Large inductances can be efficiently put into small spaces through the use of universal
windings. They are commonly found in r-f chokes, i-f transformers, high-impedance
primaries, etc.
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By making the universal winding in several sections of pi’s side by side on the
form, the distributed capacitance can be further reduced and, since the field pattern

Table 2. Typical Universal Wound Choke Coils

All coils are two-cross, single-pi universals. Coils of 0.5 to 20 mh are ¥{ in. wide wound with No. 36
SEE wire. Coils of 25 to 70 mh arc wound with No. 38 SS)J wire and are 8{¢ in. wide. All values are
approximate.

Inductance, . D-c resistance, Distributed
mh Turns oD, in. ohins capacitance, uuf
0.5 185 0.60 12 11.3
1.0 260 0.63 17 11.0
1.5 320 0.67 21 10.7
2.0 370 0.69 26 10.2
2.5 400 0.71 29 9.6
3.0 450 0.73 31 9.5
4.0 510 0.76 37 7.6
5.0 570 0.79 42 7.5
10.0 790 0.90 61 7.1
15.0 940 0.98 78 8.2

20.0 1,080 1.04 93 9.8
25.0 1.390 0.83 159 8.8
30.0 1.450 0.85 183 9.0
40.0 1.680 0.90 219 9.5
50.0 1.850 0.97 269 7.4
60.0 2.000 1.01 274 6.9
70.0 2,150 1.07 294 6.6

Table 3. Effect of Form Diameter on Q*

P
Form diam, in. Q in air Qin 134-in.-square Al shield Qin13{ m.s-}«‘ii:;;n. Zoundial
34 125 118 114
14 132 122 117
5¢ 131 120 116

* 1-mh coil, 7/41 SSE wire, ¥{ in. wide, 214 crosses per turn, single pi.

is elongated, the effect of placing a shield around the winding is diminished. The
effective diameter is also decreased, a fact that can be important when powdered-iron
cores are used. Honeycomb coils were a type of universal

Table 4. Effect of \inding with relatively few, widely spaced turns per layer
Width of Winding giving a typical ‘““honeycomb’ appearance. The universal

on Q* winding can be varied in inductance somewhat for tracking
purposes. It can be reduced by squeezing, which shortens

Width, in. | Qin air the cffective diameter. The inductance may be raised by
squeczing the thickness of the winding to increasc its effective

3, 101 diameter. Such distortion of the winding is not too desira-
142 105 ble since it makes for poor stability, reduces @, and increases

¥ 109 distributed capacitance. Pi windings may be moved closer
together or farther apart to accomplish the same end with

*1-mh coil. 7/41 SSE  the same disadvantages.
:i.::ie ii.""“’e‘ L UM Universal windings are commonly used for inductors from
10 gh to 1 h. They may have @’s up to about 150. Com-
mon Q variations found in commercial windings of the same design and inductance
are 10 per cent. The usual induetance tolerance for unadjusted windings js +5 per
cent. See Tables 2 to 7 for data on universal windings.
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Table 5. Effect of Number of Crosses per Turn on Q*
No. crosses Q in air Q in 134-in, square Al shield Qin l%.h:l;?:rdm poucdyal
1% 120 113 110
2 109 102 99
235 125 118 | 114

* 1-mh coil, 7/41 SSE wire, }{ in. wide, 3¢-in.-diam form, single pi.

Table 6. Effect of Number of Pi's on Q*

No. pi's Q in air Qin 13§-in.-square Al shield @ in 134-in.-diam round Al
shield
2 131 124 120
3 134 128 123
4 132 126 123

* 1-mh coil, 7/41 SSE wire, pi's 382 in. wide spaced }{ ¢ in., }4 in. diam, form 4 crosses per turn

Table 7. Effect of Wire Size on Q;* Relative Cost and Relative OD

L Q in 134-in.- Q in 13{-in.-
Wire size Q in air e Al‘shi‘cld diam round Al Relative cost Relative OD
. shield
;io 10:; 97 95 1 (lowest) 1 (smallest)
io 11 108 105 5 5
341 121 113 110 3 2
82 130 120 116 2 1 (smallest)
Vi 133 120 114 4
194, 139 122 107 7 7 (largest)
1942 140 128 123 6 6
134s 157 139 133 8 4
1544 176 149 142 9 (highest) 5

* 1.mh coil, 334§ crosses per turn, 2{¢ in. wide, }4-in.-diam form, single pi.

An article by A. W. Simon* covers the general theory of universal windings and

gives other references to work done on the mathematical study of these windings.

15. Bank Windings. Banked or bank windings are
another form of multilayer windings in which a special
arrangement of the turns in the various layers tends to
reduce distributed capacitance. The arrangement isshown
in Fig. 7. This type of winding is difficult to produce and
has, therefore, lost favor.

Commercial Q variation for a given design is +10 per
cent while the inductance variation is about +5 per cent
for unadjusted windings. See Table 8 for a comparison
of bank and progressive universal windings.

16. Progressive Universal Windings. To a large degree,
progressive universal windings have supplanted the bank
winding. This winding is produced in a manner similar
to the universal winding except that instead of spiraling
back and forth in the same area, the spiraling also progresses along the form and
gives a winding that is spread out horizontally rather than built up vertically. A

* Proc. IRE, January, 1945.

Four layer bonk-machine wound

Fi1a. 7. Cross section of
bank windings.
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simple progressive winding looks somewhat like a bank winding. Because it is possible
to vary the crossovers per turn as well
as the rate of progression, a great

1 OO0 variety of windings is possible. This
ﬁlﬁ'fﬁiw*“ﬁ“‘“” type of winding helps make possible
H*H"“"H"““ the high-Q permeability-tuned in-

’ \ H#“H“H“H" ductors to be discussed later.
*til“ll“““"hlu The commercial variations in Q and

inductance of a given design of a pro-
gressive universal winding are the
. same as those for universal and bank
Fx'o. '8. Appearance of progressive universal windings, *+10 and *5 per cent,
pinding; respectively.

An article by A. W. Simon* gives some of the theory of this complex winding type.

Table 8. Comparison of Progressive Universal and Two-layer Bank Windings
Air inductance of all windings 250 xh: wire 7/41 SSE

Progressive Universal Winding

600 ke 1,000 ke 1.400 ke
Form diam, in - _—
Prog. Bank Prog. Bank Prog. Bank
Q in air

8¢ 110 120 142 148 148 147

3 123 134 160 166 165 165

7% 131 136 170 174 171 176

1 134 143 172 180 169 177

Q in 174 ¢- by 124-in. Al shield

8% 82 106 110 135 119 141
3% 80 106 121 137 130 143
1% 79 101 120 130 130 137
1 84 49 113 128 122 135

17. Other Types of Windings. There are a few other types of windings of more or
less importance. For example, the flat spiral is widely used in loop antennas for
broadcast receivers. Spider-web, basket-weave, and similar windings are cumbersome
and difficult to produce. The toroidal winding has its conductor wound on the surface
of a toroid. When carefully made, the field is almost completely self-contained. It
requires little shielding and is sometimes used in making inductance standards.

18. Iron-cored Inductors. Since the permeability of the medium has a definite
effect on the flux that causes self-induetanee, it is obvious that the inductance of an
air-cored winding can be increased by introducing material, such as iron, into the
winding to increase the permeability of the medium. However, the introduction of
the material also introduces a new source of losses. Magnetic losses due to hysteresis
and eddy currents were discussed in a preceding section. At low frequencies, in the
power or audio region, laminating the iron will substantially reduce the eddy-current
losses. As long as large amounts of d.c. are not present in the inductor, which would
tend to produce saturation of the iron and hence a nonlinear inductance as the current
is varied, the only major problem is to get as much permeability as possible in order
to get as much inductance as possible in a small space.

At radio frequencies it is not possible or practical to make laminations thin enough
to reduce the losses to a sufficient degree. An entirely different technique is, therefore,
employed in making the core: powder metallurgy. In this process the iron is in a very

* Proc. IRE, December, 1945.
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finely powdered state, produced either mechanically or chemically. The powder
is combined with suitable binders, compressed, and sintered to produce a very com-
pact mass which nonetheless consists of separate particles with an average size of
10 microns or less.

Table 9. Toroidal Iron-core Coils

Thia table* gives data derived from measurements on toroidal cores of the most important iron
powders available on the market. All toroids were prepared in the same way for reasons of comparison,
f.e., with 4 per cent bakelite (type 7095), 2 per cent Sterotex for lubrication, 50 tons per sq in. pressure,
and 50 g weight. Their OD is 2.25 in., ID 1.50 in., and they are wound with a single layer of 200 turns
of No. 25 magnet wire.

The data were obtained for the most part according to the method of V. E. Legg, Bell System Tech. J.
15, 39, 1936. Thus, the following units apply:

Density, g/cm?

Permeability, gauases gilbert/cm

Hysteresis loss coefficient, 10~3 ohm/h/gauss cycie

Eddy-current loss coefficient, 10~$ ohm/h/cycle squared

Magnetic stability, percentage change of permeability after 4 amp paassage through winding

Eddy
Material Density | FeTmea- [Hyoteresia| current | Stability
bility coeff
Carbonyl L. oot 5.7 24.8 3.1 0.13 +1.4
Carbonyl C........... ..o 5.7 16.7 1.1 0.14 +0.6
Carbonyl E....... ..o, 4.9 10.4 0.3 0.11 +0.8
Carbonyl TH............vieinaan 4.9 9.6 0.3 0.10 +0.18
Carbonyl S8F..cviviiiiinnt tiiiiiiiiia 4.8 8.1 0.3 0.10 +0.15
Electrolytic. e ..o v eneii i, 5.6 23.4 2.4 0.33 —-0.17
Hydrogen reduced, 1.............. ... ...... 5.6 18.4 2.8 0.12 +1.3
Hydrogen reduced, 2.......c.cciiiiiuniinnn.. 5.5 16.9 1.0 0.12 +1.6
Hydrogenreduced, 3.................oiii.. 5.2 12.5 3.1 0.11 +1.5
Magnetite, 1 4.1 7.9 9.1 11.5 —-2.1
Magnetite, 2.. 4.0 5.7 6.8 0.21 —-1.6
Magnetite, 3. . 3.5 3.1 0.3 0.085 +0.10

# All data from General Aniline and Film Corporation.

Carbonyl iron powders are obtained by thermal decomposition of iron penta-
carbonyl. There are five different grades in production, designated as L, C, E,
TH, and SF powder. Each of these is obtained by special process methods and has
its special field of application. The particles making up the powders E, TH, and SF
are spherical with a characteristic structure of increasingly larger shells. The particles
of L and C are made up of homogencous spheres and agglomerates.

The chemical analysis, the weight-average particle size as determined in a Roller
air analyzer, the ‘‘tap density,” i.e., the density of the loose powder packed by tapping
the container in a prescribed manner, and the apparent density or bulking factor as
determined in a Scott volumeter are given in Table 10 for the five grades.

Table 10*
Chemical analysis, per cent
Grade Wt—ave. Tap density, Apparent
diam, microns g/cm3 density, g/cm?
Carbon Oxygen Nitrogen

L 0.005-0.03 0.1 -0.2 0.005-0.05 20 3.5-4.0 1.8-3.0

C 0.03 -0.12 0.1 -0.3 0.01 -0.1 10 4.4-4.7 2.5-3.0

E 0.85 —0.80 0.45-0.60 0.6 -0.7 8 4.4-4.7 2.5-3.5
TH 0.5 0.6 0.5 -0.7 0.5 0.6 5 4.44.7 2.5-3.5
SF 0.5 0.6 0.7 0.8 0.5 0.8 3 4.7-4.8 2.5-3.5

* All data from General Aniline and Film Corporation,
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With reference to the chemical analysis shown in Table 10, it should be noted that
speetroscopic analysis shows the rest to be iron with other elements present in traces
only.

Carbonyl iron powders are primarily useful as electromagnetic material over the
entire communication frequency spectrum.

Table 11 gives relative Q values and effective permeabilities for the different grades
of carbonyl iron powder. The values are derived from measurements on straight
cylindrieal cores placed in simple solenoidal coils. Although the data were not
obtained at optimum conditions, the @ values as expressed in percentage of the best
core give an indieation of the useful frequency ranges for the different powder grades.

Table 11*
Relative quality factor at
Effective per-
Grade | eability at 1 ke I
10 ke 150 ke 200 ke 1 Me 100 Mc
L 4.16 100 96 90 43 1
C 3.65 94 100 98 72 3
E 3.09 81 94 100 97 30
TH 2.97 81 93 98 100 54
SF 2.17 62 7 78 84 100

* All data from General Aniline and Filin Corporation.

NotEe: Q values actually measured can be obtained by multiplying the rows, respectively, by 0.78,
1.09, 1.25, 2.63, and 1.62.

L and C powders are also used as powder metallurgical material because of their low sintering tem-
peratures, high tensile strengths, and other very desirable qualities. Sintering begins below 500°C,
and tensile strengths reach 150,000 psi.

19. Variable Inductors. Probably the simplest form of variable inductor is a
tapped winding in which the inductance is varied by taking more or less of the total
available winding. This is a step-by-step method of variation and usually not satis-
factory. Another form, which is rather bulky, difficult to manufacture, and now
little used, is the variometer. This consists of two similar windings so disposed that
they are closely coupled and can be changed from a mutual aiding to mutual bucking
position in a continuous manner. This is accomplished by placing one winding on
the inner surface of a sphere and the other on the outer surface of a slightly smaller
sphere within it. The two windings are connected in serics. Rotating one sphere
with respect to the other gives the desired change in mutual and, hence, in total
inductance.

Much more common is the variation of inductance through the variation of the
permeability of the core. This can be accomplished by the use of either a movable
powdered-iron core or a copper core. The former increases the permeability while
the latter decreases it because of the introduction of eddy currents in the core. The
eddy currents always buck the inducing flux and, hence, decrease the self-inductance.

The winding, commonly a solenoid, universal or progressive universal, is so arranged
that an iron or copper core can be moved into its eenter; thus, the air core is replaced
by a core of positive or negative permeability which correspondingly raises or lowers
the total inductance of the winding. Inserting a powdered-iron core will raise the
inductance as much as fourteen times; inserting a copper core will lower the inductance
to 1/1.4 of its air-core value.

Powdered-iron cores are used at all frequencies up to 100 Mc, or slightly higher.
Within the frequency range for which they are designed, iron cores can be obtained
with effective permeabilities up to 14. They can also effect considerable increase in
Q despite the fact that the cores themselves introduce some losses.

No good means of specifying the permeabilities of powdered-iron cores has yet
been devised. Some work has been done on absolute permeabilities through the use
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of toroid windings. Although this showed promise, the method was far too cux_nber-
some for practical use. The present practice is to choose the core for the particular
application. .
The effective permeability of the core for the particular winding is simply the ratio
of the inductance with the core in the winding to the inductance with an air core.
The effective permeability is definitely
affected by the winding design, as will % =
be discussed later. \ I
Since the core composition that gives \\ ll
I
|

1000

the greatest permeability is not always
the one that gives the best @, the choice

of core is a compromise. \
By properly designing a tapered
winding, the frequency to which it is 112 2 N

tuned by introducing the iron core into

the winding can be made linear with

linear motion of thecore. Furthermore,

by the use of such variable-pitch wind- 100 b
ings, both solenoid and progressive 1
universal types, and by use of movable ‘\
iron cores, an r-f tuning unit of the two- |\
or three-gang type may be made using \
permeability-tuned inductors rather \

than the usual gang capacitors. Such
permeability-tuned units can be made
small, light, and highly efficient.
“Tracking’ is accomplished by matched
windings and iron cores.

In general, a circuit that contains a
permeability-tuned inductor with a |
stable silvered-mica type of capacitor ‘\ ll
has far greater frequency stability with 11
time and temperature than a circuit con- ‘\ 1

Voltage Ratio

T —

S —t——

taining a fixed inductor and a variable |

mica capacitor. \ \ ’ [
Permeability tuning may also be ac-

complished by introducing into the \ \ l I

winding a slug of low-resistance con-
ducting material. The eddy currents
induced in the slug buck the flux of the
inductor to produce apparent negative

|
permeabilities as high as 1.4. 15 10 5 f, 5 10 15
Copper cores are used at frequencies Minus . Plus
above about 40 Me. At such fre- Kilocyales ftesongnce

quencies @’s are relatively high, and the Fra. 9. Selectivity characteristics of two-
decreasing Q caused by the core is not 8tage 455-ke i-f amplifiers using 6A8, 6K7,
serious. Use of copper cores allows a  0XK/» &nd 8Q7 tubes. Curve 1: air-trimmed,

f four-pi universal air-core units; curve 2:
maximum conductor length to be em- singl:)-pi universal permeability-tuned units.
ployed since the core decreases the
inductance. This is mechanically desirable in h-f winding design.

Figure 9 shows the over-all selectivity characteristics of two two-stage 455-ke¢ i-f
systems. Curve 1 is that of an air-trimmed, four-pi universal-wound coil system.
Curve 2 is that of a single-pi, universal-wound, permeability-tuned coil system. The
tubes used in the i-f amplifiers were 6A8, 6K7, 6K7, 6Q7. Despite the fact that less
expensive single-pi coils are used, the increased sharpness of resonance due to the use
of iron-cored, permeability-tuned units is obvious.
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20. Inductor Design. The design of inductors is, for the most part, somewhat
more of an art than a science. Many practical factors influence it to such an extent
that the theoretically best inductors are not obtainable. Available space, shielding
requirements, materials of construction, and cost are usually the controlling factors.
Where they are practical, the following formulas for the calculation of inductance are
given, but for the most part some examples of the effects of the various variables give
a basis for future design work.

The design is somewhat influenced by the end use. However, the principles are
the same. It is neccessary to stress only the particular characteristic desired in the
original design.

Since most inductors now being designed and used in the radio engineering field
are for low power applications, as in receiving equipment, the practical data given in
this section pertain to such applications. In high-powered transmitting units less
thought is given to space and cost, and more thought is given to losses. Maost such
inductors are designed for single-frequency operation. They may operate at such
high power that cooling is necessary. Low-power-transmitting inductors are similar
to receiving inductors.

CALCULATION OF INDUCTANCE

It is possible to calculate the true (I-f) inductance of some types of air-cored coils
with a fair degree of accuracy. National Bureau of Standards Circular 74 has long
* been the most authoritative source of such information. Some of the more useful
formulas contained therein are reproduced here.! It must be remembered that for
r-f inductors the actual apparent inductance differs from the calculated true inductance
because of distributed capacitance. For that reason, inductance calculations are
generally used only for a starting point in the final design.

In the following formulas all dimensions are expressed in centimeters, and the
inductance is in microhenrys.

21, Straight Round Wire. If [ is the length of the wire, d is the diameter of the
cross section, and u is the permeability of the material of the wire,

Lo = 0.0021 (1og.:’7' -1+ i) ®)
= 0.002! (2.303 1og,.,%l -1+ i) @

If x = 1 (for all materials except iron),
Lo = 0.002 (2.303 log;o%l - 0.75) ®)

The return conductor is assumed to be remote. These formulas give the I-f

inductance.
As the frequency increases, the inductance decreases, its value at infinite frequency

being

4]
L. = 0.002! (2.303 logio i l) (V]
A general expression for the inductance at any frequency is
4]
L = 0.002! (2.303 logxo'z -1+ u5) (10)

1 Rosa, E. B., and F. W. Grover, Nat. Bur. Standards Sci. Paper 169; Grover, F. W.. Nat. Bur.
Standards Sci. Papers 320, 1917; 455, 1922; 468, 1923. See for coil design and calculation, especially at
low frequencies, Morgan Brooks and H. M. Turner, Inductance of Coils, Bull 53, Univ. Illinoie Eng.
Ezp. Sta., Jan. 8, 1912. Grover, F. W., “Induct Calculati * Van Nostrand, 1946.
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The quantity & is obtained from the table helow, as a function of the argument z,

where

z = 0.1405d \/%f

(1n)

and f is the frequency and p is the volume resistivity of the wire in microhm-centi-
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Chart I Chart [
Connect three known volues as per key, Connect two known values and read
and read fourth at point of intersection third point of intersection
Example;s |1 LsI70mh. ,d=3; and n*196 Example: If A:550m. and C=0.0005mfd.
then 1=3 then L= 170 mh.
F1a. 10. Inductance-design chart.
meters. For copper at 20°C,

definition.

ze = 0.1071d \/f

This quantity & will be used in several of the following formulas without further

Value of & in Inductance Formulas

L}
e

0 0.250 2.6 0.228 6.0 | 0.118 12.0 | 0.059 25.0 | 0.028 70.0 | 0.010
0.5 | 0.250 3.0 0.211 7.0 | 0.100 14.0 | 0.050 30.0 | 0.024 80.0 | 0.009
1.0 | 0.249 3.5 0.191 8.0 | 0.088 16.0 | 0.044 40.0 | 0.0175{ 90.0 | 0.008
1.5 10.247 4.0 0.1715 9.0 | 0.078 18.0 | 0.039 50.0 | 0.014 | 100.0 | 0.007
2.0 | 0.240 5.0 0.139 10.0 | 0.070 20.0 | 0.035 60.0 | 0.012 © 0.000
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22. Two Parallel Round Wires—Return Circuit. The current is assumed to flow
in opposite directions in two parallel wires of length [ and diameter d, the distance
between centers of wires being D. Then

L = 0.004 (2.303 log|o2d£ - ? + ,..s) 12)
This neglects the inductance of the wires connecting the two main wires. If these
wires are long, their inductance may be calculated by Eq. (10) and added to the result
from Eq. (12), or the whole system may be treated as a rectangle and the inductance
calculated by Eq. (14).
23. Square of Round Wire. The length of one side of the square is denoted by a;
other letters have already been defined.

2a d
L = 0.0084 (2.303 logio g + 5, — 0.774 + ,..s) 13)
Value of K in Eq. (17)
IT:;‘:‘Q;O K Difference I?le:;tl:o K Difference I;;::d:o K Difference
0.00 1.0000 | —0.0209 | 2.00 | 0.5255 | —0.0118 7.00 | 0.2584 | —0.0047
.05 L9791 203 | 2.10 .5137 112 7.20 .2537 45
.10 .9588 197 2.20 .5025 107 7.40 .2491 43
.15 .9391 190 2.30 .4918 102 7.60 .2448 42
.20 .9201 185 | 2.40 .4816 97 7.80 .2406 40
0.25 0.9016 | ~0.0178 | 2.50 | 0.4719 | —0.0093 8.00 | 0.2366 | —0.0094
.30 .8838 13| 2.0 .4626 89 8.50 .2272 86
.35 .8665 167 2.70 .4537 85 9.00 .2185 79
.40 .8499 182 2.80 .4452 82 9.50 2106 73
.45 .8337 156 | 2.90 .4370 78| 10.00 .2033
0.50 0.8181 | —0.0150 | 3.00 | 0.4292 | —0.0075 10.0 | 0.2033 | —~0.0133
.55 .8031 148 | 3.10 L4217 72 11.0 .1903 113
.60 .7885 140 | 3.20 L4145 70 12.0 .1790 98
.85 7745 136 | 3.30 .4075 67 13.0 .1692 87
.70 .7609 131 3.40 .4008 64| 14.0 .1605 78
0.75 0.7478 | ~0.0127 | 3.50 | 0.39044 | —0.0062 | 15.0 |0.1527 [ —0.0070
.80 .7351 123]| 3.60 .3882 60 16.0 L1457 63
.85 7228 1s| 3.70 .3822 58 17.0 .1394 58
.90 .7110 15| 3.80 .3764 56 18.0 .1336 52
.95 .6995 111 3.90 .3708 54 19.0 1284 48
1.00 0.6884 | —0.0107 | 4.00 |0.3654 | —0.0052 | 20.0 | 0.1236 | —0.0085
105 8777 104 | 4.10 .3602 51 22.0 .1151 73
1.10 .6673 100 | 4.20 .3551 49| 24.0 .1078 63
1.15 .8573 98| 4.30 .3502 47| 26.0 .1015 56
1.20 .8475 04| 4.40 3455 46| 28.0 .0959 49
1.25 0.6381 | —0.0091 4.50 |0.3500 | —0.0045 | 30.0 |o0.0010 | —o0.0102
1.30 .6290 80| 4.60 .3364 43| 35.0 .0808 80
1.35 .6201 g6 | 4.70 .3321 42| 40.0 .0728 64
1.40 .8115 84| 4.80 .3279 41 45.0 0664 53
1.45 .8031 81 4.90 .3238 40| 50.0 L0611 43
1.50 0.5950 | —0.0079 | 5.00 |[0.3198| —0.0076 | 60.0 | 0.0528 | —0.0081
1.55 .5871 76| 5.20 .3122 72| 70.0 0467 48
1.80 .5795 74| 5.40 .3050 60| 80.0 .0419 38
1.85 .5721 721 5.60 .2981 65| 90.0 .0381 31
1.70 .5649 70| 5.8 .2916 62 | 100.0 .0350
1.75 0.5579 | —0.0088 | 6.00 | 0.2854 | —0.0050
1.80 .5511 67| 6.20 .2795 56
1.85 L5444 65| 6.40 .2739 54
1.90 .5379 63| 6.60 .2685 52
1.95 .5316 61 6.80 .2633 49
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24. Rectangle of Round Wire. The sides of the rectangle are a and a;, and the

diagonal g = v/ a* + a,* Then .
4
L = 0.00921 [(a + ai) logio —‘:i‘a—l — alogw (a + g) — a1 logie (a1 + 0)]

+ 0.004 [p&(a +a) +2 (g + g) — 2(a + an)] (14)

25. Grounded Horizontal Wire. The wire is assumed to be parallel to the earth
which acts as the return circuit. In addition to symbols already used, & denotes the
height of the wire above ground. Then

z+\/z=+-—

L = 0.004605! logm d + logio ! + l’ + Y

2
+ 0.002 (\/n Fan — \/z* +dz + uls — 24 +g) (15)

26. Circular Ring of Circular Section. If a is the mean radius of the ring,

L = 0.01257a (2.303 logu 2% _ 2 4 #6) (16)

d
provided that d/2a < 0.2.
27. Single-layer Coil or Solenoid.
0.0395a%n?
=~ K

where n is the number of turns, a is the radius of the coil measured from the axis to the
center of the wire, b is the length of the coil, and K is a function of 2a/b, the value of
which may be determined by means of the table shown on page 134.

28. Multilayer Coils: Circular Coils of Rectangular Cross Section. For long coils
of a few layers, the following formula may be used:

0.0126n%ac
b
where L, is the inductance calculated by Eq. (17), n and b are the same as in Eq. (17),

a is the radius of coil measured from axis to center of winding cross section, c is the
radial depth of winding, and B, is the correetion given below.

Value of B, in Eq. (18)

17

L=1L,- (0.693 + B,) (18)

b/e B, b/e B, b/c B, b/c B, b/e B, b/c B.
1 0.0000 6 0.2446 11 0.2844 16 0.3017 21 0.3116 26 0.3180
2 0.1202 7 0.25683 12 0.2888 17 0.3041 22 0.3131 27 0.3190
3 0.1753 8 0.2856 13 0.2927 18 0.3082 23 0.3145 28 0.3200
4 0.2076 9 0.2730 14 0.2961 19 0.3082 24 0.3157 29 0.3209
5 0.2292 10 0.2792 15 0.2991 20 0.3099 25 0.3169 30 0.3218

For short multilayer coils, the dimensions shown in Fig. 11 are used. Two formulas
are required, one for use when b > ¢, and the other for use when b < ¢. In the first
case,

b2 2 8a b?
L = 0.01257an? [ (1 +3mt 9—2,;,) loge G — v + 1‘6?”’]

= 0.01257an? [2 303 (l + 555 32a’ 96a’) lOgm 7~ Tt iga y’] (19
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When b < ¢,
[+ e ) % -t ]
L = 0.01257an 1+ 30t 96a 0Be y —  + T6at ¥
C’
= 0.01257an? [2 303 (1 + 5 32a, 96a’) loglo - n+ G ya] (20)

Y1, ¥2, and y; may be obtained from the table shown below. These formulas are quite

Value of Constants in Eqs. (19) and (20)

b/c or ¢/b

~o oooo oooo oSoco oooo poge
-
(=,

n e/b 7] b/c "
0.5000 o 0.125 o 0.597
0.5253
0.5490 0.05 0.127 0.05 0.599
0.5924 0.10 0.132 0.10 0.602
0.6310 0.15 0.142 0.15 0.608
0.6852 0.20 0.155 0.20 0.615
0.6953 0.25 0.171 0.25 0.624
0.7217 0.30 0.192 0.30 0.633
0.7447 0.35 0.215 0.35 0.643
0.7645 0.40 0.242 0.40 0.654
0.7816 0.45 0.273 0.45 0.665
0.7960 0.50 0.307 0.50 0.677
0.8081 0.55 0.344 0.55 0.690
0.8182 0.60 0.384 0.60 0.702
0.8265 0.65 0.427 0.65 0.715
0.8331 0.70 0.474 0.70 0.729
0.8383 0.75 0.523 0.75 0.742
0.8422 0.80 0.576 0.80 0.756
0.8451 0.85 0.632 0.85 0.771
0.8470 0.90 0.690 0.90 0.786
0.8480 0.95 0.752 0.95 0.801
0.8483 1.00 0.816 1.00 0.818

accurate as long as the diagonal of the cross section (d I'ig. 11) does not exceed the

OUNIT J

.

F
!
|
|
g

Fra 11, Multi-
layer coil.

mean radius. The accuracy decrcases considerably as b becomes
large in comparison with a.

For very accurate results, a correction must be added if the
insulation of the wire occupies a considerable percentage of the
winding space. This correction is given by

D
AL = 0.01257an (2.303 log1o T + 0.155) (21)

where D is the distance between the centers of adjacent wires, and
d is the diameter of the bare wire.

29. Multilayer Square Coil. If n is the number of turns and a
is the side of the square measured to the center of the rectangular
cross section which has longth b and depth ¢, then

b+

L = 0.008an? (2.303 logyo 7—/— + 0.2235 —— + 0. 726)

b +
(22)

If the cross section is square (b = ¢), this becomes

b
L = 0.008an? (2.303 logm% + 0.447 p + 0.033) (23)
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Equation (21) may be used to correct for insulation by replacing the factor 0.01257
by 0.008. For a single-layer square coil,

b
L = 0.008an? (2.303 logw;—: + 0.2231 2 + 0.726) — 0.008an(A + B) (24)

A and B are given below, where d is the diameter of the bare wire and D is the distance
between turns, measured to the centers of the wires.

Value of A in Eq. (24)

d/D A d/D ‘ A d/D A
1.00 0.557 0.40 ] ~0.359 0.15 —1.340
0.95 0.508 0.38 ~0.411 0.14 —1.409
0.90 0.452 0.36 * —0.465 0.13 —1.483
0.85 0.394 0.34 ‘ ~0.522 0.12 ~1.563
0.80 0.334 0.32 | —0.583 0.11 —1.850
0.75 0.269 0.30 i —0.647 0.10 —1.746
0.70 0.200 0.28 ! —0.716 0.09 —1.851
0.65 0.126 0.26 —0.790 0.08 —1.969
0.60 0.046 0.24 —0.870 0.07 —2.102
0.55 —0.041 0.22 —0.957 0.06 —2.256
0.50 —0.136 0.20 | —1.053 0.05 —2.439
0.48 —0.177 0.19 -1.104 0.04 ~2,662
0.46 —0.220 0.18 —1.158 0.03 —2.950
0.44 —0.264 0.17 —1.215 0.02 —3.355
0.42 -0.311 0.16 —1.276 0.01 —4.048
Value of B in Eq. (24)
Number of turns, n B Number of turns, n B
1 0.000 40 0.315
2 0.114 45 0.317
3 0.166 50 0.319
4 0.197 80 0.322
5 0.218 70 0.324
[ 0.233 80 0.326
7 0.244 90 0.327
8 0.253 100 0.328
9 0.260 150 0.331
10 0.266 200 0.333
15 0.286 300 0.334
20 0.297 400 0.335
25 0.304 500 0.336
30 0.308 700 0.336
35 0.312 1.000 0.336

80. Calculation of Mutual Inductance.! The mutual inductance of two parallel
coaxial circles may be calculated by the following method: first, calculate

g -

where a is the radius of the smaller circle, A the radius of the larger circle, and D the

1 Ross, E. B.. and F. W. Grover. Nat. Bur. Standards Sci. Paper 169; Grover, F. W., Nat. Bur. Stand-
ards Sci. Papers 320 and 498.
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Values of F in Eq. (26)
ri/r1 F Difference | ra/r1 F Difference | ra/r1 F Difference
[1] ©
0.010 | 0.05016 —0.00120 0.30 | 0.008844 | —0.000341 | 0.80 [0.0007345 |—0.0000604
.011 4897 109 .31 8503 328 .81 6741 579
.012 4787 100 .32 8175 314 .82 6162 555
.33 7861 302 .83 5607 531
0.013 4687 —0.00093 .34 7559 290 .84 5076 507
.014 4594 87
015 4507 81 0.35 | 0.007269 | —~0.000280 | 0.85 [0.0004569 |—0.0000484
018 4426 148 .36 6989 270 .86 4085 460
018 4278 132 .37 8720 260 .87 3625 437
.38 6460 249 .88 3188 413
0.020 | 0.04146 —0.00119 .39 6211 241 .89 2775 389
. 022 4027 109
.024 3018 100 0.40 | 0.005970 | —0.000232 { 0.90 | 0.0002386|—0.0000365
.026 3818 93 .41 5738 225 .91 2021 341
.028 3725 86 .42 5514 217 .92 1680, 316
.43 5297 210 .93 1364 290
0.030 3639 —0.00081 .44 5087 202 .94 1074 263
.032 3558 76
.034 3482 71 0.45 | 0.004885 | —0.000195 | 0.95 [0.00008107|—0.00002351
.036 3411 68 .46 4690 189 .96 5756 2046
.038 3343 64 .47 4501 183 .97 3710 1706
.48 4318 178 .98 2004 1301
0.040 | 0.03279 —0.00061 .49 4140 171 .99 703 703
.042 3218 58 1.00 [1]
.044 3160 55 0.50 | 0.003969 | —0.000166
.046 3105 53 .51 3803 160 | 0.950(0.00008170 0.00000494
.048 3052 51 .52 3643 156 .952 7613 482
.53 3487 150 .954 7131 470
0.050 | 0.03001 —0.00226 .54 3337 146 .956 6661 458
. 080 2775 191 0.958 6202 446
.070 2584 164 0.55 | 0.003191 —0.000141
.080 2420 144 .56 3050 137 | 0.960|0.00005756| —0.00000436
.090 2276 128 .57 2913 133 .962 5320 421
.58 2780 128 .964 4899 409
0.100 | 0.02148 —0.00116 .59 2652 125 .966 4490 397
.11 2032 104 .968 4093 383
.12 1928 96 0.60 | 0.002527 | —0.000120
.13 1832 89 .61 2407 117 | 0.970|0.00003710(—0.00000370
.14 1743 82 .62 2290 113 .972 3340 356
.83 2177 109 .974 2084 341
0.15 0.01661 —0.00075 .64 2068 106 .976 2643 327
.16 1586 71 .978, 2316 312
.17 1515 66 0.65 | 0.001962 | —0.000103
.18 1449 62 .66 1859 99 1 0.980/0.00002004( — 0. 00000296
.19 1387 59 .87 1760 96 .982 1708 278
.68 1664 93 .984 1430 262
0.20 0.01328 —0.00055 .69 1571 a0 .986 1168 242
.21 1273 52 . 988 926 223
.22 1221 50 0.70 | 0.001481 | —0.000087
.23 1171 47 .71 1394 84 | 0.990(0.00000703| —0.00000201
.24 1124 45 .72 1310 81 .992 502 177
.73 1228 78 .994 326 148
0.25 0.010792 | —0.000425 .74 1150 76 . 996 177 115
.26 10366 408 .998 62 62
.27 9958 388 | 0 75 | 0.0010741| —0.0000731
.28 9570 371 .76 10010 704
.29 9199 355 .77 9306 680
.78 8626 653
.79 7973 628




CHaP. 3] INDUCTANCE; MAGNETIC MATERIALS 139

distance between the planes of the two circles. From the table on page 138 the
value of F corresponding to the calculated value of ro/r, is obtained. Then

M =F+/4a (26)

The units are the same as in the formulas for self-inductance already given.
For two parallel coaxial multilayer coils of square or nearly square cross section, a
good approximation is given by

M = nszo (27)

where n, and ns are the numbers of turns on the two coils, and M, is the mutual
inductance of two circles located at the centers of the cross sections of the two coils.

The same formula may be used as a rough approximation for the mutual inductance
of two coaxial single-layer solenoids.
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81. Coil Form Relations. From the preceding data it will be seen that for solenoid
windings the maximum inductance occurs when the diameter of the winding divided
by the length of the winding equals 2.46. For maximum inductance in multilayer
solenoids, the winding cross section should be square and the diameter of the form
should be about equal to twice the length of a side of that square. For solenoids of
the same inductance, the distributed capacitance is approximately proportional to the
radius of the form and independent of the number of turns and length of winding.

82. Choice of Wire Size. The choice of wire size for universal windings or progres-
sive universals depends on the desired Q, the permissible outside diameter, and the
cost. At the frequencies at which these windings are used, roughly 200 to 2,000 kc¢
stranded wire is desirable to give good Q. In general for a given inductance, the
greater the number of strands, the higher the cost and the better the @. The smaller
the strand size, the higher the Q and the cost. The smaller the strand size, the less
the outside diameter, a desirable relation with iron cores or where shielding is to be
used. The strands should be loosely twisted, about 10 or 12 twists per foot for best
results. The effect of wire size on @, relative cost, and relative outside diameter for
a 1-mh winding using some common wire sizes is given in Table 7.

In the region from about 2 to 6 Me, solenoid windings are used with a wire size of
from No. 30 to No. 34¢. From 6 to 100 Mc, the common wire sizes are from No. 18
to No. 24.

88. Choice of Wire Insulation. There are many insulating materials now in use on
wire. These fall into two basic groups; the filament type and the extruded or dipped
type. Silk, nylon, cotton, rayon, and glass are filament types. Of the latter type
are enamel, polyvinal formal (Formex or Formvar), nylon, and polyethylene. Since
the insulation becomes a large part of the dielectric for the distributed capacitance,
it is important in high-Q coils to choose insulators with low dielectric losses. Further-
more, in many cases the thickness of the insulation controls the spacing between wires
and is, therefore, important. The filament or thread type of insulators is frequently
put on over an enameled base to prevent short circuits between turns in case the
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threads should separate. Polyvinal formal and nylon coatings have extremely
high abrasion resistance and are useful where the winding may be subjected
to severe handling or where the movement of the wire with respect to an abrasive
surface, such as an iron core, might cause trouble. The only one of the dipped or
extruded coatings that has really low losses is polyethylene. This material has not
yet seen wide enough usage to predict its full possibilities accurately.

Cotton gives a very thick insulation and is not too commonly used owing to the
large amount of space occupied. It is frequently used for broadcast loop antennas.
By far the most common filament insulations are silk and nylon. Nylon is not quite
so satisfactory as silk owing to its poor power factor, especially when the temperature
is raised slightly.

It should be remembered that the insulation on wire is a necessary evil. It should
be omitted wherever possible, e.g., in spaced solenoids wound on threaded forms.
In any case it should be kept to the practical minimum.

34. Choice of Form. Form size is dictated by space limitations, winding type,
winding design, and cost. The important factor left to consider is material. It
must be strong enough to support the winding and, since it is usually largely within
the field of the winding, it must be electrically good. It should be dimensionally
stable with temperature changes. No material yet known is electrically perfect and,
therefore, the less form material used, the less additional losses will be introduced.

Common materials are ceramics, such as steatite, thermosetting plastics, such as
molded or laminated phenolics, thermoplastics, such as polystyrene and its copolymers,
cellulose acetate and its copolymers, ethyl cellulose, glass fiber, and paper.

Ceramics and glass are good electrically but are fragile and cannot be made to close
dimensional tolerances. As a group they are the most expensive. The phenolics
vary widely in their electrical properties depending on the filler used. The better
clectrical grades are satisfactory and are mechanically better and less costly than
ceramics. Certain of the plastics, particularly the styrenes and ethyl cellulose, have
the best electrical properties but are not too widely used because they will not stand
the rather high temperatures encountered in modern receivers. This is particularly
true when the winding has appreciable tension.

Fiber and paper are economical. When properly treated with wax, these materials
are suitable for all but the most exacting applications.

Certain windings are completely self-supporting and require no form. Others are
wound directly on powdered-iron cores.

86. Choice of Finish. The finish on an inductor performs two major functions: it
helps to make the unit mechanically stable and to make it electrically stable through
protection against ambient conditions. The most common finishes are waxes, var-
nishes, and lacquers, or synthetics. The choice of finish depends on the conditions
to be encountered and on the amount of additional losses that can be tolerated in the
final design. The use of any finish always introduces some loss.

Operating temperature ranges may be from —20 to +160°F for civilian broadecast
units to —70 to +185°F for air-borne military equipment. Relative humidities may
also vary over a wide range.

Waxes, particularly the microcrystalline type, ceresins, etc., are excellent for the
moderate temperatures of civilian use. They are simple to use, are inexpensive, have
fairly low losses, and low dielectric constants, are noncorrosive, and provide the best
humidity protection. They should never be used when the ambient temperature is
close to their melting point.

Varnishes, both the solvent and solventless types, are usually not so good electri-
cally, particularly at the higher frequencies. The initial expense and cost of applica-
tion are high. The common heat polymerizing varnishes have a short shelf life before
use. However, properly applied varnishes give good humidity protection, withstand
a greater temperature range than waxes, and are mechanically strong,.

Lacquers or synthetics are easier to apply than varnishes, give about as good
mechanical strength, have lower losses, but do not give so good humidity protection.
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They can be made so that they have low dielectric constants. This fact is important
since any finish becomes a part of the dielectric of the distributed capacitance; in
many designs it is a large part.

In choosing a finish the following points are important: (1) the temperature range.
The finish must hold the windings firmly throughout the operating temperature range.
It must not change physically with temperature changes for that would distort the
winding. It must not change its dielectric constant since that would change the
apparent inductance. (2) The finish should be as good a dielectric as possible so
that the losses will be kept to a minimum. The dielectric constant must be low to
keep the distributed capacitance low. (3) The finish should afford good humidity
protection and at the same time be noncorrosive. Since many inductors have d-c
potentials applied and are wound with fine wire or stranded wire, any tendency for
corrosion would be accelerated and quickly result in an open circuit.

Accelerated corrosion tests can be made with typical universal windings spaced
14 in. apart, wound with 7/41 SSE litz wire, subjected to 90 to 95 per cent relative
humidity at 100 to 120°F, with 400 volts d.c. between the windings. Under these
conditions, windings treated with practically any lacquer or varnish show at least
one and at most seven strands of the litz completely corroded after 96 hr. Wax-
treated units in the same test rarely show more than one broken strand and usually
not any.

86. Methods of Obtaining Close Coupling. For universal windings, close coupling
is obtained by making the second winding a continuation of the first, sometimes
separated by a layer of tape. The two windings may be placed side by side very
close together. In some cases maximum coupling has been obtained by bifilar winding
in which two conductors are wound simultaneously and are always parallel as the
winding is built up.

For solenoids bifilar winding is also used. Less coupling is obtained by interwinding
only a part of the two windings. The second winding may be placed directly over
the first, separated by a tape.

Similar methods apply to other types of windings. Where powdered-iron cores
are used, close coupling can be obtained by simply winding both coils on the same
iron. Such practice is not recommended unless high-resistance iron is used.

Coupling as high as 98 per cent can be obtained with bifilar universals and as high
as 90 per cent with bifilar solenoids. The use of iron cores in the windings and iron
cups surrounding the windings will increase the coupling in most cases.

87. Effect of Shielding. To prevent undesirable coupling between inductors it is
common to surround them with a shield of conducting material. The best conductor
is copper and, although it is sometimes used, it is expensive and requires some treat-
ment to maintain its appearance. Easy to fabricate, light in weight, low in cost, and
requiring no treatment, aluminum is a favorite shield material. Zinc is also used,
especially when it is necessary to soft-solder to the shield.

Shielding is accomplished because of the eddy currents set up in the conducting
material. The eddy currents oppose the inducing flux, and therefore, repel and con-
fineit. This opposition to the flux acts as a negative permeability of the surrounding
medium. Because the shield is not a perfect conductor, losses are introduced that
reflect as losses in the inductor. Shielding lowers the inductance and the Q. The
proximity of the shield to the inductor and the shield material controls the amount of
lowering that takes place.

Shielding is also accomplished through the use of cups or sleeves of powdered iron.
In this case the flux is concentrated in the low-reluctance path of the iron. The @
and inductance of the winding may be slightly increased. This type of shielding is
not complete, and usually the whole is surrounded with a conventional aluminum
shield, which then has little effect on the winding. Its function is to provide electro-
static shielding for more complete shielding.

38. Special Considerations in the Use of Powdered-iron Cores. The use of
powdered-iron cores materially changes some details of winding design. It is most
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important to get as much of the winding as possible as near the core as possible. In
so doing the maximum number of turns of the conductor is affected by the core. In
other words, there is less leakage flux and more active flux to produce the maximum
inductance.

In the case of universal windings, the depth of the winding should be kept to a
minimum to keep the average turn closer to the core. In all cases, the less the wall
thickness of the form used, the better the results.

39. Typical Inductors Currently in Use. The following inductors are used in a
typical broadcast receiver employing a loop antenna. The set has a standard 365-uuf
three-gang variable capacitor. All inductors are impregnated and flashed in wax.
Shields used for r-f coil, first and second i-f coils, are all 134 in. square aluminum,
214 in. long.

Loop Antenna.

Wound in the form of a flat spiral, elliptical in shape, minor diameter of average
turn = 5 in., major diameter of average turn = 1! in., wire = 22 DCE, Q at
1 Mc = 149 far from chassis and 72 mounted on chassis, turns = 27, induct-
ance = 265.7 ph, Cs = 16.8 p/.l.f.

R-f Coil.
. . o Air Q in shield
Type Turns | Width, in. Wire inductance | at 1 Me
Primary universal. ...................... 646 134 39 SSE 6.38 mh
Sccondary 4-layer hank................... 195 . 141 SSE 280 uh 98

Spacing primary to secondary 3¢4 in. Ly = 200 xzh. Form: 14 in. OD by %{¢ in.
ID, bakelite.

Oscillator Coil.

| sy
Tyve Turns | Width, in. | Wire | Air induct-
| ance, sh
Primary universal......................c...iui.. ... 2334 e 38 SCE 14
Secondary universal......................... ..., 8334 e | 36 SCE 127

Secondary wound on top of primary separated by yellow cambric 3¢ by 0.010 by
21}{gin. Ly = 25.1 ph in air. Form: }4 in. OD by 34 in. ID, wax-impregnated
paper.

First I-f Transformer.

;. i . Air induct-| Q in shield

Type Turns | Width, in. Wire ance, mh | at 455 ke
Primary universal........................ 422 e 572 SSE 2.27 83
Secondary universal....................... 422 e 5{2 SSE 2.27 82

Spacing primary to secondary %{¢ in. Ly = 109.2 phinair. Form: 3§ in. OD by
3{6 in. ID, wax-impregnated paper.

Second I-f (Diode) Transformer.

. . . Air induct-| Q in shield

Type Turns | Width, in. Wire ance, mh | at 455 ke
Primary universal........................ 365 3{e 542 SSE 1.7 90
Secondary universal....................... 415 e 842 SSE 2.2 83
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Spacing, primary to secondary, 3%44 in. La = 130.7 gh in air. Form: 3¢ in. OD
by 3{¢ in. II), wax-impregnated paper.

The following inductors are used in a typical permeability-tuned automobile broad-
cast receiver covering 535 to 1,610 ke.

Antenna and R-f Coils.

Form: 0.223 in. OD by 0.207 in. ID, bakelite. 356 turns 5/43 SSE straight progres-
sive universal winding 114 in. long. Minimum @ = 60 at 600 ke. Core: 0.200 in.
OD by 1% in. long. Apparent permeability = 9, Lacquer-coated. These coils
tune to 1,610 ke with 65 uuf, no core.

Oscillator Coil.

Form: 0.318 in. OD by 0.207 in. ID, bakelite. 140turns 36 E. Variable-pitch sole-
noid, 194, in. long. Core same as for antenna and r-f coils. Lacquer -coated. This
coil tunes to 1,870 ke with 196 uuf, no core. Cathode coil wound on 7{¢ in. OD by 3§
in. ID bakelized paper. Winding: 16 turns of No. 30 E at 13 turns per inch. This
coil is slipped over the oscillator winding and exactly centered over it.

First I-f 260-kc Transformer.

Air induct-| Q in shield

Type Width, in. Wire Turns ance, mh | at 250 ko
Primary universal............c.000eeunne. T8¢ 38 SSE 390 2.0 59
Secondary universal...............00 .00, The 38 SSE 390 2.0 59

Form: 3¢ in. OD by 3%{¢ in. ID, wax-impregnated paper. Spacing primary to
secondary 12§35 in. Ly = 89 ph in air.

Second I-f (Diode) 260-kc Transformer.

Type Width, in. Wire Turns ‘::cl:_ d:‘::- gtngglilg
Primary universal...........cce0ieiiinnen T6e 38 SSE 542 4.0 55
Becondary universal............coo il T84 38 SSE 340 1.5 51

Form: 3§ in. OD by 3{¢ in. ID, wax-impregnated paper. Spacing primary to
secondary 2% 4 in. Ly = 156 gh in air.

MAGNETIC MATERIALS!
By RaymMoND L. SANFORD?

Magnetic materials are essential in the construction of nearly all types of electrical
machinery and apparatus. In the field of radio communication, they are employed
in the cores of transformers, choke coils, relays, etc., and for magnetic shielding.
Permanent magnets are used in d-c¢ measuring instruments, polarized relays, magne-
trons, and loud-speakers. A great variety of magnetic materials is produced com-
mercially, and new types are continually being developed. In view of the diversity
in requirements for practical applications, a knowledge of the magnetic characteristics
of available materials is needed in connection with the design of various types of appa-
ratus. The principal producers of magnetic materials issue technical data giving
the properties of the materials they make. Before undertaking the design of apparatus
involving the use of magnetic materials it is best to obtain up-to-date information
from one or more of these manufacturers.

1 The material for this portion of Chap. 8 came in part from ‘* Permanent Magnets” and * Magnetic

Testing,” Nat. Bur. Standards Circ., C448 and C456.
* National Bureau of Standards, Washington, D.C.
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MAGNETIC QUANTITIES AND UNITS

The characteristics of magnetic circuits and the magnetic materials of which they
are made are expressed in terms of certain magnetic quantities and units which may
be described as follows:

40. Magnetomotive Foree. Magnetization is generally accomplished by means of
electric current in windings linked with a magnetic circuit of which the material to be
magnetized forms a part. The total measure of the magnetizing effect of such a coil
is called the magnetomotive force, 5. The cgs unit of magnetomotive force (mmf)
is called the gilbert and is defined by the equation

§ = 0.4xNI

where § = mmf{, gilberts

N = number of turns in the coil

I = current, amp

41. Magnetic Flux. The total measure of the magnetized condition of a magnetic

circuit when acted upon by a magnetomotive force is called the “magnetic flux,” ¢.
It is characterized by the fact that a variation in its magnitude gives rise to an emf in
an electric circuit linked with it. The emf thus induced is at any instant directly
proportional to the time rate of variation of the flux. The cgs unit of magnetic flux
is called the mazwell and is defined by the equation

de
=N[(Z -8
e =N (dt 10

where ¢ = induced emf, volts

N = number of turns linked with the flux

¢ = magnetic flux, maxwells

t = time, sec
42. Magnetic Reluctance. That property of a magnetic circuit which determines

the relationship between the magnetic flux and the corresponding mmf is called the
“magnetic reluctance,” ®, of the circuit. The cgs unit* is defined by the equation

F
*=®
where ¢ = magnetic flux, taxwells
§ = mmf, gilberts
® = magnetic reluctance in cgs units
In a magnetic circuit of uniform cross-sectional area and uniform permeability
(to be defined later),
)
® = nA
where ® = magnetic reluctance in cgs units
u = magnetic permeability
! = length, cm
A = cross-sectional area, sq cm
43. Magnetic Permeance. Magnetic permeance, @, is the reciprocal of the mag-
netic reluctance. Thus,
¢ =50¢
¢ = magnetic flux, maxwells
& = mumf, gilberts
® = magnetic permeance in cgs units
In a circuit of uniform eross section and permeability

uA

]
* The unit of magnetic reluctance was calied the *‘oersted’’ until 1930, when the International
Electrotechnical Commission adopted that name for the unit of magnetizing force, thus leaving the

unit of reluctance without a name.
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44. Magnetizing Force. The mmf acting on a magnetic circuit is distributed
along its length in a manner determined by the distribution of the magnetizing wind-
ing and of the reluctance of the circuit. The mmf per unit length along the circuit
is called the ‘‘magnetizing force,” H. The cgs unit is called the oersted and is defined
by the equation

dF

H=71

where H = magnetizing force, oersteds

§ = mmf, gilberts

! = length, cm
At the center of a very long, uniformly wound solenoid having n turns per em in which
a current of 7 amp is flowing, the magnetizing force in oersteds is

H = 0.4xnl

456. Magnetic Induction. Magnetic induction, B, also called ‘“magnetic flux
density,” is the magnetic flux per unit area of a section normal to the direction of the
flux. The cgs unit is called the gauss and is defined by the equation

d¢
4o dA
where B = magnetic induction, gausses
¢ = magnetic flux, maxwells
A = area, sq cm

46. Intrinsic Induction. That part of the magnetic induction’which is in excess of
the induction that would exist in a vacuum under the influence of a given magnetizing
force is called the ‘““intrinsic induction,”
B;. Numerically, in the cgs system
B; =B — H.

47. Nature of Magnetism. It is gen-
erally conceded that the only known
source of magnetic effects is electricity
in motion (electric current). According
to present theory,* ferromagnetic
effects are due to groups of electrons
within a ferromagnetic material called
‘“‘domains’’ and consisting of electrons
spinning on their own axes. The mag-
netic axes of the spinning electrons in a
single domain are held parallel to each
other by mutual forces known as “ex-
change forces,” so that each domain
behaves as a single unit. The domains
are in effect current-turns and so account
for the mmfs inherent in ferromagnetic
materials. The sum total of the mmfs
due to the domains is the quantity that
remains ‘“permanent’’ in a permanent f B
magnet.

In the unmagnetized condition, the
domains are so oriented with respect to
each other that the net magnetic effect is zero in any direction. Under the influence of
a magnetic field applied by means of an external electric current, the magnetic axes of
the domains tend to be oriented more or less in the direction of the applied field, so

* Superior numbers indicate the literature references at the end of this chapter.
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F1g. 12. Normal induction and hysteresis
curves.
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that their effcct is added to that of the applied field. The flux density due to the
combined effect of the applied field and the domains is the magnetic induction, B,
and that due to the domains alone is the intrinsic induction, B;. ,

Upon removal of the magnetizing force, the orientations of the domains resulting
from the applied field tend to persist to a greater or less extent, depending upon their
distribution in space, which in turn depends upon the internal structure of the mate-
rial. To reduce the induction further, it is necessary to apply a reverse, or demagnet-
izing, force. The relationships between induction and the applied field are shown
graphieally in Fig. 12, where the abscissas represent values of magnetizing force, H,
and the ordinates are values of magnetic induction, B. The curve oabe is called the
“normal induction curve’’ and shows how the induction varies as the magnetizing force
applied to a material initially in the demagnetized condition is increased from zero.
At any point on this curve, the ratio of the value of induction to the corresponding
value of magnetizing force is called the magnetic permeability, p. Thus the coordi-
nates of point a on the curve are B, and Ha, respectively, and the pecrmeability is

-2
-

Since the line oabe is not straight, the permcability is not constant but varies with the
degree of magnetization. This variation is one of the distinguishing characteristics
of ferromagnctic materials.

48. Hysteresis Effects. If, after the magnetizing force has recached a certain value
(as at point b), it is then decreased, the induction does not follow the curve oabc in
reverse order but lags behind the magnetizing force, as shown by the curve bd. Thus,
when the magnetizing force has been reduced to zero, point d, the induction still has
an appreciable value. This value is called the residual induction, B,.

To reduce the induction still further, it is neccssary to increase the magnetizing
force in the opposite direction. The value of the reversed magnetizing force required
to reduce the induction to zero is called the coercive force, H..

The lagging of the induction behind the magnetizing force is called hysteresis, and
the complete curve bdefghb, is called a hysteresis “loop.” Hysteresis is another of
the characteristics of ferromagnetic materials and is the property that makes per-
manent magnets possible. The size of the hysteresis loop, and consequently the
magnitudes of Br and H., depends upon the values of B and H at the tip of the loop,
generally designated by the symbol B and Hwm. As Hn is increased, the sizc of the
hysteresis loop approaches a maximum. The values of Br and H. corresponding to
the maximum loop for a given material are called the retentivity and coercivity,
respectively.

A major hysteresis loop is produced by varying the magnetizing force continuously
from a positive maximum value to the same value negative and back again to the
positive maximum. However, if a change in direction of the variation is made at
some intermediate point on the major loop, a minor loop is produced, as shown between
the points 7 and & in Fig. 12. The slope of the line joining the tips of such minor
loops is called the incremental permeability, ua. In other words, the incremental
permeability is the ratio of the change in B to the corresponding change in H when
the average value of B differs from zero. That is, uya = AB/AH.

That part of the hystcresis loop extending from the residual induction, B,, to the
coercive foree, H,, i.c., from d to e, is called the demagnetization curve. Pointson this
curve are designated by the coordinates Bs and Ha. Most of the important charac-
teristics of a permanent-magnet material can be indicated by points on this curve or
within the area between it and the axes of coordinates. The value of H. necessary
to produce the maximmum loop depends upon the type of material and ranges from
about 300 oersteds for most of the older types of material to about 3,000 oersteds or
more for the newer types. Figure 13 represents a typical demagnetization curve,
together with the so-called energy-product curve obtained by plotting the product of
corresponding values of By and Hgy on the demagnetization curve against Bs. The
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maximum value of this product, (BsH 4)masx, can be considered as a criterion of quality
and is useful for the comparison of various materials. It is generally not necessary
to plot the BaH 4 curve to determine the maximum energy product. A line drawn
from the origin of coordinates to the

intersection of horizontal and vertical B
lines through B, and H., respectively,
intersects the demagnetization curve at B,

the point where the product B.Hais a
maximum for most materials.

MAGNETIC CHARACTERISTICS
OF MATERIALS

Magnetic materials employed in com-
mercial practice may be considered
under the following classifications: (1)
solid-core materials, (2) electrical sheet
and strip, (3) special-purpose alloys, (4)
permanent-magnet alloys.

49. Solid-core Materials. These
materials are used for the cores of d-¢ -H H¢ 0 BgHg
electromagnets, relays, field frames of
d-¢ machines, ete. The principal re-
quirement is high permeability particu-
larly at relatively high induction. For most usesit is also desirable that the hysteresis
be low. The principal materials employed are soft iron, relay steel, cast steel, cast
iron, and an alloy of approximately 35 per cent of cobalt and 65 per cent of iron
known as ferrocobalt. Ferrocobalt is characterized by very high permeability in the
upper part of the normal induction range and a saturation induction approximately

10 per cent greater than that of pure

25 iron. Its cost is relatively high, how-
ever, and its use is limited in general to
pole pieces in which a very high induc-
RLGGE A tion is required. Cast iron has a rela-
20 Soft iron tively low permeability and is used
principally in field frames when cost is
Cost steel of primary importance and extra weight
is not objectionable. Several varieties
of soft iron are available, such as Nor-
way iron, Armco iron, and Swedish
charcoal iron. Relay steels contain
from 1 to 3.25 per cent of silicon to
"""  reduce aging. Electrolytic iron may
Cast iron also be used. All these materials are
] relatively pure iron, low in carbon and

other impurities. Cast steel should be

low in carbon, not over 0.1 to 0.2 per

cent, and contain only the usual small

amounts of the ordinary impurities.

Oo 50 100 150 200 Cast iron is high in carbon, about 3 per

H-Oersteds cent, and also contains about 3 per cent

Fic. 14. Typical normal induction curves of silicon, and varying percentages of
for solid-core materials. phosphorus, manganese, and sulfur.

The best magnetic properties are ob-

tained by a suitable annealing treatment. The properties of cast iron can be greatly

improved by malleableizing, a process that converts a large part of the carbon to the

amorphous form.

<~{BgHa)mac:

F16. 13. Demagnetization and energy-prod-
uct curves.

Moalleable
cast iron
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B-Kilogausses
o




148 RADIO ENGINEERING HANDBOOK [Cuap. 3

60. Electrical Sheet and Strip. The terms electrical sheet and electrical strip are
commonly used to designate silicon-iron alloys produced in sheet or strip form and
used as core materials in a-c apparatus, such as transformers, generators, motors,
electromagnets, or relays. The principal requirements are high permeability, low
hysteresis, and high resistivity. The several grades differ mainly with respect to
their silicon content, which ranges from about 0.5 per cent to approximately 4.5 per
cent. Alloys containing the higher percentages of silicon are practically nonaging;
i.e., the permeability and losses do not change with time. The required magnetic

20 properties are produced by annealing.

. . By a suitable combination of cold-

Oriented grain rolling and heat-treatment, materials
""" are produced in which the crystal axes
15 / Low silicon are given a definite orientation. Such
material has considerably better prop-
% High siticon crties, when magnetized in the pre-
ferred direction, than the ordinary

grades. Figure 15 shows typical normal
induction curves for two grades of
electrical shcet and orientated-grain
material. The improvement in the ori-
entated-grain material is particularly
W conspicuous in the upper part of the

o
}

8- Kilogausses

W

normal induction curve.
The different grades of electrical sheet
() and strip are usually sold on the basis of
o] S 10 1S 20 :

H-Oersteds guaranteed maximum values of total
Fig.15. Typical normal induction curves for core loss, as (!eterr‘mned in accordance
electrical sheet. with the specifications of the ASTM.?
The common designations of the various
grades are armature, electrical, motor, dynamo, and transformer. The transformer
grades are further subdivided into classes denoted by numerals corresponding to the
core loss under standard conditions. Armature, electrical, and motor grades are used
principally in small motors, a-c magnets, and starting transformers. The dynamo
grade is used in high-efficiency rotating machines and small transformers. The trans-

former grades are used in power and radio transformers (see Table 12).

Table 12. Typical Characteristics of Commercial Electrical Sheet*

Max
- Core losst permeability Coer-
Grad o — e — cive | Resistivity, |Density,

rade per force, | microhm-cm | g/cm?

cent | Bm = Bm = B H

10,000 | 15000 | *" g || el
Armature.... .... .... 0.5 1.30 3.06 5,800 | 7.000 | 0.70 19 7.83
Electrical.............. 1.0 1.17 2.75 6,150 | 6,000 | 0.68 26 7.79
Motor................. 2.5 1.01 2.37 6,100 | 6,100 | 0.58 42 7.70
Dynamo...............[ 3.25 0.82 1.93 5,800 | 5,000 | 0.50 50 7.85
Transformer 1.......... 4.0 0.72 1.69 6,300 [ 5,000 | 0.40 56 7.60
Transformer 2.......... 4.5 0.58 1.36 8.300 | 4,500 | 0.25 62 7.57
Oriented graint......... 3.3 0.04 0.09 40,000 | 6,000 | 0.10 48 7.85

* Subject to some variation in actual practice.

1+ Watts per pound at 60 cycles.

% Flux in direction of rolling,

51. Special-purpose Alloys. For certain applications, special alloys have been
developed which, after proper heat-treatment, have superior properties in certain
ranges of magnetization. For instance, alloys of nickel and iron with possible small
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percentages of molybdenum or chromium have very high values of initial and maxi-
mum permeability. Alloys of this class, which may have from 70 to 80 per cent of
nickel, are called ‘‘permalloys.” An
alloy of 50 per cent of nickel and 50
per cent of iron is called ‘‘hipernik.”
Another alloy having a small percentage
of copper in its composition is called
“mumetal.”” The characteristics of
these alloys differ in detail, but in gen-
eral they have high initial and maxi-
mum permeability, low hysteresis, and
low saturation values. They are par-
ticularly applicable for use at low induc-
tions. Typical permeability curves are
given in Fig. 16.

A certain alloy of nickel, cobalt, and
iron after suitable heat-treatment has
very nearly constant permeability for
inductions below 1,000 gausses and is
called perminvar. The 50-50 nickel-
iron alloy ean also be heat-treated so as
to have similar characteristics.

An alloy of equal proportions of iron
and cobalt has high permeability which
persists at higher values of induction than the nickel-iron alloys and is called permendur.

Typical characteristics of some special magnetic alloys are given in Table 13.

125,000
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Fig. 16. Typical permeability curves for
special-purpose alloys.
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Table 13. Typical Characteristics of Some Special Magnetic Alloys*

Nominal Initial | Max per- (zci)‘?;- ?i?);u;:: t}}?:& Den-
Alloy composition, permea- meability,| ¢ orce, | duction, | mi cr:)li'x'n- sity,

per centt bility, um Mo H. B, am g/cm?
Supermalloy.......... 79Ni, 5Mo 100,000 | 800,000 | 0.004 8,000 60 8.87
78 permalloy... ...| 78Ni 8,000 | 100,000 | 0.05 10,000 18 8.60
4-79 permalloy. ...| 79Ni, 4Mo 20,000 80,000 | 0.05 8,700 57 8.72
45 permalloy.......... 45Ni 2,500 25,000 | 0.3 16,000 50 8.17
Hipernik............. 50Ni 4,000 80,000 | 0.05 16,000 35 8.25
4750 alloy.....coovn. 47 to 50Ni 5,000 32,000 | 0.03 16.000 45 8.15
1040 alloy............ 72Ni, 14Cu, 3Mo 40,000 | 100,000 | 0.02 8,000 56 8.76
Mumetal............. 75Ni, 2Cr, 5Cu 20,000 | 110,000 | 0.02 7,200 42 8.60
Permendur........... 50Co 800 5,000 | 2.0 24,500 7 8.30
Powdered permalloy...| 81Ni, 2Mo 125 130 | ..... | ..ce.. 10° 7.8

* Subject to some variation in actual practice.

1 Balance iron plus usual small amounts of impurities.

Another series of magnetic alloys of copper, nickel, and iron is temperature-sensitive.
having an approximately linear relation between permeability and temperature.
These are called ‘‘thermalloys.” The principal use is in the compensation of watt-
hour meters for temperature variations. They are also used in certain types of ther-
mal relays.

52. Permanent-magnet Alloys. For permanent magnets, high values of residual
induction and coercive forece are required. Ordinary high-carbon steels and some
special tool steels make fair magnets when properly hardened, but better results are
obtained by the use of alloys specially made for the purpose. Development along this
line has been rapid during the past few years and is still goingon. There are at present
three general classes of permanent-magnet materials: those in which the principal
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Fia. 17. Demagnetization and energy-product curves for typical magnet materials.

alloying elements are tungsten or chromium or both; those in which cobalt is present
in substantial amounts; and those in which aluminum and nickel play an important

part.

Tungsten, chromium,

or cobalt magnet steels are hardened by quenching. The

aluminum-nickel alloys are among the so-called dispersion-hardening alloys, the final
Table 14. Typical Characteristics of Several Permanent-magnet Alloys®

Type Nominal composition®
Tungaten........ 5.5W, 0.6C
3%%Cr........ 3.5Cr, 0.3Mn, 0.9C
LowCo......... 8.5Co, 5Cr, 1W, 0.9C
CoCr.......oe.s 18Co, 9Cr, 1C
High Co......... 36Co, 5W, 2Cr, 0.8C
Alnico 1......... 12Al, 20Ni, 5Co
Alnico 2......... 10Al, 17Ni, 12.5Co, 8Cu
Alnico 3......... 1241, 25Ni
Alnico 4......... 12Al, 28Ni, 5Co
Alnico 5......... 8Al, 14Ni, 24Co, 3Cu
Alnico 12........ 8Al, 18Ni, 35Co, 8Ti
Comol..... ...| 12Co, 17Mo
Cunife 1... .| 60Cu, 20Ni
Cunife 2......... 50Cu, 20Ni, 2.5Co
Cunico....ovoun. 50Cu, 21Ni, 29Co
Viealloy......... 52Co, 9.5V
Silmaual 87Ag, 9Mn, 4Al

Vectolite

30Fe103, 40Fei04, 26C0:0:

Resid- | Coer-

ual in-| cive | (BaHd)

Jduction,| force, | X 107
B, H.

10,000 85 0.27
9,500 63 0.25
7.500 120 0.38
8,000 180 0.81
9,000 230 0.87
7.300 440 1.40
7.350 560 1.60
6,900 475 1.38
5,300 730 1.30

12,500 640 5.00
5,700 200 1.80

10.500 250 1.10
5,800 600 1.96
7.300 260 0.78
3,400 710 0.85
9,600 500 2.80

500| 5,500/ | 0.08
1,600, 900 0.50

Fabrication®

Hot-forge or cast, machine
Hot-forge or cast, machine
Hot-forge or cast, machine
Hot-forge or cast, machine
Hot-forge or cast, machine
Cast, grind

Cast or sinter, grind

Cast, grind

Cast, grind

Cast, grindd

Cast, grind

Cast or hot-roll and punch
Cold-roll, machine*
Cold-roll, machine®

Cast, cold-roll, machine
Cast. hot-swage, cold-draw
Machine-punch, cold-roll
Sinterd

a To be taken as typical only, compositions and properties vary somewhat in practice.

5 Balance iron plus usual small amounts of impurities.
¢ Hardened at proper stage either by manufacturer or

¢ Heat-treated in a magnetic field; haa directional properties.

¢ Has directional properties; should be magnetized in direction of rolling

1 Intrinsic coercive force, Han

in accordance with manufacturer's instructions
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treatment for which is prolonged heating at a temperature of the order of 660 to 700°C.
The alloys that are hardened by quenching can be forged and machined, but most of
the dispersion-hardening alloys cannot be forged or machined and must be cast to
shape and can be cut only by grinding.

The important magnetic characteristics of permanent-magnet alloys are indicated
by the part of the hysteresis loop lying between the residual induction and the coercive
force and a curve plotted between B and the products of corresponding values of B
and H for the same part of the loop. These products are proportional to the magnetic
energy stored at the given values of induction. The maximum value of the energy
product may be taken as an index of magnetic quality. Typical curves for the three
classes of permanent-magnet material are shown in Fig. 17.

The choice of material for a given application depends upon several factors and,
consequently, no one material can be considered as best under all conditions. (See
Table 14 for typical characteristics of several permanent-magnet alloys.) ’

MAGNETIC TESTING
58. Tests with D.C. Most commercial magnetic testing in the United States is
done in accordance with the specifications of the ASTM.? The methods or apparatus
currently approved by the ASTM include the Rowland ring method,* the Burrows
compensated double yoke,® the Fahy simplex permeameter,® the high-H permeameter,?
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F1a. 18. Connections for ballistic test.

the Babbitt permeameter,® the simplex super-H adapter,? and the saturation permeam-
eter.’® Many makers of magnetic materials employ, for purposes of quality control,
special methods or apparatus that are more simple and rapid and give comparative
values sufficiently accurate for the purpose.

Ballistic methods, so-called because they employ a ballistic galvanometer in the
measurements, are most commonly used in ordinary magnetic testing.

The principles involved in all ballistic methods are the same, the differences being
in the type of magnetic circuit and the arrangement of the magnetizing and test.coils.
A typical diagram of connections is shown in Fig. 18. Current from the storage
battery is controlled by R and R’ and measured by ammeter A, or, if desired, by a
standard shunt and a potentiometer. C is a reversing switch, and switch C’ serves to
insert the auxiliary resistance R’ into the circuit. The current flows in primary M
of a mutual inductor when switch D is closed upward and in the magnetizing windings
of the apparatus P, when D is closed downward.
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The secondary M of the mutual inductor, or an equivalent noninductive resistance,
is always included in the galvanometer circuit. By means of selector switch S, the
galvanometer can be connected either to test coil L;, which surrounds test specimen
T, or to coil La, which does not surround the specimen but is located in such a position
as to give an indication of the magnetizing force. The sensitivity and damping of the
galvanometer are adjusted by means of the parallel resistance R, and the series
resistances E.. In some types of apparatus, magnetizing force is measured in terms of
the magnetizing current, in which case coil L: and the resistance in series with it are
omitted. Two alternative methods of galvanometer control are shown. The choice
between these two methods is mainly a matter of individual preference.

As shown in the main diagram, the galvanometer can be short-circuited, open-
circuited, or connected to the test circuit by closing the key upward, opening it, or
closing it downward, respectively. By the alternative connection shown at the right
the parallel resistance, usually of such a value as to give critical damping, is always
connected to the galvanometer, which in turn is connected to the test circuit or not
according as the key is closed or open. If desired, a second parallel resistance may be
connected between the lower contact of the key and the left-hand terminal of the
galvanometer. With this connection, the galvanometer will be overdamped when
connected to the test circuit.

The galvanometer is calibrated by means of a standard mutual inductor. It is
usually convenient to adjust the sensitivity so that the scale is direct reading in terms
either of induction or of magnetizing force, thus avoiding the necessity of multiplying
the scale reading by odd factors. It is customary to make a deflection of 1 em corre-
spond to the reversal of an induction of 1,000 gausses or of a magnetizing force of 1,
10, or 100 ocersteds as required. When calibrating for induction, the current to
be reversed in the primary of the mutual inductor depends upon the value of the
mutual inductance, the number of turns in the test coil, and the cross-sectional area
of the specimen, and is calculated from the formula:

BAN
I. = M X 108
where I. = calibrating current, amp
B = induction, gausses
A = cross-sectional area of specimen, sq em
N = number of turns in the test coil
M = mutual inductance, henrys
The corresponding formula for calibrating for magnetizing force is

HAN
I. = M X 108
where H = magnetizing force, oersteds
AN = product of the number of turns by the averge area of the test coil
The other quantities are the same as in the preceding formula.

Since the calibration is made by reversal of the calibrating current, care must be
taken when measuring changes in induction or magnetizing force as in the determina-
tion of points on the hysteresis loop to multiply the readings by 2.

Unless the test coil for the measurement of induction is wound directly on the speci-
men, a correction must be made to the observed value of induction. This is to take
into account the flux in the space between the specimen and the test coil. The amount
to be subtracted from the observed value of induction is proportional to the magnetiz-
ing force and depends upon the difference between the areas of the test coil and the
specimen. The correction is equal to kH, where k = (a — A)/A, a = area of test
coil, and A = area of specimen.

In making a normal-induction test, the specimen is first demagnetized. The
magnetizing current is then set to the value corresponding to the lowest point desired
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and reversed several times until successive readings of the induction are in agreement.
The specimen is then in a cyclic condition, and the observed induction is the normal
induction. The magnetizing force is then determined either by taking a ballistic
deflection or by measuring the magnetizing current according to the type of apparatus
being used. Additional points on the normal-induction curve are determined in the
same way, except that repeated demagnetization is not required if each point so
determined is higher than any preceding one. It is the practice of some observers to
start with the highest point to be determined and demagnetize from each point to the
next lower one. This is sometimes the preferable procedure, especially if otherwise
the specimen is likely to be heated unduly.

If points on a hysteresis loop are to be determined, cyclic condition is first obtained
by reversals of the magnetizing current corresponding to the tip of the loop and corre-
sponding values of B and H observed. The current is then suddenly reduced in value
by opening the switch C”, thus inserting into the circuit R’. For points on the nega-
tive side of the H axis, switches C and C’ are operated simultaneously, thus reversing
as well as reducing the magnetizing force. The observed values of the corresponding
changes in B and H are subtracted from the values at the tip, and the results thus
obtained are taken as the coordinates of the required point on the hysteresis loop.
The process is repeated for other points, care being taken to reestablish cyclic condition
at the tip before each reading.

In setting up apparatus for ballistic tests, it is important to twist the conductors in
both primary and secondary circuits and to locate the mutual inductor with reference
to the rest of the apparatus so that errors due to stray fields will be negligible.

TESTS WITH ALTERNATING CURRENTS

Magnetic tests with alternating currents for the measurement of core loss, a-c
permeability, and incremental permeability are ordinarily made in accordance with
the specifications of the ASTM which should be consulted for details.? Such tests
are made on flat-rolled materials cut into strips of appropriate size. The strips are
assembled in four bundles in the form of a square within a set of coils generally known
a8 a ‘“‘test frame.”” The dimensions of the strips and of the test frame and the form of
joint at the corners of the magnetic circuit depend upon the type of test. Three dif-
ferent types of test follow: )

§4. 60-cm Epstein Test for Core Loss. The test specimen for this core-loss test
consists of strips 50 ecm (191144 in.) long and 3 em (13{¢ in.) wide. The standard
sample is composed of 10 kg (22 1b) of strips, but 5 kg (11 1b) may be used. For the
usual type of material, half of the strips are cut parallel and half at right angles to the
direction of rolling. Under certain conditions, however, material manufactured in
strip form or materials having pronounced directional properties may be tested with
strips all cut in the same direction. The strips are assembled in four equal bundles
and inserted in the test frame so as to form a square with butt joints. The bundles
are ordinarily arranged so that opposite sides of the square consist of material cut in
the same direction. The strips are held in place at the corners by clamps.

The four coil forms of the test frame are uniformly wound with two sets of coils
connected in series to form primary and secondary windings of 600 turns each. The
connections are as shown in Fig. 19, except that for the core-loss test the mutual
inductor is not used and need not be connected.

An emf of approximately sinusoidal wave form is applied to the primary winding,
and a voltmeter and the potential coil of a wattmeter are connected to the secondary
winding. The wattmeter, whose current coil is connected in series with the primary
winding, should be especially designed for low power factors. The impressed voltage
is adjusted, preferably by means of a suitable autotransformer, until the voltage of
the secondary is that given by the equation g

NfBM

E=4hin
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where ff = form factor* of primary emf = 1.11 for sine wave

N = number of secondary turns = 600
f = frequency, cycles = 60

B = maximum induction, kilogausses

M = total mass, kg

| = length of strips, em = 50
D = density, g per cu em
Standard tests are made at specified values of maximum induction. For tests at 15
kilogausses or higher, or whenever the form factor of the applied emf departs from the
value 1.11 by more than 1 per cent, a voltmeter reading average volts is used in parallel
with the rms voltmeter. The scale of such an instrument is conveniently marked in
terms of the average volts times 1.11, in which case the voltage, as calculated for a sine
wave, is held on the average voltmeter.
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Fia. 19. Circuit for core-loss and a-¢ permeability tests.

When the voltage and the frequency have heen adjusted to the proper values, the
wattmeter indicates the total loss, including the loss in the secondary circuit. The
loss in the secondary circuit can be calculated in terms of the rms voltage and the
resistance. Subtracting this correction from the total loss gives the net loss in the
steel, and dividing this value by the mass in kilograms gives the core loss in watts per
kilogram.

66. 26-cm Epstein Test for Core Loss and A-c Permeability. In recent years, the
manufacturers of electrical sheet have been able to improve the uniformity of the
magnetic properties of the various commercial materials to such an extent that it is
now possible to obtain a sufficiently representative sample of a given heat or “lift"”
of steel by selecting not over 2 kg of strips instead of the 10 kg previously required.
The 25-cm Epstein test is designed to test specimens weighing from 0.5 to 2 kg,
but for general commercial testing the 2-kg sample is the standard. On account of
the shorter length of the magnetic circuit, a better joint at the corners is required
than the butt joint employed in the 50-cm test.!! A double lap joint has been found
to give best results and consequently a minimum length of 28 ¢cm is needed. However,
longer strips can be used up to a maximum length of 50 cm. The width of the strips
is 3 cm.

The connections and testing procedure for measuring core loss are essentially the
same as for the 50-cm test (Fig. 19) but, on account of the smaller cross-sectional area,
the number of turns in the test frame windings is increased to 700 and somewhat more
sensitive instruments are required. Also, in calculating the core loss it is necessary
to take into account the additional material at the corners. This is done by using
the ““active weight” calculated on the assumption that the effective length of the mag-
netic circuit is 94 em. This value was determined by experiment.

For the measurement of magnetizing force when determining a-¢ permeability the

* Form factor is the ratio of the effective (rms) value of the emf to its half-period average value.
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mutual inductor M (Fig. 19) is used. The secondary voltage measured with the
average voltmeter is proportional to the crest value of the magnetizing current. The
magnetizing force is calculated from the equation

_ AxNT. 101,
12
where H = magnetizing force, oersteds
N = number of turns = 700
I, = crest current, amp

1y = assumed length of specimen = 88 cm

The value of B in gausses is determined from the secondary voltage as for the core-
loss test and the permeability, u, is u = B/H.

56. Normal and Incremental Permeability and Core Loss at Low Inductions. The
methods described above are not sufficiently sensitive for testing laminated-core
materials at the low inductions usually employed in apparatus used in many types of
communications equipment. Also,
these methods do not provide for testing
under the condition in which a unidirec-
tional magnetizing force is applied in
addition to the alternating magnetizing
force. For testing at low alternating
inductions, either with or without a
superimposed unidirectional magnetiz-
ing force, two different methods are
specified by the ASTM? (1) an a-c bridge
method or (2) an a-¢ potentiometer
method. The tests are made at fre-
quencies of either 60 or 1,000 cycles.
The standard induction with no super-
imposed unidirectional magnetizing
force is either 10 or 1,000 gausses at 60
cycles or 10 gausses at 1,000 cycles.
With unidirectional magnetizing force
applied, the standard induction is 10
gausses at either frequency. Values of
unidirectional magnetizing force up to 2
oersteds are employed. The test frame
is similar to that for the 25-cm Epstein
test. Three windings are provided, an
inner winding of 100 turns, an intermedi-
ate winding of 1,000 turns, and an outer  p;g. 20. Bridge method for a-c tests at low
winding of 100 turns, which is used for  inductions.
the application of the d-¢ component of
magnetizing force. The specimens are cut and assembled in the same way as for the
25-cm Epstein test described above. The test frame and specimen are the same for
either the bridge or potentiometer method.

Figure 20 is a diagram of connections for the bridge method. The a-c supply should
be of approximately a sine wave form having not more than 10 per cent of total har-
monics and should be cfectively insulated from the bridge circuit by a suitable cou-
pling transformer as shown. A storage battery provides a ateady source of d.c. As
shown in the diagram, one winding of the test frame constitutes one arm of the bridge.
For the 60-cycle test a vibration galvanometer is recommended; for the 1,000-cycie
test a telephone receiver may be used. The detector may be preceded by a suitakle
amplifier.

Before the test is made, the specimen is thoroughly demagnetized. In view of the
fact that the permeability of most materials at low inductions drifts to an appreciable
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extent with time after demagnetization,!? this should be done at least 24 hr previous
to making the test. During the interval between demagnetization and testing, the
specimen should be protected against stray magnetic fields or mechanical vibration.

The constants of the bridge circuit depend upon the kind of material to be tested.
For the 60-cycle test on materials that have exceptionally high permeability and low
loss, such as cold-reduced silicon steel or nickel-iron alloys, the inner 100-turn winding
of the test frame is used and R, is 10 ohms. For the 60-cycle test on ordinary silicon
steel, or materials having similar magnetic properties, the 1,000-turn coil is used and
R, is 100 ohms. In either case C, is 1 uf. C. balances the ohmic resistance of the
test-frame coil and has a value

_ R
e = R;

where R, is the ohmic resistance of the test-frame winding, R, is nonreactive and
has a range of 10,000 ohms in steps of 1 ohm, C, has a range up to 2 uf in steps of
0.001 uf.

Measurements of incremental permeability or core loss are always made in the order
of increasing values of unidirectional magnetizing force. Direct current is supplied
to the outer 100-turn winding through the reactor Z, which should have an inductance
of 1 h or more when carrying current equivalent to a magnetizing force of 2 oersteds.
This reactor is for the purpose of limiting the a-c current in the d-c circuit to a negligible
value. The d-c current is adjusted to the required value with S, open and reversed by
means of S; several times to establish a cyclic condition in the specimen. 8, is then
closed and the test made. Values of normal permeability or core loss are made with
the d-¢ circuit open.

The d-c magnetizing force is caleulated from the equation

0.4wxNlac
Hyo = _"l__“

where Hy. = unidirectional magnetizing force, oersteds
N = number of turns
Iy, = direct current, amp
! = assumed length of the magnetic circuit
When N = 100 and ! = 94, this reduces to

Hyo = 1.3414, or Iye = 0.748H 4
In making a test either with or without unidirectional magnetizing force, the voltage
across the bridge is set according to the equation*
E = 0.07074B
where A = cross-sectional area of the specimen, cm
B = maximum induction, gausses

R, and C, are adjusted to balance the bridge. When the bridge is balanced, the
permeability is calculated from the equation

0.748R R
wlor p,) = '_A_‘ X 17: X 104

where u = normal permeability
pua = incremental permeability
R, = resistance, ohms
A = cross section, sq cm
R, = resistance, ohms
N = number of turns
The loss is calculated from the equation

P.(or Pa) = E2Cw?C\R,

* Under certain conditions it may be necessary to make a correction to the voltage thus calculated.
The ASTM specifications? should be consulted for details.
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where P, = total loss in watts without unidirectional magnetizing force

Pa = total loss in watts with unidirectional magnetizing force
E = emf, volts

C, = capacitance, farads
w = 2r times the frequency, cycles

C, = capacitance, farads
R; = resistance, ohms
The total core loss in watts divided by 84 per cent of the mass of the specimen in kilo-
grams i8 the value of core loss in watts per kilogram.
Figure 21 is a diagram of connections for the a-¢ potentiometer method. The a-c
potentiometer is of the coordinate type,

which indicates voltage in terms of two

components having a quadrature phase l—><_|

relation. A phase-shifting device (not nn T P ‘[‘W 1
shown) is used to adjust the phase of M

either the potentiometer current or the Ns 1T

magnetizing current. The d-c circuit pus l
and procedure for applying a unidirec- N 11 A-C
tional magnetizing force are the same as N =

for the bridge method. R ERn R

In making a test, the 100-turn coil is

used as the primary winding and the  —
1,000-turn coil is the secondary unless

the secondary voltage exceeds the range

of the potentiometer, in which case the A-C Pot.

two windings must be interchanged.
The potenthmeter i connect(_ad_ to the Fi1g. 21. Alternating-current potentiometer
secondary coil, and the magnetizing cur- method for tests at low inductions.

rent and phase relations are adjusted so -

that the total voltage is read on the in-phase dial of the potentiometer, the other dial
being set at zero. The voltage corresponding to a given induction is calculated from
the equation

E = \/2xfN:AB X 10
where E = emf, volts
f = frequency, cycles
N3 = number of turns in the secondary winding
A = cross-sectional area, sq cm
B = induction, gausses
With the secondary voltage set at the proper value, the two components of the
magnetizing current are measured by observing the drop across the noninductive
resistor R in series with the magnetizing winding. The power component is in phase
with the voltage and the magnetizing component is in quadrature. Permeability
and core loss are calculated in terms of secondary voltage and the quadrature and
in-phase components of the current respectively, by using the equations

B N,
plor u,) = 52.9 I, P.(or P,) V. EI,
where u = normal permeability
pa = incremental permeability
B = induction, gausses
N, = number of primary turns
I, = quadrature component of the current, amp
P. = total loss in watts without unidirectional magnetizing force
Pa = total loss in watts with unidirectional magnetizing force
N; = number of secondary turns
E = secondary emf, volts
I, = in-phase component of the current, amp
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The loss in watts per kilogram is obtained by dividing the total loss by 84 per cent of
the mass of the specimen in kilograms.

Recently, several methods have been devised by which hysteresis loops are traced
on the screen of a cathode-ray oscilloscope. These methods!*14 provide a rapid and
convenient means of inspecting magnetic materials. The precision of such tests,
however, is somewhat less than is attained with permeameters or the a-c methods
described above. .

67. Tests of Permanent Magnets. The testing of permanent-magnet materials
for determining their demagnetization curves is pretty well standardized® and need
not be discussed here. However, there are some principles involved in the testing of
finished magnets that merit some consideration.

It is a quite common practice to judge the strength of a magnet roughly by the
force of attraction between it and a piece of soft iron. If the purpose for which the
magnet is to be used is to attract or hold an armature, this is a logical method of test,
and the attractive force may be measured quantitatively for the purpose of comparing
magnets of the same size and shape. However, if the magnet is to be used for any

Voltmeter

Fra. 22. Circuit for Fra. 23. Measurement of iron-core coil
measurement of induct- carrying a.c and d.c.
ance.

other purpose, the application of such a test may not only give unsatisfactory results
but also may prove to be detrimental to the magnet. The characterization of a
permanent-magnet material by stating the weight a magnet can lift as related to its
own weight is usually misleading, because this relationship is a function not enly of
the magnetic quality of the material but also of the size and shape of the magnet and
the nature of the contact between the magnet and the mass lifted.

Magnets are customarily tested by either one of two methods. One method con-
sists in determining the flux in the neutral zone by quickly removing a test coil con-
nected to a ballistic galvanometer or fluxmeter. The other method consists in
determining the field strength in the gap of special pole pieces to which the magnet
is applied. The field strength may be measured in terms of the deflection of a pivoted
coil in which a definite current is flowing, the emf induced in an armature rotated at a
definite speed, or by a test coil and ballistic galvanometer. A bismuth spiral might
also be used, but this is less satisfactory than any of the other methods.

Unless the special pole pieces have the same permeance as the pole pieces to which
the magnet is to be applied in use, neither of these methods duplicates the conditions
under which the magnet is to function and, consequently, the results must be inter-
preted with care. If the magnet is designed in such a way as to require magnetization
with pole pieces m place, with subsequent magnetic stabilization by partial demag-
netization, it will be necessary to remagnetize after testing. Otherwise, the required
strength will not be obtained in the finished apparatus. Furthermore, a single test
will give no indication of whether or not the magnet has been properly aged. Thermal
stabilization must be applied to the finished apparatus after all other treatments have
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been applied, and tests as to 1ts effectiveness must be made by temperature tests on
the finished apparatus.

68. Measurements of Inductance at Low Frequencies.* The measurement of the
inductance of air-core coils at low frequencies is relatively simple, as the inductance is
sensibly constant with change in frequency and current. Iron-core inductors do not
have a fixed inductance under all conditions, and measurements on them must be
made under conditions that duplicate as nearly as possible the conditions under which
the inductor is used.

A simple method of approximate measurement uses the circuit of Fig. 22. An a-c
voltage of known frequency is applied at E, and the current and voltage read on the
meters. The voltmeter reading divided by the ammeter reading gives the impedance °
and, if the resistance is measured by a d-c-bridge or voltmeter-ammeter method,

"u' R* _ 0159 \/Z* — R*

4x3? f
The method is usable for iron-core coils that carry a.c. only, provided the measuring
current is adjusted to the value that the coil carries in use. If measurements are made
at a number of current values, the curve of inductance against current can be plotted.
The results obtained by this method are generally slightly larger than the true values
of inductance because the a-c resistance, particularly in iron-core coils, is greater than
the d-c resistance.

69. Measurement of Inductance of Iron-core Coils. When an iron-core coil must
carry relatively large d.c. upon which is superimposed a small value of a.c., its
inductance is dependent upon the
magnitudes of the two currents R M
flowing through it, and other
methods must be used.

The impedance of an iron-core
coil carrying d.c. and a.c. can be
measured by the circuit of Fig. 23. ggn
The d.c. through the circuit is ad-
justed to the value carried by the
coil during operation, and the a-c
source adjusted to impress a voltage
across the coil (measured by the 2
thermionic voltmeter) equal to the  pyg. 24, Circuit for determining inductance
a-c voltage across it under operat-  of jron-core coil.
ing conditions. The resistance R,
is then varied until the alternating voltage across it is equal to that across the coil, as
measured by the thermionic voltmeter. Then the impedance of the coil at the measur-
ing frequency is equal to Ro. Readjustments of the impressed direct and alternating
voltages may be necessary as R, is changed. The capacitor C' prevents the direct
voltages across the coil and resistor from affecting the thermionic voltmeter. From
the impedance and the resistance of the coil, the inductance may be calculated by the
equation above.

In Fig. 24 is a simple method of arriving at the impedance of an iron-core coil based
on the supposition that the inductance is high compared to the resistance. The volt-
age across R and X is measured with a vacuum-tube voltmeter, for example. Then
E./R =Iand E;/I = X = (E./E,) X R, whence

R
X = o

In the general case in which M represents the total losses of the coil, the power

factor of the inductance is cos 8 and

* The following three sections are included from previous editions of this handbook.
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0 E!—J - El - Er
cos = 2E.E,

and the total losses in the core and winding may be thus obtained.

Once the impedance, reactance, and inductance of a coil have been determined, the
permeability and finally the magnetizing force and flux density of an iron-core coil
may be obtained. Thus the a-c¢ flux density

Eeﬂ X 108

Buss = 30X 7 X N X 4 x K BoUsses
where E.s = rms voltage across the coil
f = frequency, cps
N = number of turns in the winding
A = cross section of the core, sq cm
K = core-stacking factor

The polarizing mmf resulting from the d.c. in the winding, in gilberts per centimeter,
is given by
_ 1.256N1

H, ]

where N = number of turns in the winding
I =d.c.,, amp
! = length of magnetic circuit, cm
To get mmf in ampere-turns per inch, multiply H, by 2.032.
The following table (Allegheny-Ludlum Steel Company) gives values of Bnax and
H, found in practice.

Coil Bmasx, gausses | Ho, gilberts/cm
Detector-stage audio transformer..................... 0.5-10 0.6-1.2
Second-stage a-f transformer...........cooiiiiiiiiaaan, 250 1.5
Push-pull output transformer with two primaries....... 7,000 1]
Polarized output transformer.............cccveunvnn. 4,200 6.7
Heavy-duty filter reactor (80 ma)............cccoue.. 300 27

60. Turner Constant-impedance Method. For measurements involving a.c. only,
the constant-impedance method (of Turner*), shown in Fig. 25, is used. The method

i
1=
=
=
]
=
=

C

T

R

Fra. 25. Turner con- Fia. 26. Measuring circuit for coils carry-
stant-impedance method. ing a.c. and d.c.

is based upon the fact that, when 1 — w!LC = 0, the impedance of the parallel circuit
is equal to wC and is independent of the resistance in the inductive branch. Con-
sequently the line current will have the same magnitude with the switch open or closed.

* Turner, H. M., Constant Impedance Method for Measuring Inductance of Choke Coils, Proc. IRE,
16, 1559, 1928.
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To measure any value of inductance, then, it is only necessary to adjust the capaci-
tance so that the reading of the ammeter A is the same for both positions of the
switch. Then
1

= 2uC

When the coil must carry d.c. as well as a.c., the circuit of Fig. 26 may be used for
the inductance measurement. Two similar inductors are used, the d.c. through them
being adjusted to the proper value by means of the resistor R; and measured by means
of the d-c ammeter M. The switch 8’ is then thrown to the right and the resistor Rs
adjusted to make the constant-potential difference between the points A and B zero.
Then, with S’ thrown to the left, the inductance measurement may be carried out in
the manner already described. The result is the inductance of the two coils in parallel,
which is one-half the inductance of one coil.

81. Applications. The principal applications involving the use of magnetic mate-
rials in radio or other electronic devices are (1) electromagnets, (2) transformers and
inductors, (3) permanent magnets.

1. The principal application of electromagnets is in relays.1%1617 Unless a relay is to be
operated with a.c., the core material is usually of solid material. If a.c. is used, the core
must be laminated to minimize the demagnetizing effect of induced eddy currents. There
are many types of relay in use, and the design required depends upon the functions and
conditions of use. If the relay must operate with a minimum of power and can operate at a
moderate flux density, some of the nickel-iron alloys may be best to use for core and arma-
ture material. However, if higher flux densities can be employed to advantage, a low
silicon-iron alloy known as ‘‘relay iron’" is often used. The silicon tends to decrease aging
and the tendency to *'stick’ after prolonged operation.

Loud-speaker magnets constitute another application of electromagnets. The voice coil
of a loud-speaker operates in the air gap of an electromagnet energized by a constant d.c.
Solid core materials are used in such electromagnets. In both relays and loud-speaker
magnets, the aim of the designer is to keep as much of the total magnetic flux as possible
in the air gap where the work is done and so design the magnetic structure that there will
be a minimum of stray or leakage flux in other parts of the magnetic circuit. Since there
is no insulator of magnetic flux, this involves proper shaping of the parts of the magnetic
circuit and location of the magnetizing winding.

Another type of electromagnet that is coming into use is the recording, playback, and
erasing heads used in magnetic recording. The magnetic core of such a head is usually
constructed of one of the high-permeability nickel-iron alloys. The most common forms
utilize the fringing flux across the very short air gap (of the order of 0.001 in.) for recording
and erasing. A high value of initial permeability is particularly important for playback
heads.

2. The core material for power transformers!® is usually one of the various grades of
silicon steel, the particular grade selected depending on the type of service, whether con-
tinuous or intermittent. If a minimum of distortion is required as in interstage coupling
transformers, it is necessary either to make the core of relatively large cross section if
silicon steel is used or to employ one of the high-permeability nickel-iron alloys. Con-
siderations of space and cost usually govern the choice.

The inductance of coils having magnetic cores is not constant but depends upon the
current flowing. The variation is minimized either by an air gap in the magnetic circuit
or by the use of powdered materials. In either case the effective permeability of the core
material is considerably reduced, but the inductance is still much greater than could be
obtained with the same winding without the magnetic core.

3. Permanent magnets? are used for a great variety of purposes, chiefly in indicating
meters, loud-speakers, and polarized relays. The choice of material for a given purpose
depends upon a number of factors such as space requirements, degree of stability required,
and cost. In many applications where space and weight are not important, the older types
of tungsten or chromium magnet steels are satisfactory and more economical in cost than
the newer alloys. In applications where space requirements are important and cost.is a
secondary consideration, the newer alloys such as the Alnicos, Cunife, Cunico, or Vectolite
are usually employed. Sometimes the more expensive alloys will have to be used because
no other materials are capable of giving the required performance.

L
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CHAPTER 4

CAPACITANCE
By E. L. HaLut

1. Capacitance. Capacitance is one of the three electrical quantities present in all
radio circuits. The radio engineer endeavors to concentrate capacitance in definite
well-known forms at definite points in the circuits, but capacitance exists between
conductors in the circuits at different potentials and between the various conductors
and the ground. Such capacitances, usually small, are ordinarily of no importance
in the case of 1-f or a-f currents but may be of great consequence in r-f circuits.

A condenser or capacitor is an electrical device in which capacitance plays the main
role. Although some inductance and some resistance are present, these quantities
are often of minor importance and sometimes may be neglected.

A capacitor has three essential parts, two of which are usually metal plates separated
or insulated by the third part called the dielectric.

The amount of electricity that the capacitor will hold depends on the voltage applied
to it. This may be expressed as @ = C X V. The capacitance is the ratio of the
quantity of electricity and the potential difference or voltage, or C = Q/V where Q
is given in coulombs, C in farads, and V in volts. The capacitance is dependent on
the size and spacing of the plates and the kind of dielectric between them.

2. Units of Capacitance. The unit of capacitance is the farad. A capacitor has a
capacitance of one farad when one coulomb of electricity can be added to it by an
applied voltage of one volt. As this unit is too large for practical use, a smaller unit,
the microfarad, abbreviated uf, or one-millionth of a farad, is used. Condensers for
radio circuits usually have capacitances between a few thousandths and a few mil-
lionths of a microfarad. Another unit, the micromicrofarad, is often used. It is
abbreviated upf.

Another unit of capacitance sometimes used is the centimeter. The centimeter is
equal to 1.1124 uuf.

8. Electrical Energy of Charged Capacitor. Work is done in charging a capacxtor
because the dielectric opposes the setting up of the electric strain or displacement of
the electric field in the dielectric. The energy of the charging source is stored up as
electrostatic energy in the dielectric.

The work done in placing a charge in the capacitor is

1 1 Q*
= - == 0ol
W = 2 QXV 2 (% 20 '
where W is expressed in joules,  in coulombs, and V in volts. The work done in
charging the capacitor is independent of the time taken to charge it.

4. Power Required to Charge Capacitor. The average power required to charge a

capacitor is given by the equation
1CV?

27
where P is expressed in watts, C in microfarads, V in volts, and ¢ in seconds. If the
capacitor is charged and discharged N times per second, the above equation becomes
= 4CVIN
1 Radio Engineer, High Frequency Standards Section, Central Radio Propagation Laboratory,

National Bureau of Standards.
163
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If an alternating emf of frequency f is used in charging the capacitor, the cquation
may be written
P =CEY
where P = power, watts
C = capacitance, farads
E, = maximum value of voltage
f = frequency, cps

6. Dielectric Materials. The diclectric of a capacitor is one of the three essential
parts. It may be found in solid, liquid, or gascous form or in combinations of these
forms in a given capacitor.

The simplest form of capacitor consists of two electrodes or plates separated by air.
This represents a capacitor having a gaseous diclectric. If this imaginary capacitor
has the air between the places replaced by a nonconducting liquid, such as transformer
oil, and if the distance between the plates is the same as in the first case, it would be
found that the capacitance was increased several times because the oil has a higher
value of dielectric constant than air which is usually taken as 1.

If the space between the plates is occupied by a solid insulator, a capacitor would
result, which would be practical as far as the possibility of constructing it is concerned.
It would be found, in this case also, that the capacitance of the capacitor was several
times larger than when air was the dielcctric.

The mechanical construction of either air or liquid dielectric capacitors requires
the use of a certain amount of solid dielectric for holding the two sets of plates.

There are a great many dielectric or insulating materials available from which the
engineer may choose. It is often found that a material that is very good from the
electrical standpoint is poor mechanically, or vice versa. Air is the gas generally used
as a dielectric. Compressed air has been used in some high-voltage capacitors, and
compressed nitrogen and carbon dioxide are also in use.-

Several kinds of oil have been used in capacitors, such as castor oil, cottonseed oil,
and transformer oil. Electrolytic capacitors have come into use in radio equipment
for use as filters and by-pass capacitors where a large capacitance in compact form is
required and cither a d.c. or pulsating d.c. is applied.

Among the solids used as the dielectric are mica, ceramic materials, and paper.
Solid insulators used as mechanieal supports include quartz, glass, Isolantite, porcelain,
mica, amber, hard rubber, Victron, and Mycalex.

6. Dielectric Properties of Insulating Materials. Such properties as surface and
volume resistivity, dielectric strength or puncture voltage, dielectric constant, and
absorption are often considered in d-c and commercial-frequency applications.
Such data are of little value if the insulating material is to be used at radio frequencies.
For the latter application r-f measurements of various properties of the material are
essential. A material that may be a satisfactory insulator for low frequencies may be
worthless as an insulator at radio frequencies.

One of the most important properties of an insulator for radio frequencies is its power
loss. This includes several factors which are difficult to separate but together indicate
its suitability for radio purposes. The general idea of the imperfection of a capacitor
is brought out in several names such as ‘‘power loss,” ‘‘power factor,” and ‘phase
difference,” but they are not identical terms.

Dielectric constant is another important property of a material that has a definite
bearing upon its use at radio frequencies.

Neither power loss nor dielectric constant alone can be used in selecting the best
insulator for a particular application at radio frequencies.

7. Dielectric Constant. The dielectric constant K of an insulating material is the
ratio of the capacitance C. of a condenser using the material as the dielectric, to the
capacitance C, using air as the dielectric, or K = C:/C.. This property of the
material is sometimes called inductivity or specific inductive capacity.

The dielectric constant of a material is not a constant in the true sense of the word,
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but varies with the frequency, moisture content, temperature, voltage applied, and
manner of applying it.

Table 1 gives the dielectric constants of a large number of electrical insulating
materials.

8. Power Loss, Phase Difference, Power Factor, and Loss Factor. Electrical
insulating materials are not perfect in their insulating qualities, and there is a certain
amount of power absorbed in them when used in an a-c circuit.
A measurement of the power loss is the best single property that
gives an indication of the suitability of an insulating material
for use in radio circuits. Power loss can be expressed by a
number of quantities, the most commonly used being resistance,
power factor, phase difference, and phase angle.

When a.c. flows in a capacitor, the voltage across the capacitor
lags somewhat less than 90 deg behind the current as shown by Fie. 1. Ph in
the angle 6 (Fig. 1), called the phase angle. The complement cz:g;;cit.ive cirﬁit 8
of the phase angle, is called the phase difference. The cosine of ’
the phase angle is called the power factor. The power loss in the insulating material is

P = EIlcos§ or P = Elsiny

where £ = voltage across the capacitor
I = current through the capacitor, amp
0 plus ¢ = 90 deg, as shown in Fig, 1,
From the above, sin ¢ = cos 6, or the sine of the phase difference is equal to the
power factor.

1 C R When considering a capacitor having dielectric losses, such
—’—|E’VVWWV‘— as current leakage, brush discharge or corona, dielectric
Fia. 2. Capacitance absorp.tiqn or resistance in_the plg.tes, joints, contacts, and
with dielectric losses. leads, it is customary to think of it as a perfect capacitor C
with a resistance R in series as shown in Fig. 2.

The voltage vectors may be shown as in Fig. 3, where the resultant voltage E flowing
in the circuit is obtained by completing the vector diagram. The angle y is quite
small for materials suitable for r-f insulators. For small angles the angle ¢ = tan y.
In Fig. 3,

tan ¢ = = RwC = 2xfRC

RI
I/wC
If the resistance, capacitance, and frequency can be measured,

the phase difference can be calculated from

v = 2=f/RC
where y = phase difference, radians Fio. 3. Vector rela-
fo= equency, cps tions in a capacitor
R == resistance, ohms with dielectric losses.

C = capacitance, farads
The following equation is sometimes convenient when wavelength in meters is given

¥ = 0.1079 RT-C

where ¢ = phase difference, deg
R = resistance, ohms
C = capacitance, uuf
A = wavelength, m
For small angles, phase difference in radians is equal to power factor (nearly).
Power factor in per cent is 1.745 times phase difference in degrees. Power factor in
per cent is given by the following equation:

cos § = 2xfRC X 107
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where cos § = power factor, per cent

f = frequency, ke

R = resistance, ohms

C = capacitance, uuf

The leakage of electricity by conduction through the dielectric or along its surface

contributes to the phase difference but is generally negligible at high frequencies. A
capacitor having leakage may be represented by a perfect unit capacitor with a resist-
ance in parallel as shown in Fig. 4. The current divides

R between the capacitance and the resistance, I through the
resistance being in phase with the applied voltage E, and I¢
l c through the capacitance leading E by 90 deg as shown in
l Fig. 5. The resultant current I leads E by (90 deg — ¢),
L _____ S ), where y is the phase difference. In Fig. 5,
Fia. 4. Equivalent of E/R 1

1
wE ~wRC °° Y ~oRC

Power factor is a term that involves all the power losses in a capacitor. If the total
power loss in a condcnser is W watts, the voltage applied to it is V volts (rms), and
the current flowing through it is 7 amp (rms), the power factor of the unit is W/V 1.
The relation between I (amp) and V (volts) for a unit of capacitance C (uf) operating
at a frequency f is

capacitance with leakage. tan ¢ =

_ 2afCV  wCV e
T 7100 T 10¢ Ink :

The power factor in per cent may be written

W X 10 W X 108
2efCV: ~  oCV?

Referring again to Fig. 2 showing the perfect capacitor C
and resistance R replacing the actual capacitor, the value
of R can be calculated from the equation W = I3R. The
quantity R is known as the equivalent resistance of the capacitor at the given frequency.

The expression W X 108/wCV? for power factor can be changed into the cxpression
involving resistance, capacitance, and « by substituting I*R for W and then substitut-
ing wCV /108 for I, giving power factor equal to

RCw X 1070

The power loss or rate at which heat is generated within a dielectric is proportional
to the product of the dielectric constant and the power factor. This product is known
as the “loss factor’ of the dielectric. The power loss in watts per cubic inch may be
calculated from the following:!

P = 2:fG*Kr X 0.2244 X 10712

where P = power loss, watts per cu in.

f = frequency, cps

G = voltage gradient in dielectric, rms volts per in.

K = dielectric constant

7 = power factor of dielectric

9. Table 1 gives dielectric constant and power factor at certain frequencies of a large

number of electrical insulating materials, as obtained from the sources given at the
end of the table. In some cases data from different sources do not agree, but differ-
ences in composition, method of making measurements, and condition of samples may
account for such disagreecments.

Fi1e. 5. Vectors in capaci-
tor with leakage.

1 Hoch, E. T., Power Losses in Insulating Materials, Bell System Teck. J., 1, 110, November, 1922.
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Table 1. Values of Dielectric Constant and Power Factor for Electrical Insulating
Materials at Radio Frequencies

Material F reﬁzncy ’ lz:;’ll::::tc Power factor | Source
Alsimag No. 243, Forsterite................... 1 6.2 0.0004 1,3
10 6.2 0.0003 1,3
0 100 6.1 0.0003 1,3
Alsimag No. 196, Steatite..................... 1 5.8 0.0021 1,3
10 5.7 0.0015 1,3
. 100 5.8 0.0014 1.3
Alsimag No. 211, Steatite..................... 1 5.8 0.0004 1
10 5.7 0.0003 1
60 4.4 0.0004 2
100 5.7 0.0003 1
120 4.4 0.0005 2
Alsimag No. 222, Steatite..................... 1 5.5 0.0002 1
10 5.5 0.0002 1
100 5.5 0.0002 1
Amber................... DO0aan000000000a0aa 0.3 0.0048 4
0.6 0000 0.0050 4
1.0 0000 0.0051 4
Aniline formaldehyde resin.................... 1 3.5 0.007 [
. 100 3.4 0.004 6
Casein . ........oiitii e 1 6.2 0.052 ()
Celluloid.................0iiieieninen.., 1 6.2 0.05-0.10 5
ellulose acetate (plastic)..................... 1 3.9 0.039 6
100 3.4 0.039 6
Cellulose acetobutyrate....................... 1 3.2 0.017 [
100 3.0 0.019 6
Dilectene. . .......c..oiii it 3,000 3.39 0.003 7
Ethyl cellulose................cc0vevinnnenns 1 3.4 0.028 [
100 3.2 0.024 6
Borosilicate No. 707.............coevvvnn... 60 3.7 0.0012 2
- 120 3.7 0.0012 2
Borosilicate.................. ... 00000, 18 5.1 0.0059 8
obalt............ooe i 0.5 7.3 0.007 9
Corning No. 707. . .. evvveeiiieear s 1 4.0 0.0008 6
100 4.0 0.0012 6
No. 774 i e e it 1 5.2 0.0048 6
100 5.0 0.008 [}
No.790.....cviit i it iiiiii e 1 3.9 0. 0006 6
100 3.9 0. 0006 6.
No.T052. ..t ii et iieie i, 1 5.1 0.0024 6
100 5.1 0.0036 [}
Nonmex No. 772.............00 i iiiiinnn. 80 4.2 0.0028 2
120 4.2 0.0025 2
Plate........cooiiii i 0.1 0.0077 10
0.5 0000 0.0066 10
. 1 e 0.0062 10
Soda lime No. 008......... DDO00000000AAB0E 80 6.1 0.0108 2
120 6.2 0.0103 2
Hard rubber.............ccoiiiiiineninnnns. 60 3.1 0.0083 2
120 3.1 0.0084 2
60 2.9 0.0057 2
120 3.0 0.0050 2
0.25-1.5 6.1 0.0018 1
60 4.7 0.0015 2
120 4.8 0.0017 2
1 5.8 0.0040 1
10 5.5 0.0035 1
100 5.4 0.0030 1
1 2.6 0.015 6
100 2.6 0.007 6
1,333 2.58 0.0090 7
, 000 2.56 0.0087 7
1 2.5-2.6 0.0001-0.0004 1
Melamme formaidehyde resin. 1 4.5 0.08 6
100 4.5 0.03 6
Mica, clear, muscovite. 1 6.5-8.0 | 0.0001-0.0006 11
India, mulcowte 0.1-1.0 7.9-7.1 0.0002-0.0001 12
U.8., muscovite 0.1-1.0 8.7-6.6 0.0004-0.0001 12
Mineral oil. 1 2.7 0.0008 11
Mpyecalex. .. 0.1 8.0 0.002 13
1.0 8.0 0.002 11
Mycalex, red.. .. 1,333 5.91 0.0030 7
ite. . . 1,333 5.74 0.0033 7
Myecalex 364. 1 7.0 0.0021 [
100 7.0 0.0022 6
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Table 1. Values of Dielectric Constant and Power Factor for Electrical Insulating
Materials at Radio Frequencies. (Continued)

Material Ere oy EA:}:::;‘: Power factor | Source

Mykroy 38.......ciiviiiiiiiieiiiiiii i 1 6.68 0.0016 1
10 nogo 0.0015 1
Nylon FM-l. .ottt 1 3.6 0.020 6
100 3.6 0.018 [}
Paraffinoil........... .. ... .. i 1 2.2 0.0001 6
100 2.2 0.0004 [}

Phenol formaldehyde resins:
...................................... 1 8.0 0.05 [}
General-purpose. ............cooiiienenennn. 1 4.5 0.014 6
100 4.0 0.014 [}
Mineral-filled................oiiiiiiiinnnn 1 4.4 0.006 6
100 4.3 0.012 6
100 8.0 0.08 [}
Phenol furfural resins.................coouun.. 1 5.0 0.04 6
100 4.0 0.05 6
Plexiglass, methyl methacrylate................ 1 2.6 0.015 6
100 2.8 0.007 6
Polyethylene. ................ciiiivivnenannn 1 2.25 0.0003 []
100 2.25 0.0003 6
Polyindene...............cccovevevnnnnnennnnn 1 3.0 0.0004 5
Polyisobutylene MW 100,000.................. 1 2.22 0.0003 6
100 2.22 0.0004 6
Polystyrene............coiiiiiieiinieneennnn 60 2.6 0.0005 2
120 2.5 0.0007 2
Polystyrene MW 80,000............c000vunvnnnn 1 2.53 0.0002 6
100 2.52 0.0003 6
Polyvinyl carbazole..............oiiiiennninnn 1 2.95 0.0005 6
100 2.95 0.0006 [}
Polyvinyl chlor-acetate. ..................0uu. 1 2.9 0.014 ]
100 2.8 0.009 [}
Polyvinyl chloride...........oovvenivaeiini., 1 2.9 0.016 (]
100 2.9 0.008 6
Polyvinylidine chloride-saran.................. 1 3.0 0.046 6
100 2.8 0.014 6
Porcelain, wet-process. ......... ........... 0o 1 6.5-7.0 0.006-0.008 11
A 060 000000000000000000 00000000000 oo 1 9.2 0.001-0.0014 3
Quartz (fused)...............co0vviiniinnns . 1 4.1 0.0002 11
1 3.8 0.0002 6
100 3.8 0.0002 6
(O 700000000000600609000000000000000000000 60 3.8 0.0003 2
120 3.8 0.0005 2
181576 60 06000000000600000000000000000000000 60 3.5 0.0003 2
120 3.5 0.0005 2
Shellac. .. ..ottt ittt in i eie i 1 6.0 0.070 5
1 3.5 0.031 6
100 3.1 0.030 6
Styraloy 22............ 00000000000000000000A 0 1 2.4 0.0012 6
100 2.4 0.0043 6
1,333 2.4 0.0047 7
Styramic.......covviieiririarrrrerrernaaaaaias 1 2.75 0.0002 (]
100 2.73 0.0002 6
Styramic HT......ooviiiiiirenninnnennnenn. 1 2.64 0.0002 []
100 2.62 0.0002 6
Styramic E 1689 . 000000000 A0N S 3,000 2.5 0.00087 7
Tenite II.......... . 3.000 2.95 0.031 7
Textolite No. 1422...... ..| 3,000 2.4-2.5 0.0008-0.0009 1
Urea formaldehyde resins. .................... 1 5.6 0.028 6
100 5.0 0.05 6
Urea resin, wood-flour filler. ................... 1 5.7 0.03 5
10 5.5 0.038 5
35 5.3 0.042 5
Vinylite V.. oooeieei ittt 1,333 2.78 0.0076 7
R 2.61 0.0068 7
Wax, beeswax. ........oiivenrerireriaaiiain 2.9 0.025 11
(153000000 000000000000000000000A00AE006E 1,333 2.17 0.0001 7
Ceresin. . ......covvevrereeninnesenennnenis 1 2.5-2.6 0.0012-0.0021 11
Halowax.......oovviiiiiennenininiaeann. 1 3.7 0.0014 (]
10 3.4 0.105 6
Paraffin..........coiiiiiiiiiniiiiiiieeennn 1 2.5 0.0097 11
1 2.25 0.0002 6
10 2.25 0.0002 [}
1,333 2.17 0.00019 7
Superla.......coiiiiiiii i i s 1,333 2.26 0.00019 7
3. 2.26 0.00015 7
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Sources for Tables
. Manufacturers’ bulletins.
. Miller, J. M., and B. SBalsberg: M ts of Admitt at Ultra-high Frequencies, RCA Rev.,
3, 480-504, April, 1939,
, Thurnauer, H.: Low-loas Ceramic Dielectric, Tele-Tech, 6, 86, February, 1947.
. Schott, Erich: Hochfrequenzverluste von Glasern und einigen anderen Dielektrics, Jahrb. draht-
losen Tele. Tele., 18, 82-122, August, 1921,
. Bloomfield, G. F.: Insulating Materials for the Higher Frequencies. T & R Bull., 14, 635-639,
May, 1939; Radio Tech. Diyest, September-October, 1939, pp. 23-32.
. “Reference Data for Radio Engineers,” 2d ed., Federal Telephone and Radio Corporation, 1948.
. Englund, C. R.: Dielectric Constants and Power Factors at Centimeter Wave-lengths, Bell System
Tech. J., 38, 114-129, January, 1944,
Chaffee, J. G.: The Determination of Dielectric Properties at Very High Frequencies, Proc. /RE, 33
1020, August, 1934.
9. Hoch, E. T.: Power Losses in Insulating Materials, Bell System Tech. J., 1, November, 1922.
10. MacLeod, H. J.: Power Losses in Dielectrics, PAys. Rev., 81, 53-73, 1923.
11. General Electric Company.
12. Lewis, A. B., E. L. Hall, and F. R. Caldwell: S8ome Electrical Properties of Foreign and Domestic
Micas and the Effect of Elevated Temperatures on Micas, Bur. Standards, J. Research 1, 409,
August, 1931.

10. Dielectric Strength. The dieleciric strength of an insulating material is the
minimum value of electric field intensity required to rupture it. Dielectric strength
is usually expressed in kilovolts per centimeter of dielectric thickness. The fall in
insulation resistance with rise in temperature is a factor of great importance in con-
nection with the breakdown of a dielectric under the applied voltage. Insulating
materials are not strictly homogeneous. The current leakage through an insulating
material may perhaps be concentrated in a few small paths through the material, and
the energy loss due to the leakage, although small, may be large compared with the
area through which it is flowing. The paths of the current flowing through the
dielectric become heated with a resulting lowering of the resistance of the path and
an increase in the current leakage. The heating of the dielectric may lead to rapid
deterioration, particularly if moisture is present, and ultimate breakdown. The
length of time of the application of the voltage has a definite bearing upon the break-
down voltage. Most dielectrics will withstand for a very brief period a much higher
voltage than they can when the voltage is applied for a longer period.

These effects have dictated two tests for capacitors: a high flash-test voltage of
very brief duration, and the application of a much lower voltage for a longer period.

The dielectric strength of a material is usually found to be lower for r-f voltages
than for a-f or d-c voltages. The rupturing voltage at radio frequencies depends on
the rapidity with which the voltage is raised and is not nearly so definite a phenomenon
as 1-f puncture voltage. Dielectric strength of solid insulators is difficult to measure
because of the complexity of the experimental effects. As the r-f currents flow in the
material, heating, corona, flashover, and possible deterioration, blistering, or charring
may result with consequent changing of voltage and current as the time of application
elapses.

If high r-f voltages are applied to an air capacitor, a corona discharge may be set
up which appears as a visible glow around high-potential metal parts, points, and sharp
edges and is usually distinctly audible. These corona effects represent a power loss.
Hence the construction of air capacitors for high voltages requires the rounding of all
edges and corners and the avoiding of sharp points which encourage the formation of
corons and flashover.

11. Dielectric Absorption. When a capacitor is connected to a d-c source of emf,
the instantaneous charge is followed by the flow of a small and steadily decreasing
current into the capacitor. The additional charge is absorbed by the dielectric.
Similarly the instantaneous discharge of a capacitor is followed by a continuously
decreasing current. The capacitor does not become fully charged immediately, nor
does it completely discharge immediately when its terminals are shorted, but several
discharges may be secured when the capacitor possesses dielectric absorption. The

® NG o kw oe
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maximum charge in a capacitor cyclically charged and discharged varies with the
frequency of charge.

If a capacitor evidencing dielectric absorption is used at radio frequencies, a power
loss occurs which appears as heat. The existence of power loss indicates a component
of emf in phase with the current as though a resistance were in series with the capacitor
as shown in Fig. 2. The effect of dielectric absorption can be measured along with
other losses in the capacitor, although dielectric absorption represents the chief power
loss in solid dielectrics.

12. Calculation of Capacitance. Formulas are available for use in calculating the
capacitance for a large number of geometrical shapes of conducting surfaces such as
spheres and cylinders, either separated or concentric, and flat surfaces of various
shapes. The usual types of capacitor calculations are concerned with two or more
flat conductors.

When two conducting plates are parallel, close together, and of large area, the
capacitance is given by

K
C = 0.0885 X K3

¢
where C = capacitance, uuf
K = dielectric constant (which is 1 for air)
8 = area of one plate, sq cm
t = distance between plates, cm
When more than two plates are used, the formula becomes

KS(N - 1)

C = 0.0885 X 1

where N = number of plates
The actual capacitance of a parallel plate capacitor is slightly larger than the value
as calculated from the above formula, because of the fringing of the electric lines of
force beyond the space between the plates. A correction! can be made for this fringing
by slightly increasing the dimensions of the plates. A narrow strip of width w can
be added to the actual plate dimensions. In the case of circular plates w = 0.4413t,
and for plates with straight edges w = 0.110¢, where ¢ is the distance between the plates
in centimeters. ’
18. Combinations of Capacitors. Combinations of two or more capacitors in a
circuit are often arranged in either series or parallel. Capacitors connected in parallel
give a total capacitance equal to the sum of the capacitances of the individual capaci-
tors. Capacitors connected in series give a resulting capacitance which may be cal-
culated from the following:

1

C =
1 1 1

R

This formula gives the following expression in the case of two capacitors in series

C, X Ca
Cy + Cs

The various elements such as tubes, sockets, mountings, and wiring in radio appara-
tus contain many small capacitances by virtue of the difference of potential existing
between the numerous conductors insulated from one another. These small capaci-
tances are known as stray capacitances. Although they are unimportant in some kinds
of work, in other types of work, such as in amplifier design, they must be taken into

C =

1 Coursey, Philip R., *Electrical Condensers,” Sir Isaac Pitman & Sons, Ltd., London.
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account. In the case of resistance-coupled amplifiers, for example, these capacitances
reduce the amplification at the higher audio frequencies and make a flat characteristic
with high over-all gain impossible.

The effect of stray capacitances is eliminated in the case of units used as capacitance
standards by shielding the insulated plates and grounding the shield. In this manner
a definite capacitance is always assured for a given scale setting.

14. Effect of Frequency on Capacitance. In the best capacitors the effect of fre-
quency is nil in the lower radio range. A criterion of a suitable capacitor for use as a
standard is that its capacitance shall be the same for two different sets of charging and
discharging conditions. A variable air capacitor, such as the National Bureau of
Standards type described on p. 120 of the Bureau’s Cire. 74, gives the same capacitance
at 100 and at 1,000 charges and discharges per second. A capacitor having consider-
able solid dielectric in its make-up will show a difference in capacitance with frequency.
The quantity of electricity that flows into a capacitor during a finite charging period
is greater than would flow in during an infinitely short charging period. Consequently
the measured or apparent capacitance with a.c. of any finite frequency is greater than
the capacitance on infinite frequency, the latter being called the geometric capacitance.
The capacitance decreases as the frequency increases.

The length of the internal leads should be kept as short and direct as possible
to minimize the inductance of the leads that acts to give an apparent change of
capacitance with frequency. The amount of this change can be calculated from
Co = C(1 + *CL X 10~1%), where C, is the apparent or measured capacitance, C
is in microfarads, and L in microhenrys.

16. Capacitor Types. There are many ways in which capacitors might be classified:
by their construction, size, voltage rating, use, dielectric, or fixed or variable capaci-
tance. The capacitors used in various radio applications are found in innumerable
sizes, shapes, and uses. The two simplest divisions into which-they may be classified
have to do with their capacitance, i.e., whether it is fixed or variable.

16. Types of Fixed Capacitors. Fixed capacitors are available in all ranges from
a few micromicrofarads to several microfarads, for any voltage rating up to 45,000
volts or higher, and in innumerable shapes and dimensions, all depending upon the
use for which the unit is intended.

Paper formerly was used as the dielectric for capacitors for use on lower voltages,
while mica was used in capacitors for higher voltages. As the art of capacitor manu-
facture progressed, an oil-impregnated paper dielectric was used in capacitors for the
higher voltages, the whole capacitor being mounted within an oil-filled container.

For paper dielectric 100 per cent pure linen paper is used, which must meet severe
requirements as to thickness, porosity, uniformity, width, freedom from conducting
particles, alkalinity, and acidity. Two or more layers of paper are used between the
metal-foil plates, depending upon the voltage for which the capacitor is designed.
Paper capacitors are available in hermetically sealed plug-in types to fit standard
octal-type radio-tube sockets, both in wax-impregnated and oil-impregnated types
for d-¢ working voltages up to 600.

Paper capacitors are formed by winding two metal-foil electrodes or ribbons in
conjunction with the paper ribbons. There are two types of winding: inductive and
noninductive. The latter type is recommended for r-f and for the higher a-f work.
The inductive type is satisfactory for 1-f work.

In winding the inductive type, the foil used is narrower than the paper, and the
contact is made with the foils by tinned copper strips inserted in the winding. The
noninductive type of winding is made with the foils about the same width as the paper.
The foil is staggered so that the plates project over the ends of the paper. The ter-
minals are soldered to the extending foil at the opposite ends and thus make contact
with every turn of the foil. The latter type of construction makes for minimum plate
resistance and minimum power loss.

A new type of paper dielectric capacitor has recently appeared, known as a ‘‘metal-
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ized " paper capacitor. In this type a thin aluminum film from 25 to 100 mu thick is
deposited on the paper. This construction reduces the physical size of the capacitor
to about one-third that for conventional designs. Plastic film has also been used in
some types of capacitors.

Fixed high-voltage vacuum capacitors are available for transmitters and power
amplifiers. They consist of the two cylindrical metal elements forming the capacitor
mounted within an exhausted glass tube, with metallic terminals on either end to
fit into a clip of the cartridge fuse type. These capacitors are made in a number of
sizes and ratings from 1 to 5 puf, 17,000 peak volts, 10 amps, up to 200 uuf, 35,000
peak volts. The physical size of the capacitor increases as the capacitance and peak
voltage are increased.

Mica has been used very extensively as dielectric for use at radio frequencies.
India mica has been used almost exclusively as it has been generally considered as of
superior quality for radio use.

Selected mica is split into sheets of definite thickness, gaged, and tested for punctures
or other defects. A capacitor is built up of alternating mica and metal-foil sheets,
the sets of plates of opposite polarity being brought out at opposite ends where they
are soldered together, forming the two terminals. The whole stack of plates is rigidly
clamped together in such a way as to grip the plates firmly in the center and expel all
dielectric other than mica.

If a capacitor is to be used with higher voltages, the practice is to construct the
capacitor with two or more sections in series, rather than to increase the thickness of
the mica. The former method is more flexible than the latter, permitting the construc-
tion of capacitors for 45,000 volts or higher.

It is customary to mount the large high-voltage capacitors in steel tanks which are
filled with a high flash-point insulating oil which serves to prevent access of dirt and
moisture, prevents flashover along the capacitor sections, insulates the capacitor from
the tank, and conducts heat away from the capacitor elements.

Table 2 gives the capacitor color code for the 1938 RMA standard, the American
war standard, and joint Army-Navy specification. This table and the following
material relating to RMA, AWS, and JAN specifications and ceramic capacitors is
taken from ‘ Reference Data for Radio Engineers,”” Federal Telephone and Radio
Corporation.

Table 2. Capacitor Color Code for 19388 RMA Standard, American War Standard,
and Joint Army-Navy Specification

Tolerance, per cent
Voltage

c ’Siigni- Capacitance in rating Characteristic
olor cant uuf, decimal . AWS and JAN
s 1e RMA, AWS |RMA, 1938 . P
figure multiplier 1938 and standard |™ics capacitors
Istandard | JAN*
0 1 +20M | ... A
1 10 ) S N 100 B
2 100 2 +2G 200 C
3 1,000 3 | ... 300 D
4 10,000 4 | ... 400 E
5 100,000 5 | ...... 500 F
] 1,000,000 6 | ...... 600 G
7 10,000,000 7 1...... 700
8 100, 000, 000 8 | ...... 800
9 1,000,000,000 ([ 9 | ...... 900
0.1 + 5 + 5J 1.000
0.01 10 + 10K 2.000
............. +20 .o 500

* Letter used to indicate tolerance in type designations.
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AWS and JAN mica capacitors have a characteristic as shown in Table 3.

Table 3
Characteristic Q Temperature soeﬁicient. Max capacitance drift, xﬁzgﬁ:t;)?p‘:ﬁ:::i‘:n
ppm/°C per cent test
A * Not specified Not specified Not required
B t Not specified Not specified Not required
C t ~—200 to +200 0.5 Not required
D 1 —100 to +100 0.2 Not required
E 1 0 to 4100 0.05 Not required
F 1 0to + 50 0.025 Required
G t 0to — 50 0.025 Required

* @ must be greater than 3¢ of minimum allowable Q for other characteristics (JAN).
+ Minimum acceptable @ at 1 Mc is defined by a curve; value varies with capacitance.
Type designations of AWS or JAN fixed mica-dielectric capacitors form a compre-
hensive numbering system used to identify the component. The capacitor-type
- designation is given the following form:

CM 20 A 050 M
/ \
component case characteristic capacitance tolerance

Component designation. Fixed mica-dielectric capacitors are identified by the symbol
M

Cage designation. The case designation is a two-digit symbol that identifies a particular
case size and shape.

Characteristic. The characteristic is indicated by a single letter in accordance with
Table 3.

Capacitance value. The nominal capacitance value in micromicrofarads is indicated
by a three-digit number. The first two digits are the first two digits of the capacitance
value in micromicrofarads. The final digit signifies the number of zeros that follow the
first two digits. If more
than two siil(liiﬁc:!;t;j ﬁgur:i Mica capacitors-block - r == =First significant figure
are required, ition AW, r capa- |
digits may be used, the last (c”ofsp-a:}lc"c")ap I | Second significant figure
digit always indicating the U]

number of geros.

Capacitance tolerance. o 0o 0
The symmetrical capaci-
tance tolerance in per cent © o0 o

is designated by a letter as I
shown in Table 2. 1 Decimal multiplier
. [
AWS and JAN Fized
; . Y _-—d Lo
Capacitors. The six-dot LI i3 LI

color code is shown in
Fig. 6
RM A Fized Capacitors. —_— ooo I
A i

Fi1a. 6. Six-dot color code for capacitor.

The 1938 RMA standard
covers a simple three-dot Lo
color code (Fig. 7) show- , o |
T chbeaihy clly Ao First significont figure |

capacitance, and a more Second significant figure--- - Decimal multiplier
comprehenswg six-dot F1a.7. RMA three-dot 500-volt 20 per cent tolerance code.
color code (Fig. 8) show-

ing three significant figures and tolerance of the capacitance value, and a voltage rating.
Capacitance values are expressed in micromicrofarads up to 10,000 uuf.
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Capacitors, Fized Ceramic. Tubular ceramic dielectric capacitors are used for
temperature compensa-

First significant figure-- r —Second significant figure tion of tuned circuits and
: [-Third significont figure have many other applica-

| tions as well. If the ca-

pacitance, tolerance, and

e 2o I temperature coefficient

are not printed on the

© 0 9 capacitor body, the fol-

U Y U pacimat muttiptier lowing color code of Table

: : ecim ? 4 and Fig. 9 will be used.

Voltage rating -~4 Yee-Tolsrance The change in capacitance

r unit acitance per
F1a. 8. RMA six-dot capacitor code. gzgr::lcei?i’gr;de i {’he

temperature coefficient, usually stated in parts per million per degree Centigrade
(ppm/°C).

Table 4
Capacitance tolerance
Signi- | Capacitance, Temperature
Color ficant upf, coeflicient,
figure multiplier |y, per cent.| In uuf, ppm/°C
€ 210 puf | ¢ T 10 puf
(V] +20 2.0 (V]
1 1 0000 - 30
2 + 2 - 80
3 -150
4 naao 0000 -220
5 t 5 0.5 —330
[ 0000 - —470
7 - -750
8 0000 0.25 + 30
9 +10 1. —330 +500

During the past few years attention has been given by the manufacturers to the
development of small capacitors of great stability, whose changes of capacitance with

temperature arc a definite amount, positive or negative, as desired. Push-button
tuned receiving sets re-

quired the use of small r—--- A-1irst significon! figure
capacitors that would Temperature coefficient-- | r;: :g::i’l’.'g;}’g””,’:;z';i’;””"
i 11

maintain their capaci- )
tance as the receiver
warmed up or would
change their capacitance
to compensate for changes
in the coils. A type now available with positive, zero, or negative temperaturce
coefficient employs a small ceramic tube as the dielectric, with silver plating inside
and out, followed by copper plating and solder forming the two electrodes, to which
wire leads are soldered. Wax impregnation and moistureproof lacquer complete the
capacitor, which is said to be unaffected by changes in temperature and humidity.
Units of this type have a d-¢c working voltage of 500 and can be obtained in sizes from
5 to 1,000 uuf.

Another type of low-temperature coefficient capacitor uses silver plating on mica
and is mounted in either a ceramic or a low-loss bakelite case. These are wax-
impregnated and sealed and have small positive temperature coefficients.

Development of ceramics having high dielectric constants has been in progress for

=D-copacitance tolerance

Fre. 9. RMA and AWS capacitor code.
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a number of years. Barium-strontium titanates have been found to possess dielectric
constants from 10,000 to 18,000. Barium-calcium titanates have lower dielectric
constants, and barium-magnesium titanates still lower values. The making of these
titanates requires a special process at high temperatures such as 1250 to 1400°C.
Capacitors formed of tiny disks of these materials have been used in the construction
of “matchbox’’ receivers and ‘“‘lipstick’’ transmitters where all
components must be very small.

17. Electrolytic Capacitors.! Another type of fixed capacitor
with important applications is known as the electrolytic capacitor.
Its advantages are low cost and high capacitance as compared
with other types of fixed capacitors. A unit of 8 uf, 500-volt d-¢
rating may be manufactured in a tubular assembly 7¢ in. in
diameter by 111{¢ in. long.

The electrolytic capacitor consists of three essential com-
ponents: the anode, the dielectric film, and the electrolyte. The g . 10  Electro-
anode is always made of aluminum of high purity and forms one lyti;s ) capacitor
plate on the capacitor. The dielectric film is formed electro-  construction.
chemically on the anode and is very thin. The electrolyte may
be either a liquid or a pastelike substance. It is the second plate of the capacitor,
insulated from the anode plate by virtue of the dielectric film formed on the latter.

Electrolytic capacitors may be divided into two general classes: (1) dry electrolytic
capacitors in which a pastelike form of electrolyte is used, (2) wet electrolytic capaci-
tors in which a liquid or waterlike electrolyte is used.

The electrolyte in the case of dry electrolytic capacitors is absorbed in porous paper
and held in position adjacent to the anode foil by this paper. In addition another
aluminum foil, generally called the cathode foil, is incorporated for the purpose of making
electrical contact to the electrolyte-saturated paper.

In the wet type the electrolyte is a dilute water solution. The anode member with
adhering dielectric film is suspended in a can, generally of aluminum. The can is
then filled with the electrolyte. The can acts as the electrical connection to the
electrolyte similar to the cathode foil in the case of the dry electrolytic capacitor.

For a given area of anode surface the capacitance in microfarads is inversely pro-
portional to the thickness of the dielectric film. The film thickness is proportional to
the voltage during the electroformation of the film. Therefore, units with very low
voltage ratings may be made with very high capacitances. The ordinary ranges are

500 to 6,000 uf in capacitance for voltage ratings

40 of 6 to 60 volts d.c. and 2 to 100 uf with voltage
B35 \ ratings of 100 to 150 volts d.c.
E30 N 18. Electrolytic Capacitor Characteristics.
825N The d-¢ voltage which an electrolytic capacitor
§2'o can withstand is governed by the voltage at
G5 < which the original filmisapplied. Itisnecessary
210 — that the anode always be connected to the posi-
o 0 tive side of the voltage source. An electrolytic
100 200 300 400 500  capacitor connected in this manner will operate
Forming voltage satisfactorily as long as the applied voltage is of
Fio. 11. Electrolytic capacitor correct polarity and does not exceed rated volt-
characteristic. age for more than a few seconds at a time. A

reversal of potential will cause the unit to draw
considerable current even at low voltages. A d-c voltage in excess of rated causes
the unit to draw an appreciable leakage current.
Dry electrolytic capacitors have a definite breakdown voltage at which permanent
failure occurs. Momentary surges less than this breakdown voltage but higher than
operating voltage will ordinarily do no damage.

1 Data supplied by E. Bherick, Cornell-Dubilier Electric Corp.
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If the anode arca is such as to give 8 uf when the working voltage is 500 volts d.c.,
then the same area at lower working voltages will yicld a capacitance as indicated on
the curve of Fig. 11.

Electrolytic capacitors have a power factor that is considerably higher than other
types of fixed capacitors. This is due in part to the fact that one of the conducting
plates is the elcctrolyte which has considerably higher resistance than the conventional
metallic plates of the other types. In effect this places a resistance in series with the
capacitor and hence causcs a high power factor of the entire unit. Dry electrolytic
capacitors have a power factor of about 6 per cent at 60 to 120 cycles. Power factors
increase with frequency, and for this reason the use of electrolytic capacitors is
gencrally confined to the 1-f application.

19. Etched-foil Types. Within recent ycars, methods of treating the smooth foil
surface in such a way as to make it extremely rough have been applied to electrolytic
capacitors. The anode then has an increased total area over and above the original
smooth surface. The dielectric film follows the contours of the foil, and the result is

g 20 I TT1 I
p<d 0 [ by x—t—X"T_

R A L =x™

o 0\ & X

a . (Podn s

g ZO;E‘GG/T/I/\J

c /, \

3-40 7 \: [

c r | 700

= -80 I/

B X

£ 100!

&7 4030 -20 -0 O 10 20 30 40 50 €0 70 80

Temperature,deg.C.
F1c. 12, Comparison of etched- and plain-foil temperature characteristics.

a great increase in capacitance with no incrcase in volume for any given working
voltage.

Several methods have been evolved for formation of a roughened surface for the
anode foil. Chief among thesc arc as follows: (1) etching, whereby the smooth foil
surface is attacked either chemically or electrochemically and (2) aluminum spraying,
whereby the aluminum is sprayed in molten state on a suitable carrier medium.

20. Characteristics under Adverse Conditions. Electrolytic capacitors operate
best under normal condition of temperature. The limitations of the electrolyte and
the film properties are the governing factors in the operation of this type of capacitor.

Extremely high temperaturcs cause the electrolyte to dry out and increase in resis-
tivity with consequent increase in power factor when normal temperature is again
rcached. Furthermore the increase in d-c leakage current with tempcrature must be
considered since there is danger of the start of a destructive cycle due to the generation
of internal heat because of the increased d-c leakage.

Temperatures up to 140°F are considered normal although temperatures up to
185°F are not dangerous if the capacitor is rated at 50 to 100 volts higher than the
actual operating voltage.

Low temperature causes a decrease in capacitance and an increase in power factor.
These changes are temporary and are restored to normal when normal temperatures
are again reached.

Where high operating temperatures are to be experienced, the construction should
be hermetically sealed in metal cans. This construction limits the loss of electrolyte
to a minimum, and longer life is to be expected.

21. Applications. The nature of electrolytic capacitors makes them particularly
suitable for filter circuits in power supplies where a relatively high capacitance is
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required together with the ability to withstand a d-c potential and small superposed
a-c ripple. Second only in importance is the use as a-f by-pass capacitors across

screen grids and cathode bias resistors.
The use of a-c electrolytics wherein the
cathode foil is replaced with a second
anode is important in capacitor motor
service. These latter units are divided
into two classes: those for intermittent
duty and those for continuous duty.
The former are rated at from 30 to 500
uf at 100 volts a.c. and the latter at 10
to 50 uf at 25 volts a.c.

The intermittent-duty type functions
only during the starting of a capacitor
motor (capacitor start-induction run).

,Isolating
17 capacitor
\

v

60~ Eac

Copacitor X

Edc
i
Fie. 13. Production testing circuit for elec-
trolytic capacitors.

The continuous-duty type functions in the smaller motors rated at about }{ g0 hp and
is continuously on voltage during the operation of the motor.

_To o Jow pass fiiter_
and oscilllartor

Balaonce
indicator

Stondord 4
caopacitor’
Isolating
copacitor! mfd, #

O.C /eakage
current = — = = -7~

Fia. 14. Circuit for measuring electrolytic

capacitors.

23. Types of Variable Capacitors.

Capacitor
under test
'

22. Testing. The circuit of Fig. 13is
generally used to test electrolytics in
production. E,; supplies a polarizing
voltage so that the voltage across the
capacitor will be pulsating d.c. The
isolating capacitor prevents short-cir-
cuiting the polarizing voltage. If E4.is
maintained at a constant value, the a-c
milliammeter may be calibrated in terms
of the capacitance under test. J4.reads
the d-c leakage current.

For the accurate measurement of
capacitance and power factor, bridge
systems such as those shown in Fig. 14 or
15 should be used. They are essentially
standard bridge systems rearranged to
permit the application of a polarizing
voltage.

The most common type of variable capacitor

consists of a series of parallel metal plates fastened to a shaft capable of rotation so

that the moving plates intermesh with
a set of fixed plates. Air is the main
dielectric in such capacitors, although
some solid insulating material is re-
quired to ensure that the two sets of
plates are correctly located with re-
spect to each other. Many ways of
insulating the plates from each other
have been devised, using one or more
pieces of the insulating material in
sheet, rod, or bar form. Bakelite, hard
rubber, pyrex, porcelain, fused quartz,
and Isolantite are some of the ma-
terials used for such insulators.

The most common use of a variable
capacitor is in association with a coil,

$ ¢ Low pass filter

S -7

3 {300}

§ 100 ohms
o S

Imfd, standord

capocitor—— -
1000 ohms vario ble >

Imfd.0C blocking 1
copacitor ===~ " #

/
Capacitor under test’
Polarizing voltoge’

Fi1e. 15. Capacitance and power-factor meas-~
urement.,

OC millommefter

the combination forming a circuit resonant to a band of radio frequencies depending

upon the coil constants and the capacitance range of the capacitor.

For a number of

applications it is more convenient to have the capacitance change in a different way than
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proportional to the angle of rotation of the plates. This first resulted in the ‘“decrem-
eter”’ plate and the straight-line wavelength plate. As the use of frequency rather
than wavelength became common, the straight-line frequency plate came into use
and later the ‘““mid-line” plate. There are other possibilities such as straight-line
percentage wavelength and straight-line percentage frequency, the latter being of
advantage in frequency measurements. In any of the above shapes or classifications,
the movable plates formerly were 80 shaped as to give the desired frequency or wave-
length curve. This resulted in an ill-shaped plate difficult to balance or to hold to a
desired setting. In some cases semicircular rotating plates were used with the fixed
plates cut away 80 as to obtain the desired curve. In any of the special forms of plates
the plate shape may vary. The minimum and maximum capacitances of the capacitor
play a large part in determining the outline of the plate.

Brass or aluminum plates and steel shafts are ordinarily used. If the capacitor is

1 intended for use on high voltages,
§ , | |} thespacing be_tween opposite plates
= must be sufficient to avoid a flash-
k] 50 over or racing between plates. It
:g is customary to round off all sharp
40 edges and corners in such capacitors
3 30 A to avoid flashover.
; // Capacitors of the air type are
W— often filled with oil, which increases
2o /] g the voltage that they can stand and
.§' ol increases the capacitance from two
020 40 60 80 K0 120 WO 10 0 200 220 W0 to five times depending on the
Pressure,Ib.per sg.in Gage - 2000 kva. High Pressure Copacitor dielectric constant of the oil used.

Fia. 16. Flashover voltage (60 cycles) of 2,000- Compressed-air capacitors were

kva capacitor. formerly used in some radio trans-
mitting stations. The voltage that such a capacitor will stand is increased without
changing the capacitance.

Compressed-gas capacitors, utilizing nitrogen under pressure up to 2,000 psi as the
dielectric, are now being extensively used in broadcast transmitters. The advantages
of low loss and permanent characteristics have long been recognized, but it is only of
recent date that any attempt has been made to offer a wide commercial selection of
this type of capacitor.

One manufacturer offers three lines with flashover ratings of 15, 20, and 30 kv rms
at 1,000 ke, and capacitance ranges up to 1,000, 1,500, and 2,000 uuf, respectively.
These are available in fixed, adjustable, or continuously variable types. Special
units have been built with flashovers up to 60 kv rms and capacitances up to 20,000
suf.

Construction varies somewhat with different manufacturers. One offers a com-
pletely nonmagnetic assembly using heat-treated aluminum tank and end closures.
As a typical example, a variable capacitor having 30 kv rms flashover rating will have
a height of 36 in., an over-all diameter of 12 in., and a weight of 90 Ib.

Gases other than nitrogen have been used, some of which show considerable promise
in increasing flashover voltage and reducing size and weight. These are available in
either fixed or variable capacitance types and in sizes from 100 to 2,000 uuf.

Variable high-voltage vacuum capacitors are among the recent developments.
These capacitors are similar to the fixed high-voltage vacuum units but have mechan-
ical arrangements to vary the capacitance a few micromicrofarads in the vicinity of
10 or 20 uuf. A larger unit covers a range from 250 to 350 uuf at 10,000 volts peak.

24. Gang Capacitors. The single-dial control radio receiver brought problems to
the designer in how to tune two to five circuits accurately using a corresponding
number of similar coils and variable capacitors operating on the same shaft. As it is
practically impossible conveniently to manufacture two capacitors exactly alike, to
say nothing of three or four alike, so that their capacitances shall be exactly the same
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throughout the complete rotation of the capacitor plates and accurately tune the
capacitors with the same number of similar coils which differ slightly in value, it has
been customary to balance or equalize these tuned circuits by the addition of small
paralleling capacitors called {rimmer or padder capacitors. Such capacitors can be
obtained matched to one-half of 1 per cent It is possible to obtain two to four capaci-
tors called gang capacitors for radio receivers arranged with their shafts in line and
operated by one dial, matched to one-half of 1 per cent. The individual capacitors
may be separated from one another by metal shields if desired.

Earlier forms of trimmer capacitors used a combination of mica and air as the dielec-
tric. Adjustment in capacitance was accomplished by turning a screw which moved
one of the plates nearer the other. A recent design incorporates several concentric
cylinders supported on a ceramic member and arranged to interweave so as to change
the capacitance from 2.5 to 30 uuf. Another trimmer of recent design employs a
metalized glass tube with a metal core within, which may be moved with respect to
the metalized coating. Several sizes are available with d-c breakdown voltages from
1,500 to 2,000 volts.

26. Design Equations for Variable Air Capacitors. The capacitance of a capacitor
made up of three plates as indicated in Fig. 17 can be obtained by determining the

1000 Y T ] 74
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Fi1e. 17. Dimensions useful in Fig. 18. Semicircular plate char-
determining capacitance. acteristic.

area of the overlapping plates, the distance between the adjacent plates, and substitu-
tion of these values in the general equation given in Art. 12. The area of the shaded
portion of Fig. 17 is Y4x(r;? — r,?). The distance between the plates is 15(s — ?).
Substituting these values in the general equation, the capacitance is given by

o = 0:0885%gx(r? — 1) X 3 — 1)
a Je(e — 1)

The maximum capacitance of a unit with N plates can be obtained by using a similar
equation which may be written

C =

0.278(r? — rah)(N — 1)
(CRal)

In the above equations C is in micromicrofarads and the dimensions ry, 73, 8, and ¢ in
centimeters. These equations neglect the capacitance through the solid insulation
which is used in the capacitor and the fringing effect, the correction for which is in
Art. 12. Many capacitors are made to have as small a minimum capacitance as possi-
ble, giving a large ratio of maximum to minimum capacitance, but this is of doubtful
advantage, as slight changes of capacitance due to warping of plates or wear in bearings
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will cause a relatively large error at the lower end of the scale but practically no notice-
able cffect at the maximum capacitance end of the scale.

A semicircular plate capacitor gives a capacitance calibration curve similar to C
shown in Fig. 18. With the exception of the portions near the ends of the curve, it is
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practically a straight line. In practice, the lower 10 and upper 5or 10 deg of a 180-deg
scale are not used, so as to avoid the curvature in the calibration curve in these regions.
Zero setting does not give zero capacitance.

A curve for such a capacitor used with a coil is shown at Fin Fig. 18. The frequency
changes very rapidly on the lower part of the scale. A slight capacitance change
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would make a large frequency change. Therefore, when using frequency meters
having semicircular plate capacitors that constitute the main capacitance of the cir-
cuit, the coils should be so designed as to give overlaps without resort to the low-capaci-
tance end of the scale.

As the wavelength )\ of a wavemeter circuit is proportional to vV LG, if L is assumed

to be constant, A « v/C and V/Cis proportional to the square root of the setting 6.
For a uniform wavelength condenser it is necessary to have C vary as the square of
the setting 6, or C « 6%,

Again, it may be desirable that the percentage change in capacitance for a given
angle of rotation of the plates be the same for all parts of the scale as in the Kolster
decremeter.! The polar equation for the boundary curve is

r = vV2Cw@e? + r?
where Cy = capacitance when angle § = 0
a = constant = percentage change of capacitance per scale division
e = 2.71828
r2 = radius of cutout portion to clear washers separating variable plates
The equations and tables on p. 180 have been compiled by Griffiths.* The four
types of plates given are for equivalent capacitors having a capacitance at zero setting
of 36 uuf and a maximum of 500 uuf, with a plate area of 20 sq cm.
The paper mentioned above gives the following data for the radii at different angles
for the capacitors mentioned in the table of equations.

Radius, cm
; 8, deg

Rs R; R4
0 2.49 8.25 1.93

5 2,56
10 2.60 6.70 2.02
20 2.76 5.62 2.13
30 2.89 4.80 2.24
40 4.17 2.36
60 3.18 3.32 2.64
80 2.75 2.98

20 3.56
100 2.37 3.38
120 3.86 2.10 3.85
140 1.90 4.40
150 4.12 4.71
160 1.76 5.04
170 5.40
180 4.38 1.85 5.80

26. Effect of Putting Odd-shaped Plate Capacitors in Series or Parallel. If any
of the above capacitors are placed in parallel or in series with another capacitor, the
straight-line calibration will be altered. If paralleling capacitors are used, the plate
shape would require recaleulation, after which the plate would become more nearly
semicircular. If a capacitor is added in series, the calculation of the plate shape is
more difficult. Griffiths® gives complete equations for a number of series combina-

t Nat. Bur. Standards Circ., 74, p. 117. Nat. Bur. Standards Scsi. Paper 235.

? Griffiths, W. H. F., Notes on the Laws of Variable Air Condensers, Exptl. Wireless and Wireless Engr.,
8, 3-14, January, 1926.

3 Griffiths, W. H. F., Further Notes on the Laws of Variable Air Condensers, Exptl. Wireless and
Wireless Engr., 8, 743-755, December, 1926.
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tions, the following table applying to the cases indicated where maximum capacitance
of variable capacitor = 500 uuf, minimum capacitance of variable capacitor = 36 uuf,
series fixed capacitance = 500 uuf, total plate area = 20 8q cm, r = radius of inactive
semicircular area of moving plate = 1.2 em.

Radius, em
0, deg
Rs Rs R: Rs
0 2.74 2.16 9.25 1.82
10 2.80 6.95
20 2.35 5.57 1.96
30 2.92 4.65
° 40 2.56 2.15
50 3.08
60 2.78 3.32 2.38
70 3.22
90 3. 2.42 2.85
100 3.37
110 3.66
120 2.02 3.87
130 3.88
140 4.25
150 4.18 1.78 4.74
160 4.85
170 4.52
180 4.73 5.66 1.62 7.18

Rs, straight-line capacitance with series fixed capacitance.

Rs, corrected square law of capacitance with series fixed capacitance.
R1, inverse square law of capacitance with series fixed capacitance.
Rs, exponential law of capacitance with series fixed capacitance.

27. Important Considerations in Design. It is not difficult to find a large number
of capacitors on the market that will answer the needs of any application in
radio receivers. The manufacture of capacitors for such use has been brought to a
high state of development, both electrically and mechanically. The design problems
here are simpler in that low power and low voltage are to be handled.

When capacitors for radio transmitters are designed, provision must be made for
handling high power and high voltage. The use of very high radio frequencies has
added to the problem by requiring better insulating materials. Insulators that were
satisfactory at low radio frequencies have been found to heat up and be unsuited for
frequencies such as 30 to 100 Mc and higher.

The following classification shows how capacitors for transmitting sets could be
divided with respect to the voltages to which they are subjected:

Those subjected to steady d-c voltages only.

Those subjected to 1-f voltages only.

Those subjected to damped r-f voltages only (obsolete)

Those subjected to steady c-w r-f voltages only.

Those subjected to modulated c-w r-f voltages only.

Those subjected to d-¢ voltages with superimposed r-f voltage.
Those subjected to 1-f voltage and superimposed r-f voltage.

The last four of the above divisions could be further subdivided into those for use
on frequencies up to about 3,000 ke, those for use on frequencies from 3,000 to about
25,000 ke, and those for use on frequencies of 30,000 ke and above. The two latter
classes require special construction.
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In specifying the rating of capacitors for use in radio transmitters, the following
data should be given: capacitance, current, frequency, nature of voltage to be applied.
A knowledge of the maximum r-f voltage and maximum current permissible is impor-
tant. A capacitor should never be operated at more than half the breakdown voltage.
In the case of r-f voltages this fraction should be much smaller.

28. Standards of Capacitance. Fixed capacitors using the best grade of mica or
fixed air condensers may be used as capacitance standards for radio frequencies. A
variable air capacitor is essential as a standard in many radio measurements.

High-grade mica capacitors can be employed as standards after calibration as to
capacitance and power factor over the range of frequencies at which they are to be
used.

An important requirement of a standard capacitor is that the capacitance remain
constant, the prerequisite of which is rigidity of construction, which is more difficult
to secure in a variable than in a fixed capacitor. There should be no relative motion
possible between the movable plates and the pointer. There should be no stops
against which the pointer or movable plates may strike and thus destroy the calibra-
tion. The manner of insulating the two sets of plates is of great importance, not only
in fulfilling the rigidity requirement, but in minimizing the power loss. An insulating
material having a low temperature coefficient of expansion should be used, so that the
capacitance will not change perceptibly with temperature. As small an amount of

solid insulating material as possible should be employed,
. keeping it well out of the electric field. This field is quite
2 G  intense near the high-potential post. All insulation should
T be avoided in the vicinity of that terminal if power factor
is to be kept low.

The capacitor should be provided with a metal shield,
which may be grounded during measurements if the capaci-
tance is to remain constant. The leads inside the capacitor should be as short and
direct as possible. The resistance of leads, plates, and contacts should be kept to the
minimum. Flexible connection to the moving plates should not be used in a capacitor
used as a standard.

Although it has been customary and is permissible in some measurements to neglect
the small resistance and inductance found in variable air capacitors made for precision
laboratory work, yet, as the frequency is increased to 5 Mc and higher, such omissions
may result in considerable inaccuracy in the results. These small residual impedances,
when taken into account, give an equivalent circuit for the variable air capacitor!
as shown in Fig. 19, where C is the static capacitance of the capacitor, R the resistance
loss in the metal parts, L the inductance of the leads and connections of stacks of
plates, and G the conductance or losses in the solid dielectric parts.

The resistance R is practically independent of capacitance setting and increases with
frequency because of skin effect, being proportional to the square root of the frequency
at higher frequencies.

The effect of the inductance L is to cause the apparent capacitance to be greater
than the actual capacitance as may be seen from the following equation:

_C _
=1 =Ll

where C, = apparent capacitance, farads

C = actual capacitance, farads

L = inductance of capacitor, henrys

w = 2r times frequency, cps .
The differences between the apparent and the actual capacitances are negligible at
medium frequencies but increase rapidly at higher frequencies, where the effect can

R [W

AAA.

F16.19. Equivalent cir-
cuit of air capacitor.

Cs

1 Field, R. F., and D. B. Sinclair, A Method for Determining the Residual Inductance and Resistance
of & Varisble Air Condenser at Radio Frequencies, Proc. IRE. 24, 255-274, February, 1936.
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be reduced by feeding the center of the stack of plates rather than the end. This
construction is used in variable air capacitors intended for use as standards or for
measurements at the higher radio frequencies.

The power factor of a standard variable air capacitor at frequencies up to several
megacycles is usually much higher at the low portion of the capacitance scale. As the

frequency is raised, the power factor in-

creases very rapidly with increase in scale ¢

setting. g Oscillator
29. Methods of Measuring Capaci-

tance. There are two general methodsof Cx p

capacitance measurement: (1) absolute i’ @

measurements in terms of other electrical

or physical units, (2) comparison methods, =

where a capacitor of unknown capacitance F1a. 20
is compared with a known calibrated o
capacitor. The absolute methods are not carried out at radio frequencies.

Among the simpler comparison methods may be mentioned those operating at an
audio frequency or low radio frequency where the measuring device may be direct-~
rcading. Such devices would include capacitor analyzers, bridges, and microfarad
meters. Some of thesc devices are intended for quickly indicating capacitance and

may not show more than two significant

figures. Precision of measurement is
Oscillator sacrificed for specd in use. Such devices
Cs Tcx are extremely useful in some cases.

There are a number of arrangements
Fig. 21. Simple scheme for measuring that may be used for capacitor calibra-
capacitance. tions at radio frequencies. These in-

clude the simple radio circuits shown
in Figs. 20 and 21, r-f bridges, Q meters, and twin-T impedance-measuring circuits.
The precision of measurement in any of the various methods cannot exceed that of
the standard capacitor.

A simple tuned circuit consisting of a coil and the capacitor under test is arranged
with a double-throw switch so that the standard eapacitor may be readily substituted.
Resonance may be indicated by a sensitive meter coupled to the main coil by a few
turns of wire. A crystal detector and 1-ma d-c meter make a very convenient indicat-
ing device. Power is supplied electromagnetically by a small vacuum tube oscillator.
The measurement cireuit is shown in Fig. 20. The shielded side of the capacitor should
be grounded. It is essential that the leads connecting the switch points to each capaci-
tor be of the same length in each case, otherwise the circuits will not have the same
amount of inductance when one capacitor is substituted for the other. This will
result in an error in the calibration. The coupling between the test circuit and the
oscillators should be kept quite loose, which will be necessary if a sensitive resonance-
indicating instrument is used.

If in the circuit shown in Fig. 20 a fixed inductor is used, the calibration will be made
at various frequencies depending upon the capacitance for the different settings. A
variable air capacitor of suitable size could be connected across the coil at XX and
used to keep the resonance frequency the same for any setting of C.. If such a circuit
is carefully set up, no errors will result if the two circuits connected to C- and C, are
similar. The frequency at which the measurements are made can be measured with
a frequency meter. The frequency or frequency range over which a calibration is
made should always be stated.

For rougher calibration work, the circuit shown in Fig. 21 may be used where “
is tuned both with and without C; in the cireuit. It should be noted that the leads and
switch connecting C. to the circuit will introduce errors in the calibration.

The accuracy of this method can be greatly improved by careful arrangement and
shortening of the leads connecting C: to C.. The switch should be replaced by a short

Measurement of capacitance.
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wire, which by the least movement makes or breaks contact with the high-potential
terminal of condenser C..

A method! of precision calibration of variable air capacitors at a single frequency has
been described in which the unknown capacitor and the standard capacitor are alter-
nately made a part of the oscillator furnishing the power. The method also offers a
very precise means of measuring the change in capacitance with frequency of a mica
capacitor.

The manufacturers of equipment for precise measurement of capacitance furnish
instructions for use of their instruments. In general, the unknown capacitance is
substituted for an equivalent capacitance in the standard capacitor.

The accuracy that can be attained in the measurement of a given capacitor depends
upon a number of factors among which are (1) the type of capacitor, i.e., shielded or
unshielded, (2) the length of leads employed in connecting the capacitor, (3) the
physical dimensions of the capacitor, which also affect the length of leads, (4) the
capacitance of the capacitor. Other factors that may be mentioned are accuracy of
standard capacitor, ability of test condenser to maintain capacitance value, and
temperature effects.

A shielded capacitor is the only type that may be expected to maintain its capaci-
tance value in subsequent use. The capacitance of an unshielded unit may readily
be measured, but the value so obtained is affected by its position with respect to
grounded panels or other objects, by the terminal that is grounded, lead length, etc.,
so that unshielded capacitors are not satisfactory where precise values of capacitance
are required.

The length of leads, the size, and spacing affect the value of capacitance obtained.
The leads should be made as short as possible. Corrections can be made for the leads,
or their configuration can be given so that they could be duplicated if desired.

A capacitor of large proportions offers some difficulty because of the long connecting
leads required for measurement. Above frequencies of 500 ke, lead corrections should
be applied, or procedures used in which the leads are the same length for the standard
and unknown capacitors.

Very small and very large capacitors are more difficult to measure accurately than
those from 10 to 2,000 or 3,000 uuf. The measurement of very small capacitors is
discussed in the next article. Very large capacitors are measured by connecting in
series with a smaller capacitor, or by paralleling a number of smaller capacitors. In
either case there may be sufficient ‘‘stray’’ capacitances to reduce the accuracy of the
measurement.

80. Measurement of Very Small Capacitances. It has always been difficult to
obtain agreement between various laboratories in the measurement of capacitances
of 5 puf or smaller. There have been several reasons for this, including differences in
the standards of the various laboratories, differences in lead length, size, and spacing,
and stray capacitances. Perhaps the greatest difficulty was in the magnitude of the
quantity being measured. Consider a capacitance of 1.00 uuf. A 2-in. length of
No. 10 wire 0.4 in. above a ground plate would have this capacitance.? A measure-
ment to 1 per cent (0.01 uuf) would, therefore, require very exact positioning of leads,
or the use of a jig to ensure exact placement of the condenser under test.

Considerable difficulty was experienced by tube manufacturers early in the recent
war, in supplying tubes with interelectrode capacitance within the limits prescribed
by the Navy. The difficulty was overcome by the adoption of special test equipment
and special measurement techniques.

A new bridge? has recently been described for measuring interelectrode capacitances
at 465 ke. The conductance and capacitance can be measured in terms of standard
capacitors having much larger values than the components being measured. Five

1 Hall, E. L., and W. D. George. Precision Condenser Calibration at Radio Frequencies, Electronics,
1, 318-320, 1934.

? Terman, F. E., * Radio Engineers' Handbook,"” p. 114, McGraw-Hill, 1043.

! Young, C. H., Measuring Inter-electrode Capacitances, Tele. Tech., 8, 68-70, February, 1947,
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decimal divisors are available so that capacitances can be read to 1/100,000 puf.
Bridge balance is sensitive to that amount.

Very small capacitance values or changes in capacitance can be determined by
measuring the change in frequency when the unknown capacitance is added to the
tuning capacitance of an oscillator. The method described in a previous reference
can be adapted by slight rearrangement so as to measure the a-f difference between an
auxiliary standard oscillator and the measuring oscillator without the small capaci-
tance and with it in circuit. The small capacitance or change in capacitance is given

by the following equation:!
AC, = C [ -fi’)’ - 1]
z [] f]

where AC: = small capacitance, uuf

C, = capacitance of oscillator before AC: was added and includes all capaci-

tances that produce the frequency fo

f1 = frequency of oscillator with both C, and AC: in parallel
The value of Co must be measured. This is done in a similar manner by substituting
a known capacitor for AC: and measuring the frequency change with an oscillator.

Capacitance differences can be very precisely measured if a standard is available

with a sufficiently finely divided scale. Such standards have taken cylindrical form
with a concentric rod, movable longitudinally by means of a fine screw and equipped
with a scale to indicate the position of the rod. The change in capacitance ean be

calculated from the following equation:?
Oscillator O

0.613
| \ = ¢= logyo (b/a)

where C = capacitance, uuf per in.
b = inside diameter of cylinder,

T .
a = diameter of inner rod, in.

31. Methods of Measuring Capacitor
Resistance and Power Factor and Die-

_S lectric Constant of Insulating Materials
Cs\ég ho_——l—c’l at Radio Frequencies. Measurements
Yy of capaeitor resistanee and power factor

R of insulating materials are made in prae-

tically the same manner, as the sample
of insulating material is prepared so as
to form a capaeitor. Methods of meas-
uring capacitor resistance® and power
factor of insulating materialst have been given in publications of the National Bureau
of Stanards. The ASTM has several standard methods of testing electrical insulating
materials for power factor and dielectric constant.?

The circuit shown in Fig. 22 may be used for measurements of resistance, power
factor, and dielectric constant. Assuming that the power factor of a sample of insulat-
ing material is to be measured, the sample in sheet form is made into a capacitor of
eapacitance between 100 and 1,000 uuf, as represented by C (Fig. 22). The remainder
of the circuit consists of the coil L, thermoelement T, and double-pole, double-throw
switch 8, in whieh resistors R may be inserted. The galvanometer G gives deflections

Fia. 22. Circuit for measuring properties of
insulators.

1 Terman, op. cit.. p. 924.

2 Ibid., p. 922.

1 Radio Instruments and Measurements, Nat. Bur. Stendards Circ. 74, pp. 190-193.

¢« Methods of Measurement of Properties of Electrical Insulating Materials, Nat. Bur. Standards Sci.
Paper 471.

s Tentative Methods of Test for Power Factor and Dielectric Constant of Electrical Insulating
Materials, designation D150-46T; Tentative Method of Test for Power Factor and Dielectric Constant
of Natural Mica, designation D351-42T; ASTM.
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that are proportional to the square of the current flowing in the circuit LTC:R, as
electromagnetically induced from the r-f oscillator O.

The deflections of galvanometer G are noted for several values of inserted resistance
R and for the case when R is a link of practically zero resistance. Using the ‘‘zero
resistance”’ deflection and the deflection for a known value r of resistance inserted in
switch S, the resistance Rr of the total circuit LTC.R is given by

Rr = ’._—r‘

d_y

d
The average of the values of Rr calculated for various values of 7 should be taken as
the resistance of the complete circuit. The resistance Rs of the circuit when Cjy is
substituted for Cx should be obtained in the same manner. The resistance Ry of the
capacitor C: is then given by R; = Ry — Rs. It is essential for this measurement
that the two parts of the circuit which are interchanged should be as nearly identical
as possible.

After the resistance R of the insulating material capacitor is obtained, the power
factor or phase difference can be calculated from the equations given above. The
dielectric constant K can be calculated from the equation K = Ct/0.08858, where
C = capacitance of sample in micromicrofarads, ¢ = thickness of sample in centi-
meters, and S = area of smaller plate in square centimeters. The capacitance is
known, as given by Cs, and the area of one plate and the thickness of the sample can
easily be measured.

The method described above operates satisfactorily at frequencies from 100 to
1,500 ke.

The ASTM publication designated D150-46T gives details of procedure for eight
methods of measuring dielectric constant and power factor of solid and liquid electrical
insulating materials. Four of the methods are for radio frequencies. These are
termed (1) the resonant-circuit resistance variation method, with range of 100 to
1,000 ke, (2) the conjugate Schering bridge, with range up to 5,000 ke, (3) the
resonant circuit, resonance rise method, with range from 50 to 10,000 ke, and (4) the
resonant circuit, susceptance variation method, with range from 100 ke to 100 Me.
Equipment for the latter method is commercially available over part of the lower
portion of the range.

Transmission-line and concentric-line methods of impedance measurement can be
adapted to power factor and dielectric constant measurements of dielectrics, but
there are practical difficulties in the preparation of samples, which limit the usefulness
of these methods. A resonant-cavity method! has been deseribed operating in the
range from 100 to 1,000 Mc which is claimed to have many advantages in use, such as
simplicity and rapidity. Several cavities are required, each covering a frequency
ratio of 1 to 1.5. Dielectric samples in disk form up to 114 in. in diameter and from
0.05 to 14 in. thick are used. From measurements made with the sample in and out
of the cavity, the dissipation factor and the dielectric constant are obtained by simple
calculation.

1 Works, C. N., T. W, Dakin, and F. W. Boggs, A Resonant-cavity Method for Mecasuring Dielectric
Properties at Ultrahigh Frequencies, Trans. AIEE, 63, 1092-1098. 1944; Proc. IRE, 38, 245-254, April,
1945.



CHAPTER 5

COMBINED CIRCUITS OF L, C, AND R
By W. F. LANTERMAN!

1. Transient and Steady-state Currents. When a voltage is suddenly applied to a
circuit, the current assumes a transient state for a brief interval, then gradually settles
down to a steady-state condition which it maintains until the voltage is interrupted
or changed. Relations for computing transient and steady-state currents and voltages
in LCR circuits are given in the following paragraphs. The curves shown for current
and voltage are typical for each case but are drawn for particular values of the arbi-
trary constants.

TRANSIENT CURRENTS IN LCR CIRCUITS

2. Symbols Used in Transient Expressions. In the transient expressions given in
Secs. 3 to 5, the following symbols will be used:

L = inductance, henrys

C = capacitance, farads

R = resistance, ohms

T = time constant, sec; time, sec, for current or voltage to reach 1 /e or approxi-
mately 36.8 per cent of its initial value if decreasing; or 1 — (1/e), or
approximately 63.2 per cent of its final value if increasing

instantaneous current, amp, at time ¢

instantaneous voltage, volts, at time ¢

instantaneous capacitor voltage

instantaneous inductor voltage

time, sec, after starting

steady-state d.c., amp

maximum value of a-c voltage, volts

steady-state d-c voltage, volts

capacitor charge, coulombs

a-c impedance, ohms

1
Ve + (wL - —)’ for LCR circuit
wC

v/ R* + (wL)? for LR circuit
\v/R* + (1/wC)? for RC circuit
frequency of applied a.c., cps
angular velocity of applied a.c., radians per sec = 2xf
natural frequency of oscillatory circuit LCR, cps
natural angular veloeity of oscillatory circuit LCR, radians per sec = 2xf
energy, joules, dissipated in R during transient state
energy, joules, stored by or lost by L during transient state
energy, joules, stored by or lost by C during transient state
¢ = phase angle of a-c voltage at ¢ = 0, i.e., when switch is closed
¢ = phase angle of impedance as defined for each case
¢ = 2.718 (base of natural logarithms)
a and 8 = (defined in Sec. 5)
1 National Broadcasting Co., Inc., Chicago, Ill.
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8. RC Circuit Transients.

Nore: The following formulas for i in RC circuits are not true for extremely small
values of £, For very small ¢, the L of the circuit, no matter how small, limits 7, and the
relations of Sec. 5 for LCR circuits must be applied. This is especially important for short
pulses or high frequencies, where small values of ¢ are involved. The equations for RC
circuits neglect the effects of L for small values of ¢, but the figures show true current forms.

1. D-c Voltage V Suddenly Applied to Deenergized RC.

7 = Z e~ (t/RC)
R

I
SE TC e* = V|1 — e Wwro)
v R ep = Ve t/RC)
T = RC

Fia. 1.

Voltage or current

Q:
Wg=We=14CV? = }éE
For fully charged C (f = «),

We = We = 15QV
2. C Charged to Voltage V and Suddenly Discharged through R.

7 = — I_, e (¢/RC)
R

P Y |
Sy Y C e = Ve RO
R ep = — Ve WERO
T = RC

Fia. 3. We

We =501 = 355 &

Voltage or current

For complete discharge of C ( = =),
We = 14QV

3. A-c ‘_'oltage e Suddenly Applied Meg
to Deenergized RC. t I,' ' N {\\ n ’\‘
! \ \ \
\
s £ 1 c 8 ,l \|| f ‘. ,l |\ | \ ,‘ \
R Applied voltagee = Sp\ 4 [V [IVY [0 [
e Esin(+0 Sf VL Iy faf i
S VeV TV ] Time—
Fia. 5. g R A T T A
gl e\ e by
E . Slana| V' § P Y
i* = Zsin (ul + 6 + ¢) Ved }s ' | /
zZ N i \g Y]
v \v \ v
E
= m———c08 (8 + ¢) ¢~ WRO
ZwRC Fia. 6.
. K E ~(t/RC)
ec* = ~ g ® (wt + 6 4+ ¢) +Zchos (6 + @) ¢
er* = %’esin (o + 8+ ¢) — -2 cos (8 + ¢) e WrO

ZwC
Magnitude of ¢ = cot™! wRC

Note: Negative sense of ¢ has been taken into account in above equations. In substi-
tuting, use + value of magnitude for ¢.

There is no transient if (8 4+ ¢) = 90 or 270°.

* Underscored terms represent steady-state values; remaining term or terms are the transients.
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4. LR Circuit Transients. 1. D-c Voitage V Suddenly Applied to Deenergized LE.

14
% = L[] — e=(Rt7L)
~ 1 7 L — € E
si L e = Ve ByL) g
v R eR" = V'l — e-(Rt/L)] o
L ]
Fi1a. 7. 4O R §
W = 14LI? §
Fort = w,
LVv?
W= 6

2. LR Carrying Steady D-C Suddenly Short-circuited.

Steady current I = %

—
s { L 8 o Ke—(m/l.) = [e(R/L) 1
¥ R :
T q e = —IRe(RYL) =
er = IR (R/D) N
L s
Fia. 9. r= R §
Wi = 34LI? 3
Fort = o,
LVpg?
W, =14 R,E
3. A-c Voltage e Suddernly Applied to
Deenergized LR. i N N
I I I
A R
7~ Wby
S L  Applied voltage e = 1 f b vy d
Esin (wt +6) ¥ o RN
; R H |‘ ,ll |‘ ," “‘ ,'l Time =
Fia. 11. s 1R} | ! VA
b 's-' “ H \\ 1 “ !
E \ ! y
* = gsin (wl + 0 — ¢) ? v v v
—_ Esin (0 - 4’) e~ (R/L)
Z Fia. 12.

eL* = ng cos (wf + 0 — ¢) +§Rsin (6 — ¢) R/
ent = ERsin (ut + 0 — ) - ER gin (0 — ) -envsa

Magnitude of ¢ = tan™! (%‘)

There is no transient if § = ¢ or if (8 — ¢) = 180°.
* Underscored terms represent steady-state values; remaining term or terms are the transients.
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6. LCR Circuit Transients. 1. D-c Voltage V Suddenly Applied to Deenergized LCR.
General Solutions: '

vV vV
; —at( Bt _ Bty = — ~a 5
[ 2BL‘ (Pt — e Bt) ﬂLe t sinh 8t 5)1 i L
e*=V [1 — em (cosh Bt + %sinh m)] v :
e = Vet (cosh Bt — ‘-;sinh ﬂt) ., Fia. 13.
er = 2V 5 ™ sink Bt
R
where a=5r

Rt 1 1 \/ 4L’
‘\II4L: —Lc T 2 R - T
There are three special cases, depending upon whether R? is greater than, less than

or equal to 4L/C:

Case I, Aperiodic current, when R? > 4L/C (8 isreal). 1, e, e, and eg are determined
directly from the above general solutions by numerical substitution for @ and 8.

At t = ( log. ﬂ) sec = ( tanh™? g) sec, ¢ and ep reach maxima, then slowly
decay to zero. At the same time, t:. eL becomes zero and thereafter becomes negative,

reaching a minimum at t:= (ﬂ loge ﬂ) sec = (‘9 tanh™1 B) sec, which is twice the
time required for 1 to reach maximum.

<

< €
! Eod
5 S
2
(5 3
- (8]
° 8
@
s &
= o
o =
> s
te Time —» °
o L e
kd ~ o - ——T

»

Fic. 14. Case I—aperiodic. Fie. 15, Case II—ecritical damping.

Case II. Critical damping, when R? = 4L/C (8 = 0).
14
A
L te
e* = V[l — (1 + at)]
e, = Veat(l —at)
ep = 2Vate =t

At ¢y = 1/a = 2L/R sec, 1 reaches a maximum of 0.736V /R and er reaches a maximum
of 0.736V. At the same time, ¢1, e, becomes zero and thereafter becomes negative, reach-
ing & minimum of —0.1353V at t: = 2/« sec, which is twice ¢i.

* Underscored terms represent steady-state values; remaining term or terms are the transients.
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Case III. Oscillatory current, when R? < 4L/C (8 is imaginary).
i = (%‘ € sin wit

i1 R?
w = \‘L——C —m = 21I'f1

14 [l — (cos wit — 2 sin w1t> ]
- Wil

a
Ve ot (cos wit — — sin th)
wi
o
2Ve™* — sin wit
w

K R2C
T w 4L — RC

At t, = 1/4f1 sec, approximately, i reaches
a maximum and at ¢z = 1/2f) sec, e. reaches
a maximum. €z is maximum at ¢ = 0. Beyond their respective maxima all four quanti-
ties oscillate at frequency fi, with amplitudes slowly decreasing to zero, except e, which
approaches V.

F16. 16. Case II1I-—oscillatory.

Superimposed Curves. Curves for i in the three special cases are shown superim-

posed for direct comparison in Fig. 17.

The conditions for all three cases are

o identical except that R is varied to
alter the value of a.

* 2. A-c Voltage ¢ Suddenly Applied to
1 /\ /\ N\ Time Deenergized LCR.
VAV | T g
v ] L
3 Applied voltage e = c
E sin (wl + 6)
1 e
Fi1a. 17. Superimposed current curves for d.c. F ;: ‘18.
in LCR.

There are three special cases, depending upon the ratio
a = R/2L
Case 1. Aperiodic current, when at = R*/4L? > 1/LC (8 is real).

i‘—gsin(wt+6—¢)
+§§;—L[L(a — B) sin (8

T Timg™
~¢) ——cos (6 — &) ] b
wC

<— Current —>

NIty

Fig. 19. Case I-—
aperiodic.

1 .
2;TL[L(" + B) sin (8 — ¢)
— (;lé cos (0 — @) ] etathi

* Underscored terms represent steady-state values; remaining term or terms are transients.
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Case I1. Critical damping, when a? = R2/4L? = 1/LC (8 = 0).

t

i* =

Enwt+ro—9
VA

+ [(at—l)sin(O—d:)—L(%cosw—d:)]e“" l

Current

Time —»

N &y

Fi1a. 20. Case II—critical
damping.

Case II1. Oscillatory current, when a? = R?/4L? < 1/LC (8 is imaginary).

i =

NI &y

sin (wt + 0 — ¢)
Time — -_—

- ge"“‘ [sin (8 — ¢) cos wit

<— Current —»

Fig. 21. Case IIl—os-
cillatory.

1 . R . .
+au—Lch°s (0 — ¢) sin wit — 2jlzsm (0 — ¢) sin wlt]

6. Time Constants. Time constant is an arbitrary factor used to gage the exponen-
tial rate of transient current or voltage increase in a circuit containing reactance and
resistance in series. It denotes only the rclative duration of the transient, and no
special physical phenomenon occurs when the transicnt has existed for a length of
time equal to the time constant.

For exponentially increasing quantities the time constant is the time in seconds
required for the quantity to attain a value equal to 1 — (1/¢) = 0.63212 (or 63.2 per
cent, approximately) of its final valuc. For exponentially decreasing quantities, it is
the time in seconds required for the quantity to attain 1/¢ = 0.36788 (or 36.8 per cent,
approximately) of its initial value.

In series LR circuits, the time constant is T = L/R sec; in series RC circuits,
T = RC sec; where R is in ohms, L in henrys, and C in farads (see Secs. 3 and 4).

7. Logarithmic Decrement. The logarithmic decrement is the natural logarithm
of the ratio of amplitudes of two successive oscillations (of the same polarity) of a
damped wave train. In termsof L, R,
C, and (), the decrement is

é,

Hr

Input C=< Outpu!t Input R Output
s 2R _ R _x o " CTO
VarL/e)y -r 2L Q {a) {b)
where f; is the resonant frequency of the ¢

circuit, and @ = w,L/R.

8. Pulsed Circuits. In television Imga Réo”’p u! Input LB Output
synchronizing systems and other timing ()
circuits the input voltage applied to net-
works of the types shown in Fig. 22 con-
sists of a series of one or more d-c pulses of the forms shown in Fig. 23. Idealized, the
pulse voltage is zero up to a given instant and, at each instant thereafter up to time
= P sec, it has a succession of finite values determined by some given pulse form.
At P sec, the voltage drops instantly to zero and remains equal to zero until the start
of the next pulse. The networks and pulses in Figs. 22 and 23 are typical only; any

H,

(d)
Fia. 22. Typical networks used with pulses.

* Underscored terms represent steady-state values; remaining term or terms are the transients.
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one of an infinite number of pulse shapes may be applied to any one of an infinite

number of networks.
Solutions for the output voltage or current are obtained by considering the pulse as
creating a transient condition starting at ¢ = 0, followed by a new transient condition
(to restore the input voltage to zero)

oA V- v- starting at ¢ = P. If the pulse form
gT can be expressed as a function of ¢,
S =0 =+ =0 P e = f(), the output voltage or current is
1<P-e:0 1<P:e*0 obtained by setting up and solving the

15010 P.es V 120 to P:e tVot differential equations in which the sum
1>P:ex0 t>P:et0 of the instantaneous voltage dropsin the

(o) Rectangulor (b) Saw-tooth circuit is equated to f(t). Att = P there

oh V- v- is a discontinuity where e suddenly de-
.‘,’T C | |: creases to zero, if the pulse shape is not
= such that e is already zero when ¢t = P.
> t—0 P t—0 P This requires solution of a new differ-
1<Pies0 __q¢ t<P:e0 ential equation in which the voltage

120 to Pe=v (1=€ 120 10 Pie= VE-O! Yegio s Bl _
1> Pres0 1.?61') t>Piec0 drops existing in the circuit at { = P are

equated to zero. This equation must
{ehncrecsing exponantial  (d)Decreasing exponentiol take into account the energy stored in
the inductances and capacitances at the
instant when ¢ = P. Unfortunately, each pulse circuit and each pulse shape is a
special case, and results cannot be generally formulated except for typical examples.

Fia. 23. Typical pulse forms.

Example: For a saw-tooth pulse of the form of Fig. 23b applied to the LR network of
Fig. 22d the differential equation applying between ¢t = 0 and ¢ = P is

di | .
La + tR = Vat (2)

in which ¢ = 0 when ¢ = 0, and V and a are defined in Fig. 25. The solution is

; = Yat _ ValL

y B [1 — (R 3)
and the output voltage is [P
er = LZ_: = __V;;_L [1 — RYD) = Vall — e W/mP)) (4)

where symbols are as defined in Fig. 25.
At ¢t = P the circuit is short-circuited and corresponds to an LR circuit carrying d.c.
and suddenly short-circuited as in Sec. 4b. The voltage equation for ¢ > P is

di .
Lm + iR =0 (5)

in which ¢ = I when ¢t = P. The solution is

§ = [ RG-PY/L] ®)

and the output voltage is

&
o =05 d—(t_—z?)' = —IRRU=PVL] = _V[1 — n(l — e V/m)le~U—PI/nP )
In any practical case, the voltage drop in the source and the effect of the load upon
the pulse output cannot be ignored. That is, the L’s, C's, and R’s in the source and
load must be considered as parts of the network. To preserve the pulse shape through
a network, it is customary to employ a low-impedance source and a high-impedance
load.

Figures 24 to 27 show output voltages for the four pulse forms of Fig. 23 applied to
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the networks of Fig. 22. In this case, it is assumed that the input is short-circuited
at ¢ = P and thereafter; also that the load impedance is very large compared to that
of the network element from which the output voltage is taken. It is also assumed
that the Q’s of L and C are sufficiently large so that their resistances are negligible as
compared to the R’s of the network.

] —vw-l— -’W:r—-
Circuit = . g =L 3
bl e es ML E es[L T e 3

VW

Time constant RC L/R RC L/R
— ~ 7 A 4
t<p - -F
ve P vit-€ ")
-k -4
®out t:p | V€ vii-€ ")
L WLP 4
t>p | -vli-€Mye °F vi-€ e "™
v —— —— V
TP I N [
|
. N
NG 0t—w PY 0 t— P
(Differentiating)

VeZ-——" V===

net ot Pl 0O t— P

V=3 | Ve——-=-7
T>>P |
| |
e
neoe ot— P o t— P
{Integrating |
v eV {(t<P)
Symbols and relations used:
t = time, sec, from start of pulse
T = time constant, sec L
P = pulse duration, sec [0} Vime —=
¥V = maximum pulse voltage (input)
n=T/P (or T =nP) Applied voltoge pulse

Fic. 24. Equationsand pulse forms for output voltage of pulsed networks with rectangular
pulses of duration P sec applied.

The exponential pulse forms are chiefly of interest when the origin of the input pulse
to a particular network is a preceding network whose output pulse has the exponential
form. For example, the output pulse is exponential when a rectangular pulse is
applied to any of the four networks of Fig. 22.

9. Differentiating and Integrating Networks. Circuits of the types of Fig. 22¢ and
d, in which the time constant is made very small as compared to the pulse length,
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produce output voltage pulses that are approximately the derivatives of the input
voltage pulses, as shown in Fig. 28. From this fact, they derive the name differentiat-
ing nelworks.

Similarly, circuits of the types of Fig. 22a and b, in which the time constant is made

- —wep -_“j{
Circuit e=_ "1 i[_ e: L e=-L I e=~L

Time consiant RC L/R RC L/R
I<p - v -5 M
vaU1-€ ™) v[E-nu-e ™)
o £
Cout tsp vn(l-€7) v[l-n(l-e )]
' 1-P -."‘ REE
+3P -v[l-n(l-e'“)]e‘ P v[l-n(l-€ )]e""
V- V-
- A
T«P pd
0O t— P; 0O t— P
nN-»0
(Difterentiating,
V- 1 V- //4
T=P = /// '
e ...i"'f""‘-l_
out ot— P— 0 t— P
nsl
v- P v- _A
™p -~ &
4_/4:
oOt— P 0O t— P
N-» oo
{Integrating)
v-

Symbols and relations used:
t = time, sec, from start of pulse

T = time constant, sec o 5

P = pulse duration, sec time —»

V = maximum pulse voltage (input)

n =T/P (or T =nP) e=Val(ecp) V=P

a = arbitrary constant Applied voltage pulse

F1a. 25. Equations and pulse forms for output voltage of pulsed networks with saw-tooth
pulses of duration P sec applied.

large compared to the pulse duration, produce output voltage pulses that are approxi-
mately the integrals of the input voltage pulses, as shown in Fig. 29. This type of
network is called an integrating network.

10. “Constant-current” RC Circuit. In a series RC circuit as shown in Fig. 30a,
when C is discharged through R, the current varies logarithmically with time (see
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For pulses of short duration relative to the time constant E,C an

approximation to constant current is obtained by inserting the network L-E as in
Fig. 30b, where the time constant I./R is made much larger than the pulse duration

time. L and R are determined by the relation L = R2C, and the resulting current is
Circuit el % e E e I e %
Time constant RC L/R RC L/R
=l #1: :' Y i Yt i i
<P ' £ -1 T T &t .
t - EnP-€ 1P 1 -] EnP -ax€nP
Vip €7AF Va[ 56 ] V|I-0+;5)€ nP||V]1- P
a =i #1: lx = I I
x_ e Sl AT ,
€out t:p L -4 _ -
viek Va.[e r-€7 ] v]I-+ e n] v|i-E =€ "]
I-x -
P 4 P -4 kP 1 P ‘%‘_ ol _P
-v[l-(H‘-)e ']c w |y E Rk *ile;"" N OREY-LI e W LT YL P
" -a " -
/’V
-~ t P
T“r - . ' A
neo 0t — P ] 0Ot -— P
Ditferentioting)
€ out _ -~ -1 P - "I
(basedon| T=P - P
a=1) /{\
P 0t — P'/“ 0t— P
- - - -:
T»P Ve |
e —
N—=0n 0ot — P 0Ot — P
{Integrating)
Symbols and relations used: v- )-€ -at
t = time, sec, from start of pulse erV 1-¢ -oP
T = time constant, sec
P = pulse duration, sec 6 e (t<P)
V = maximum pulse voltage (input)
n =T/P (or T = np) Applied voitage pulse
a = arbitrary constant
a=aT
Fia. 26. Equations and pulse forms for output voltage of pulsed networks with exponen-

tially increasing pulses of duration P sec applied.

essentially independent of the load resistance R, except in magnitude. The actual
variation of the value of i during sueh a pulse is reduced to about 10 per cent of the
variation obtained with the simple RoC circuit.?

1 Fundingsland, O. T.. and G. J. Wheeler, Electronics, November. 1948, p. 130.
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_“:{ —WT
Circuit e N e Ny e s Ny I L
Time constant RC L/R RC L/R
a:zl e [e2F _1 ot el a «t:at  _ ¢
<P =2 nP_ nP = P _g nP
vi- e " v[ £ |-:€ ] Vas € " V[ T-a ]
-le a_,ll az| x #t
a
Cout et Vgt -k ae-%] e 6'3-6'*]
. - €° ~ax€ " Le°w
V- e 7h | v | ! VEE v[ -
=l a #l o =) a #h
— - [— — '
>p v ¥ e-%] P t | ¥ e"‘] 1P
' ER—€"n LeE aF
‘ viewr | v e "
v
ot— P
n-eo
Vieo
1S~
TP | ﬁ
€out
(bgs:ic)lon NEo 0Ot— P
Voo
\ ~
™FP [ oy
N oo 0Ot —- P
{ Integrating)
t
€(1ep)

Symbols and relations used: v OB
t = time, sec, from start of pulse
T = time constant, sec

P = pulse duration, sec

V = maximum pulse voltage (input) time—~

n =T/P (or T = nP) Applied voltage pulse
a = arbitrary constant

a =aT

F1G. 27, Equations and pulse forms for output voltage of pulsed networks with exponen-
tially decreasing pulses of duration P sec applied.
STEADY-STATE CURRENTS IN LCR CIRCUITS
11. Q in LCR Circuits. By definition,

volt-amp stored X
¢= watts dissipated R ®
Q of a coil:

oL _ 2L
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Q of a capacitor:
1

C=Cr~ 2.fCR

Q of a circuit:

wl,
Q= T ©
Input _/]
voltage
A o P
) A
utput ’
voltage & ._(-l)""_'_';__
3
>
True
derivative
Rectangulor Saw -tooth
pulse puise
Fig. 28. Pulse forms produced by differ-

entiating networks.
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1
(10)
1
T wCR. (ll)
input i
voltage
o P o P
Pl
Output & — /t
=3
vol'ago_:_; r P ) P
>
= A
True : i Ve
1 SN
integroi i =
0 P Time o P
Rectanguiar Sow-tooth
pulse pulse
Fig. 29. Pulse forms produced by inte-

grating networks,

where R, is the total resistance and L or C is the total inductance or capacitance in

the circuit. If both L and C are pres-
ent, w = 2r X the resonance frequency.

As a rule, the @ of a coil or capacitor
varies less with frequency than does the
effective resistance. Thus the assump-
tion that @ is constant is usually more
nearly accurate than the assumption
that R is constant in expressions for
tuned circuits. Expressions containing
Q are still approximations, however,
and are often loosely used without
regard for the fact that Q actually does
vary with frequency. Such expressions
are most nearly correct for large values
of @ (of the order of 100) and when the
frequency range is small.

In general, the ‘‘sharpness’ of reso-
nance of a circuit increases with increa-
sed values of Q.

Table 1 gives some representative
values of @ that may be expected from
coils and capacitors of types commonly
used within the frequency ranges shown.

C Initiily _ i
charged <G l Ro
S
o o
(a) Simpie RC circult
L
— T ——
+———— WA
R i
C Initiatly _ Re
charged < C
S
\

(b) Gircuit for constant {

Fia. 30. Modified RC circuit for short pulses
of constant current from discharge of C.



200 RADIO ENGINEERING HANDBOOK [CuaPr. 5
Table 1. Representative Values of (Q for Various Coils and Capacitors
Coils with Capacitors Capacitors
Frequency, cycles powdered Air-cored coils with paper with mica
iron cores dielectric dielectric
100 25— 50 3- 10 1,000
1,000 50- 75 25- 50 500 3,000
10,000 100-150 100-300 100-200 500
100,000 150-200 100-300 50-100 200-300
1,000,000 100-200 100-300 |  ....... 50-200
The following data are quoted from Franks:!
Fre- Fre-
Item quency, Q Item quency, Q
ke ke
100 uuf molded bakelite fixed Broadcast band bank-wound
CAPACItOr. .vvvvr e 1,000 40 | litzsolenoid 34 in. diamin 13¢-
Typical gang capacitor; bakelite 100 | 2,000 | in. square shield can......... 1,000 110
stator insulation. 1,000 700 | Broadcast band universal-
10,000 200 | wound litz coil with iron core
insamecan................. 1,000 185
Same with ceramic stator insula- 100 | 8,000 | Transmitter coil, 4}¢ in, diam
tion. 1,000 | 3,000 | and 5 in. long, 11 turns of %4-
10,000 | 1,000 | in. copper tubing............ 5,000 850
Single-section litz-wound uni- Transmitter coil 13{ in. diam
versal coil; 456-ke i.f., in can. 456 80 | and 13{ in. long, 12 turns of
Same but with powdered-iron No. 10 wire..........ovvunnn 10,000 400
(G006 00060000000000060000aaa 456 145 { Receiver coil, 1 in. diam and 3§
in. long, 5 turns of No. 14....] 30,000 270
12. A-c Impedance Relations. For applied voltage, e = E sin o!, o = 2xf,
f = frequency in cycles.
E .
Z=—I=R+]X=|Z[Ab ohms (12)
Z =+/R*+ X2 ohms (13)
X R . .
¢ = tan™! = cos™! 7= sin~! Z radians or deg (14)
Reactance of C:
X 1 ! h (15)
B o = — onms
¢ wC 2xfC
Reactance of L:
X, =L = 21rfL ohms (16)
Impedance of LCR in series:
. 1
Z=R+j\uL — — ohms (17)
«C
Impedances in series:
Zo=Z,+Z:+Z; + - - - (see Fig. 31) (18)

1 Franks, C. J., Electronics, April, 1835, p. 126.
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Formula : Xy=2ifL ohms when L is in fenries
=2+ 72t 257 + 6 e
Z0=2,*24724 ‘,Z" Xee _/:0__ ohms whenC is in mfds.
=Ry AR IRyF oo X X X7 ) anfc
Circuit Phase Angle | Magnitude of Zo | Algebraic Formulas
ko)
—_— 19 o
R= Zo =R+ X,
Z,— g K
L 0 7 =l/ 2 2
& Frequency 1Zol~VR*+Xi
Resistance and -7 X,
Inductance 190 ¢ =tan R
n Series
(b) .
= [90]
R % Zo =R —jXC
Lo T ¢ | Frequenc
T [0 u /Zo)=VR?+XZ
Resistance and | | -1 X,
Capacitance 90. | =X | g=tan g
in Series 0 Frequency
(c) X 90° Zo=j(Xz,“Xc)
L .E.‘—* /Zo/=/xb‘xc/
Zp— ¢ q ¢‘: P ] =0when X=X,
= 1% G .
Freq 2o : ¢ = fan o0 - (X, ~Xc)
Inductance and : =0 when XL=X¢
Capacrtance () 4 =-90 "when X1,>X¢
in Series 0 Frequency =+90 when X <X
(d)
L L E, ! Z0=R+j(XL'XC)
= ]
Zo™ ¢ : 2o/ YRZH(X, X ]2
RE 2 { =R when Xy =X,
Resistance Inductance —H—— L8 = tan~ X" Xe
and Capacitance 0 f ¢ =tan R
In Series 0 Frequency =0 when Xy <X ¢
Fia. 31. Equivalent impedances of series combinations of L, C, and R.
Impedances in parallel:
Z\Z, .
Zy = Z ¥+ Z (see Fig. 32a and b) (19)
18. Loss Due to Inserting Series or Shunt Impedance in Audio Circuits. In audio

circuits, attenuation-frequency characteristics are often purposely modified by the
insertion of corrective impedances such as equalizers, ‘‘tone controls,” and scratch

filters.

The following formulas give the insertion losses in such cases:

1. Shunt Impedance. The loss due to inserting a shunt impedance Z (Fig. 33a and b)
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2.7 '
Z.Z: ¥ 29

The shunting impedance can usually be lacated at a point in the circuit where the imped-
ances Z; and Z: are matched and where each is substantially a pure resistance through the

L = 20 logio (1 + — db (20)

Ry (RE+XZ)+ Ry (R2+X2)+j (X, (RE+XZ)+X (RE+X})]

o (s Bt (i *XeF
Xy =27fL ohms Xc= 5 I‘C 0/7ms (C in mfds.)
Circuit, Phase Angle |Magnitude of Zo Algebraic Formulas
(a)
90 Zo RN (X 1iR)
+| $73
z;> RE L2 RO Xy
Frequency /2/= RX,
Inductanceand | . VRZ+ X,
'gzsrlf,,,‘;g“ S O Frequency | @=rar'+ ﬁ
(b) 0
oy 9¢ Zom RX-(X.~JR)
= |IC |+ 2, %2
Z, " R EEJ— ¢a 2, _-__!2__ R *X
[ Frequency \ /Zo/- RXe
Reststance and | ~ | '*-_-. 4 “r Rzgff.
! . I ™
Copacitance i 170 OFrequency |®7" &,
(c) . oL/ ]
70 Zo= (%)
2, L cle L
o i Y s
_ | Freajuency { =00 whenX,,’Xc
Inductance and 1 "Xy Xe
Capacitance i } 00 Fre I:;e = ¢- fari oo ( = )
Paralle/ o Y =0 when Xt -Xc
Zo- RX[_,XQ[XLXC J(RX RXc)
(RXL'RXc) *ng:
] R A RX L Xc
zmr—- 1 /ZO/ RV_(R{ _Rgc FX('MZXi’
Resistance, ! O
Cgéﬁcggn;-; 'f @ =tari’- RXp -RXe
7,7 Pw",afL nce 0 Frequency =0 when X =Xo

Fla. 32a. Equivalent impedances of parallel combinations of L, C, and R.
range of frequencies involved. Then, letting Z, = Z; = Ro, the loss is

db=20logs \1 +22+ L ab (e00)

220 + Ro
4K?

2Z,

where K = |Z,|/Ro and ¢ is the phase angle of Z,. For various values of K and ¢ the loss
can be read from the curve (Fig. 34).

2. Series Impedance. The loss in decibels due to inserting a series impedance Z, (Fig. 33«¢
and ¢) is

L = 20 logio

db 21)

L = 20 logio Zi t Z’-+ ZE)

Z\ + Z,
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2R (RA4XF)+Re (R +XF)+ (X, (RE+ X2 )+ X2 (RE+X7)]
° (Ri+R)Z+ (X +X,)?
0°¢
X =2nfL ohms Xe= 27fC o0hms (C in mfds)
Tirculf | Fhase Angle [Magnthde F 2 “Algebrelc formulas |
e _RXZJ[E XX )+ RXe]
% R2+(Xp-X.)? 1
R R2+ X2
il - R 1 A AP
o’ ! ,74 N T l
oL if, |
Resiinlaree Fi .
hotchance i 1 & / requency RC whern Xy, *X¢ and R is small
kReries and in 2nvLC
|Feeraallel with (Har:+ angle PRt ( x,,(x,,-xc)m }
Capacitance |occirs when
105776+ 0>/
isivatidfor @/ =0 when Xy =Xc and R is small
(] 2, RuA*R:B)H X A-XB) -
et (R,,-ch)%(Xb—Xc)? A=(R:+X%)
LE £ \ |z, VRATRB O AXBE | B Ri X
Bo—=1 3p| i ! o (R +RZ+(X,Xc)?
jh IQ;A# :f
. 0 & L whenXy=Xand Ryand R //
| Fesistmnce oo : (Rt ] L"Ac L c aresma
rctarcein | ., Shegucncy R Rel€
LWaresand i |4 =
it with | | 2TVEC & = fary-1 XeA-XcB
il FuAsRe?
{efrce " <
inSeries [l fors] &0 when Xy =Xcand Ry and R¢ are small

F1a. 32b. Equivalent impedances of parallel combinations of L, C, and R.

The series impedance can usually be inserted at a point in the circuit where the impedances
Zy and Z3 are matched and where each is substantially a pure resistance through the range
of frequencies involved. Then, letting Z: 4 Z: = R, the loss is
1; I?o 'F 2!1
Ro

20 logie db

20 logio V1 + 2K cos ¢ + K? db (21a)

where K = |Z,|/Ro and ¢ is the phase angle of Z,. The loss can be read from Fig. 34 for
various values of K and ¢.

Zs

X X x x
s P >
Z, < 3] > > Zy >
’ 3z, 3zs 3z 3,
< < < <
> < < <
b3 T
L4 ¥ y
(a)- Clrcu#-dhAppﬁw (b)-Shurt Impedance (c)-Series Impedance
tage, £, Impedance Tnsericd Inserted
vf Source, Zy , and
Load lmpedanu,zz

F1a. 33. Shunt and series impedances inserted in audio-frequency circuits.
14, Series Resonance.

Resonance frequency:
1

4 ) 2r /LG

(22)
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100 p——r T : |
80 r B 5
60 ! T 1 'f
1 AL 3
40P | 1 | I 5
BAN N Tyt
[P r
v \\ “_Fgrl shunt conneci_uo_n. RGZ*Z, | !‘
I(a) \hf;z o;'_' — ‘ I_% 1
6 \.ooo‘_.:ca - ]
ﬂ?. S, - — .
4 -ﬂoo° ] -oooo /| L 1
3 14 | \\. 5\’0,1_ |
3o | N y| % X 1 = Lt 1
2 L[ [T 5
= SN 74
Ro L ';,// ;
! NN
™Y o T —
08 ! "‘\- = f\f-' R}!
06 = XX
o4 4 r"f. 1 \:\\
a3 y ____....a-_.-“f r /"/ NN i |
02 _'b :190_.“..--""-ll XL/_!‘" rl ;\.\00/ \hh:
",,r"r = / r(&(,/ Ih
K A 1 |
Ol — _.da_._ __og,('/ = ! |
[0 o] L0 ._50(‘ A =t ;
006 R 778/
X 0 =
004 A RAh \ B
cosleit Lt 1] | 1
“ /-""! For series connection: RyZZ+Z, | ,
002 T ] | j
Kot
ool | | | | \ 111] I

[oX] 02 0304 060810 2 34 6810 20 3040 60 80100
Loss,db

F1g. 34. Transmission loss due to insertion of shunt or series impedance.

lo— Corresponding Units of L, C, and f, for
Eq. (22)
'
Eo I
2, l—f - L fo L c 5
| 5
Eo c £ -
| “:’ Henrys Farads | Cycles
| E Henrys uf ke
l R o 7 uh uf Me
7 uh uuf Mc X 103
1
Frequency —»

(9) (b)
Fic. 35. (a) Series-resonant circuit and (b)
current vs. frequency for constant Eo.
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Impedance at resonance:

Z., =R, ohms 23)
Impedance at any frequency, f,:

2 2

Z, = R, + jorL (f‘—flf—) =12 /¢n  ohms @24)
2 2\ 2

1z)\| = Vsz + 4x2L2 (&—f—f') (25)

1

X 2rL(fi2 — f;?

¢ = tan"‘-ﬁi = tan™! l 4 ;:Rx % )] (26)

Subscript( denotes values at resonance, and subscript(;) values at any frequency f,.
Impedance in terms of Q:

Either of two conditions may be assumed: (1) Q is constant as frequency varies; (2)
R is constant as frequency varies. Neither is exactly true in any practical case because
R actually varies with the frequency in a complex manner. Expressions in terms of
Q, however, give fair approximations if @ = 10 or more and are, therefore, useful.

The differences for impedance between constant R and constant @ are a few per
cent in impedance near resonance for Q on the order of 10. For large @ and frequencics
farther from resonance, the impedances by either assumption tend to become equal.
The differences in phase-angle results are largest at frequencies farthest from resonance
and for small ’s. Near resonance and with large values of @, the values by both
assumptions approach equality.

For constant R:

wyL auL
R Q- o @7

%= VQ,+n+— (28)
tan-! I_Q, (n - %) ] (29)

¢ =
where n = f1/f,.
For constant Q:
- % all

=& &

Z)| 2

l—'— ‘Vg—,+n!+~—-2 (30)
¢1 = tan™! — (n - = (31)

where n = f1/f,.
Subscript(,) denotes values at resonance, and subscript(,) values at any frequency f,.

At resonance, the voltage drop (EvL) Co.
across L !is numerically equal to the ot
voltage drop (Ec) across C. In terms Constont "E?L D
of applied voltage Eo, when Q > 25, y‘:’,f_’:bﬂlz RoZ L, y"‘,’f’,’
frequency bt -
or |Es| = |Ec| = QEq oscillotor meter
Q = |EC| (32) Fi1G. 36. Direct-reading Q meter using series

E,

The latter equation is the basis of the direct-reading Q meter illustrated in Fig. 36.
The inductance L. to be measured is connected in series with a low-loss variable
capacitor C,. Voltage E, is applied from a constant-voltage variable-frequency oscil-

resonance principle.



206 RADIO ENGINEERING HANDBOOK [Caar. &
lator terminated in a very small resistance R,. The frequency and series capacitances
are adjusted for series resonance. A high-input-impedance vacuum-tube voltmeter
reads the series capacitor voltage |Ec| and may be calibrated directly in terms of @
from Eq. (32), the input voltage being known and constant. In precision instru-

Product LC for Any Frequency, F

1) ) 3) 4) () (6)
F F F F
upf-ph-ke LC uf-h-cps uuf-ph-ke LC uf-h-cps
uuf-h-cps upf-h-ke uuf-h-cps uuf-h-ke
100 0 253 | 30 | 30 10 400 0 151 8 | 14 40
105 0 229 | 75 | 30 10 5 410 0 15| 06 | 85 41
110 0 209 | 34 | 10 11 420 0 14 | 35 | 96 42
115 0 191 | 53 | 30 11 5 430 0 13 | 69 | 95 43
120 ] 175 | 90 | 40 12 440 0 13 | 08 ] 38 44
125 0 162 | 11 | 20 12 5 450 0 12 | 50 | 88 45
130 0 149 | 88 | 30 13 460 0 11 | 97 | 08 46
135 0 138 | 98 | 60 13 5 470 0 11 | 46 | 67 47
140 0 129 | 23 | 60 14 480 0 10 | 99 | 40 48
145 0 120 | 47 { 70 14 5 490 0 10 | 55 | 00 49
150 "0 112 | 68 | 00 15 500 0 10 | 13 | 21 50
155 0 105 | 43 | 20 15 5 520 0 9|36 |77 52
160 ] 98 | 94 | 60 16 540 0 8| 68 | 67 54
165 0 93 | 04 | 05 16 5 550 0 8|37 |37 55
170 0 87 | 64 | 80 17 560 0 8107 |73 56
175 0 82 | 71|10 17 5 580 0 715298 58
180 0 78 | 18 | 00 18 600 (] 7103 | 62 60
185 0 74| 01 10 18 5 620 [{] 6| 58 | U5 62
190 0 70 | 16 | 70 19 840 0 G| 18 42 64
195 0 66 | 61 | 48 19 5 650 1] 51 99 | 53 65
200 0 63 | 32 | 57 20 660 ]} 5181 | 50 66
210 0 57 | 43 | 83 21 680 (1] 5| 47 | 80 68
220 0 52 | 33 | 53 22 700 0 5(16)94]5 70
230 0 47 | 88 | 34 23 720 0 4188|6215 72
240 0 43 | 97 | 62 24 740 0 4|62 |57}0 74
250 0 40 | 52 | 84 25 750 0 4|50 | 31)6 75
260 0 37 | 47 | 09 26 760 0 4|38 (54]4 76
270 0 34| 74 | 66 27 780 0 4116|343 78
280 0 32 | 30 | 90 28 860 ] 3|95 78]6 80
290 0 30 | 11 | 93 29 820 0 3|78 (715 82
300 0 28 | 14 | 48 30 840 0 3(58(98}9 84
310 0 26 | 35 | 83 31 850 0 3|50 (59 )2 85
320 0 24} 73 | 66 32 860 0 342|486 86
330 0 23 | 26 | 01 33 880 V] 3127109]6 88
340 0 21 | 91| 20 34 900 0 3|12(7210 90
350 0 20 | 67 | 77 35 920 0 2199127 ]1 92
360 0 19 | 54 | 50 36 940 0 2|8 167}2 94
370 0 18 | 50 | 28 37 950 0 2,80 |66)8 95
380 0 17 | 54 | 18 38 960 0 21747185]1 96
390 0 16 | 65 ) 37 39 980 0 2163|747 98
400 0 15| 83 | 14 40 1000 0 2153|3013 100

Nores: Thedouble rules in Cols. 1 and 4 indicate that the decimal point inCols. 2and 5is at the double
rule; the single rules in Cols. 3 and 6 indicate that the decimal point in Cols. 2 and § is at the first
single rule. Thus, the LC product for 100 cycles (Col. 1) is 2,533,030 (Col. 2) when the units are uuf
and h; or is 2.533030 (Col. 5) if the units are uf and h (Col. 6).

For frequencies not listed, linear interpolation may be used for accuracies of 0.1%. For higher
accuracies, LC = 253303//2, neglecting decimals.
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ments, correction factors are applied to eliminate the loading effects of Ro and the
voltmeter impedance, and of the distributed capacitance C, of the coil.

16. Series-resonant Circuits as Equalizers. Series-resonant circuits are often used
as equalizers where it is required to eliminate or attenuate a certain frequency or a
small band of frequencies. The resonant circuit with Line
a variable resistance in secrics is connected in shunt

across the line or terminals of the circuit to be equalized, L '_g
and miore or less readily by-passes currents of the C E
resonant and adjacent frequencies, depending upon the % 2
adjustment of R (see Fig. 37). m “' ety

16. Scratch Filters. A series-resonant circuit is the
simplest form of scratch-and-hiss filter for electric
phonographs. The resonance frequency is usually
about 4,500 cycles; a typical filter is shown in Fig. 38 with its loss vs. frequency
characteristic. A low-pass filter with 5,000-cycle cutoff is much better for the pur-
pose, however (sce Sec. 62).

Fia. 37. Series-resonant
equalizer.

0 T T T T1TTIT
A
: \
-]
>
3 \
[~}
2 'S« /40 mitinenries Zp+ 3000 onms \
3, ol ¢:00075 mfa. 2, +3000 ohms
R+ 300 ohms, including covl resistance
25 | LI
100 500 1000 3000 6000

Frequency, cycles
Fia. 38. Transmission characteristic of scratch filter used with magnetic phonograph
pickup.

17. Tone Control. A series cireuit resonant at about 1,000 cycles is sometimes used
as tone control in an a-f amplifier. It may have a variable resistance and be connected
in shunt in a grid or plate circuit, or it may he shunted across part of a volume control.
Such a tone control tends to compensate automatically for the frequency characteristic
of the ear, which varies with sound volume.

f <
e
o -
— 3
- (2]
s g
2 5
o S
< =

- lf’ © 1"

Freauency —» Frequency —»
{a) (b) (c)

Fig. 39. Parallel-resonant circuit and characteristics for constant Eo applied.

18. Parallel Resonance; Frequency Relations. There are various definitions of
resonance in parallel LCR circuits, each of which gives a slightly different value of
resonance frequency. The following are the most uscful equations for parallel reso-
nance frequency in radio applications.

In all cases Ry and Rc are in ohms, L in henrys, and C in farads, giving f, in eycles.



208 RADIO ENGINEERING HANDBOOK [CraP. §

1. Free Oscillation Resonance (R¢ negligible).

f, = RiiC "C (33)

%vi“

This is the natural frequency of oscillation in a parallel circuit excited by a single
pulse. (Sec See. 5 also.)

2. L Variable and Adjusted for Mazimum |Z,|* (Rc negligible). If R is constant
as L varies,

*C
— + ==
2x \/LC \I L

Je = (34)

If L/R. is constant as L varies,
1

2x V/LC

3. Frequency Variable and Adjusted for Mazimum |Z| (Rc negligible).

f z,\/_c\/\/TL'C o (36)

4. C Variable and Adjusted for Maximum |Z,| (Rc negligible).

Jr = (35)

||1 RLC 37
\/_01" L &1

In this case, the phase angle of Z, is zero at resonance (Z, = pure resistance), and the
line current 7, is in phase with applied voltage E,.

The diffcrences between these resonance frequencies in ordinary circuits are of the
order of a fraction of 1 per cent and are trivial except when accurate measurements
or extremely critical circuit adjustments are involved. An example of the latter
case is the adjustment of a transmitter tank circuit for the highest possible efficiency.
Condition 4, which gives zero phase angle and unity power factor for the equivalent
impedance of the circuit at resonance, is the most common definition of parallel
resonance.

5. Z, = Pure R, and Rc and R, Not Negligible.
/L — R.2C

1
I = oG VL= ReC

6. Zo = Pure R, and R¢ Negligible.
—

1\.' R":C L ’\' - (approx) (39)
2 \/ LC L 21r VL Q 2
where Q, is the coil @ at resonance. This is the most useful expression for f, for
practical applications.
7. Approzimation When R, = Rc or When Rc and Ry Are Both Negligible.

fr =

(38)

e =

fom—— (40)

This ignores circuit resistance entirely and is used when approximate results are
satisfactory.

*{Zo| is the magnitude of the equivalent impedance.
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8. Special Case When Ry = Rc = \/L/C. The circuit isresonant at all frequencies

and Zo, = Ry = Rc = A/L/C at all frequencies. Since L/C is usually of the order of
10¢, R will be about 1,000 ohms, which limits the practical applications of the circuit.

19. Impedance Relations in Parallel-resonant Circuits. Exact impedance and
phase-angle cquations are given in Fig. 32b. The following are practical approxima-
tions.

Impedance at resonance (Rc negligible):

o Xet X XuXe | L
R R RL RLC

Z, ohms (resistive) (41)

Impedance at any frequency, fi (Rc negligible):
RiXc — j(R + X2 — X1Xc)
Rp?* + (X1 — X¢)?
X Rp® + X2
|Z,| = c—\/_l‘—il‘ (43)
VR + (X1 — Xo)?

Z, = X¢

= |Z/$: (42)

_ RL’+XL’—XLXC)
= t, 1 e e ——— 44
-3} an RiXe (44)
If R K Xy,
|z = & - -L . 45)
¢ '\/RL’ + (XL - XC)’ Y VRL’ + 4x2l2 (fl’ _fra)2
i

Subscript(,) denotes values at resonance, and subscript(i) valuesat any frequency, fi.
Impedance in terms of Q:

The comments in Sec. 14 relative to variation of R and Q in series-resonant circuits
also apply here.

At resonance (Rc¢ negligible, Q > 25):

Z, =9 - Qul =RQ* ohms 46)
wC
and
z,
2= @7

where @, = coil @ at resonance.

At any frequency, f; (Rc negligible, Q > 25) for constant R:

T .
— 4+ n?
LE% -— e 1 48)
n Q—', + n? + ;; -2
¢ = tan~! [—nQ,(n? — 1)) (49)

where n = fi/f..
Figure 40 is a family of resonance curves for |Z,|/w,L vs. frequency ratio n, plotted
for the condition of constant R. Figure 41 is a corresponding sct of curves for ¢1.
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300 |
200-Resonance curves in terms of Q and n

for parallel circuits Sp- =200
'OOE iz, _lgz+nz — 'Iv'-) ,Q=100
b Wi = Q @60
s0F rtn @2 -Q:=50
= A 0:40
~1Z\l= magnitude of equivatent TG
20} impedance _o_'g?
10l w, =21 x resonan! frequency ~0:/0
1= of circuit 1Zet
5 Atresonance w—' =Q ;
z l [ 1 for values of _" 1 _~
— .
w2 Q >10 7300 i \‘\
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F1a. 40. Parallel-resonance curves.
0
Pt —
A T
e =
/é + /
8% e —y
1408
80 :
i

w7 -

3 75 AT S

g i "\I

B

5 O B i

. / Sl

565 ekt

2 2 E:r

2 60 +—L&

& Eﬂ_ﬁ 24+ whe

© 55 X
50 LY
as 3l
aof 18]

c )
~ 1 = =
28 iseiabos am i Trtssssstasamams H i S et
0y 03 05Q6 07 08 09 095 1.0 1.05 LI 12 13 1415 17 19
n=f/ty

Fic. 41.

Phase angle of parullel 1.C eirecuit in terms of n and Q.
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For constant Q (Rc¢ negligible, @ > 25):

124 _ V1/Q) +1 (50)

ol /(n?/Q%) + n* + (1/n%) — 2
é1 = tan™! [—Q(n? — 1)) (51)

where n = fi/fs.

In all cases, ¢; is positive when f; is less than f, and is negative when f1 is greater
than f,.

When the circuit @ is 25 or larger, the impedance of a parallel LCR circuit at
fi = 0.707f, and at f; = 1.414, f is

1.414 |Z,|  1.414
Z| =—=—"|Z, or = 52
12 Q 12 1z] e G2

This is the basis for one method of measuring the Q of an inductance coil. The coil
is connected in parallel with a low-loss variable capacitor, and voltage is applied from
a constant-voltage variable-frequency source. The line current (I,) is measured at
resonance frequency and at 70.7 per cent or 141.4 per cent of resonance frequency (1),
and Q is then determined from the relation

L
Q = 1411
|7.]

20. Line and Circulating Currents in Parallel-resonant Circuits. The true circu-
lating current in a parallel-resonant circuit operating at or very near resonance fre-
quency is the current representing the energy oscillating to and fro hetween L and C.
This is a relatively large current (as compared to line current) and is a component of
both the L branch and the C branch currents /1 and Ic (see Fig. 39). A second
component of Iy, is the current representing the losses in the L branch, which include
the 2Ry, loss due to the equivalent ohmic resistance of the branch plus the energy
taken from the circuit by any inductively coupled load. A second component of Ie
represents ohmic losses in the C branch plus any load that may be coupled to that
branch.

In addition, if the applied voltage E, is not sinusoidal and of frequency = f;, the
harmonic currents through the L and C branches will not be equal because the react-
ances of the two branches are equal (approximately) only at the resonance frequency
f.. Thus currents produced by components of Ko whose frequency is less than f, will
flow principally through the L branch, while those whose frequency is greater than
. will flow principally through the C branch. Hence the total I, is not actually equal
to the total /¢ and the difference is the line current, Io.

In some cases, When the total losses of the LCR circuit are small, it is assumed that
the circulating current is I, = Ic. At the same time the line current cannot be
ignored but is given by the approximation

I, Ic
I, = -L =& (53)
‘T @
or, in terms of /o,
IL=1c=QI, (53a)

This approximation is most nearly accurate when the applied voltage is sinusoidal and
has frequency f- and when the circuit @ is high; it is inaccurate under any other
conditions.

21. Design of Parallel-resonant Circuits. To design a parallel-resonant circuit,
we have to determine values of L, C, R, and Rc to satisfy a given set of conditions.
Values of |Z,| at resonance, the resonance frequency, and Q will first have to be deter-
mined by analysis of the intended use of the resonant circuit.
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In a vacuum-tube oscillator, for example, f, of the tuned circuit is known, and |Z,|
at resonance is fixed by the permissible plate voltage swing. For Q (which includes
the effect of the external load coupled to the tuned circuit, as well as the latter’s
ohmic resistance) a value of from 12 to 20 represents a good compromise between
oscillator efficiency and frequency stability.

Another example of the factors involved in the choice of @ in an application is that
of a tuned circuit for an r-f amplifier to pass a modulated carrier. In this case the
LC circuit must have sufficient decrement to damp out its own natural oscillations
between successive peaks of modulation; otherwise there is an effective decrease in
modulation percentage with a corresponding loss of fidelity. If the carrier frequency
i8 fc and the modulation frequency f., the maximum decrement of the modulated
carrier wave at 100 per cent modulation is approximately

5 = 2.303 logro [ — (54)

The decrement 3, of the tuned circuit should be 10 to 20 times as large as &; for faithful
response. Then Q for the tuned circuit is

Q= (65)

ia

The value of |Z,| at resonance will depend upon plate-load impedance requirements
of the amplifier tube.

In some cases the ratio of volt-amperes ecirculating in LC to watts dissipated is the
basis for the design of an LC circuit; in this case

volt-amp stored
=—— 6
watts dissipated )

The effect of any load coupled to a tuned circuit must be taken into account as part
of the total effective R of the circuit. If the power taken by the load is W, watts and
I¢ is the eirculating current in LCR, the total equivalent impedance of the circuit is,
approximately,

R =Ry + ;—V—: ohms (approx) (57)
c

where R, is the chmic resistance.

Examples of Design of Parallel-resonant Circuit. Assume that a parallel circuit (Fig, 39)
is to be resonant at 5,000 cycles, with an impedance of 4,000 ohms at resonance (n = 1) and
an impedance of 100 ohms at 3,000 cycles (n = 0.6). From Fig. 40, |Z,|/w.L = 0.9 for all
values of @ when n = 0.6. At resonance |Z,|/w,L is to be (4,000/100) X 0.9 = 36. From
the curves it is found that Q@ = 36 gives |Z,|/w L = 36 at n = 1 where w, = 31,416. Then
forn =1,

4,000
" 36 X 31,416

LC for 5,000 cycles = 10.136 X 10719, Then C = LC/L = 0.286 X 10~¢ farad, and
R = wL/Q} = 3.08 ohms.

As a second example suppose there is to be designed a tuned circuit for an r-f amplifier
which requires a plate-load impedance of 10,000 ohms and which is to amplify a 1,000-ke
carrier with amplitude modulation up to 5,000 cycles. From Eq. (54),

s, = 36uwrl = 4,000 or L = 0.00354 henry

1
8; = 2.303 logtoe _5—)(10’ = 0.0159

10¢

1 —=

82 = 20 &1 = 0.318
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Q=2 =986= 12l tom Ea. (65)
o2 well

|1Z¢| _ 10,000
wr. 0 9.85 1,015
weL 1,015
e }
. 2t 162 uph

LC for 1,000 ke = 2.53 X 10710
LC 253 X 107w

=T "Teexiov -
_woL 1,015
R = Q 085 103 ohms

This consists of the ohmic resistance of LCR plus the equivalent R of the coupled load, as
computed by Eq. (67).

22. Design of Oscillator Tracking Circuits. In superheterodyne receivers with
“ganged” capacitor tuning, the most common method for tracking the oscillator-
tuned circuit at a constant frequency difference from the r-f circuits is by means of a
gang capacitor with identical sections and with an adjustable padding capacitor in
series with the oscillator section., A typical oscillator circuit of this type is shown in
Fig. 42. The tracking is approximate as no combination of Cy, Cs, and C; will give

(C,’Cv) (02’03) #C2Cs

Cosc *
C,:Co *+Cy Ci+C2+Cy
— e
—
T
T
o Cy | . .| Oscliiator section
coil oA A voriatie L _1Cs 114 “vla of varloble capocitor
L 1S dist cop 7T T capacitor " T T= A~ (lidentical with
# trimmer i R-F section)
!
(a) R-F circuit Cy = Osc. trimmer

Cg * Osc. padding
Cg * Dist. caop. of osc. coll

(b) -Oscillator circuit
Fig. 42. Oscillator tracking circuits for superheterodynes.

perfect alignment at more than three points on the dial as shown in Fig. 43. These
points are usually chosen near the ends and the middle of the frequency range—in a
broadeast receiver, for example, at 1,400, 1,000, and 600 ke. Slight tracking errors
will exist at all other frequencies in the band ; these will be approximately proportional
to the i-f frequency used. The maximum errors are at the ends of the band and
amount to about 2 ke for a good design with an i.f. of 175 ke.

The values of C;, Cs, and C; may be determined by calculation or by experimental
methods. Either method involves a considerable amount of labor. The following
design procedure, due to Roder,! is probably the most direct method of solution (six-
place logarithms or a calculating machine are recommended for all calculations):

Step 1. Known constants:

a. Three frequencies of perfect alignment (= f,). (Usually 1,400, 1,000, and 600 ke for
broadcast receivers.)

b. R-f circuit inductance ( = L).

¢. R cireuit trimmer capacitance (= Co). (Including distributed capacitance of r-f
coil.)

1 Roder, Hans, Oscillator Padding, Radio Eng., March, 1935, p. 7.
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1
3
kS
gl
'
B Y | 1
| |
| |
! |
| |
I | | TS
1400 100C 600

R.F. Frequency, kc.
F1a. 43. Closeness of tracking secured by formulas.

d. Intermediate frequency ( = fi).
e. Distributed capacitance of oscillator coil (= Ci).

Solution to yield: Values of Ci, C2, and Loac.

Units: All constants are measured in the following units:
J = frequency, ke
L = inductance, ph
C = capacitance, puf

Step 2. Compute

. 233X _ o'
" Lf? Yn = 353.3 X 10

for each alignment frequency.

Step 3. Compute
=uz—ua+zzB—z|A Y=ynB—y;A

X B -4 B - A

v — Y
z: —n

where A =
B = Y — Vs
Xy — X2
Step 4. Compute
K=(zn-XYnn—-Y)=@-Xp:-Y)=@ -X)y -Y)

[CHAP. 5

(The truth of these identities is a check on the accuracy of the calculations thus far.)

Step 5. Compute
m = %(1 — o)

where v = 0.5u — 0.3125u? 4 0.2188u?
- 4C,Y

="K
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Step 6. Compute
CL=Co~-X ~ %: (1 + 0.750 + 0.6250 + 0 5470%)

1\/7{
C=3Nam

Step 7. Compute Loy = mL

and

Example:
Step 1. Let
Jr, = 1,400 ko L = 200pxh
Jr, = 1,000 ke Co = 30 uuf
Jr, = 600 ko Cs = 15upf
fi = 176 ke
Step 2.
I Joec x v
1 1,400 X 10° 1,875 X 103 684.617 0.0195865
2 1,000 X 100 1,175 X 108 126.650 0.0109011
3 600 X 10? 775 X 103 351.808 0.0047424

Step 3. A = 140.0126 X 107¢ B = 27.3531 X 10™¢
X = —5.1103 Y =0.1138 X 1072

Step4. K = 1.2863.

Step 5., u = 53097;v = 2.5700 X 10™%; m = 0.7674.
Step 6, Ci = 20.17 puf; Cs = 1461.5 upuf.

Step 7. Loeo = 151.60 uh,

28. Tapped Tank Circuits. In some cases the high impedance of a parallel LCR
circuit at resonance is a disadvantage,
e.g., at the end of a low-impedance Ao— A o—

transmission line where the correct ==Cz L Le
termination is about 500 ohms. How- ! Re =
. B8 o— 8 Ce
ever, the low impedance can be ob- w2 =Lc R Low 2 Ry
tained by tapping the LCR circuit in d Ly
either the L or C branch as shown in Ce (o) Co— (5)
Fig. 44. The result is a coupled cir- o
cuit, that part of the reactance be- Capacitaonce tapped Inductance tapped
tween B and C being the mutual Fig. 44. Tapped tank circuits.
impedance.
1. Capacitance Tapped. In Fig. 44a, the impedance at B-C is
1 g RiLC,
Vises ( )+
|Zac| = Ci(Cy + ;:) Ci(Cy + Cy) (68)
If R is small,
LC,
Al e 58a)
\Zsel = ZG2Cs + O ‘
and its ratio to the impedance Z 4c is
|ZBC| C!’ (58b)

[Zacl ~ (C: + Co)?
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The resonant frequency is

fr = (59)

2r AL C‘C’ !
‘\II ¢, +C:

and the impedances Zac and Zpc are both purely resistive at resonance.
The ratio of C, to C: for a given ratio between Z.c and Zgc is

&~ (V-1 @

In terms of the resonant frequency, inductance, and the impedance ratio,

4= 2L " Zpe

Cz =
4x2,2L (1 = \/g—"c)
Z ac

2. Inductance Tapped. In Fig. 44b the inductance is tapped, and the impedance at
B-C i (assuming no mutual inductance between L, and L)

Lle 2Ll
R\Ry — ——F 7
\[ ( Ty = L)Ca Cz) (\/(L. + L,)C,

(61)

(62)

Z =
l BC| Rl + Rz -
Ryl Ri VU + La)C:)?
+ = (63)
V (L1 + Ly)C: C,
If R, and R; are small,
25| = it (64)
C:(Ry + R3)(Ly + Ls)
and its ratio to the total impedance Z4¢ is
1Z scl L,?
=~ 65
|Z acl (I + L,)? (£2)
The resonant frequency is
1
2x /(L + La)C,
and the impedances Z4c and Zgc are both resistive at resonance.
The ratio of L, to L for a given ratio between Z4¢c and Zsc is
Ly _ [Zuc
—=\z— -1 67
L. Zpc 67)
In terms of the frequency, capacitance, and the impedance ratio,
1 ( Z sc)
=—{1— 68
b = gapac, e S
L= — Zoc (69)

4x*,2Cs YZac
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COUPLED CIRCUITS

24. Coupling. Two circuits are coupled if they have a common impedance so
situated that it causes the current flowing in one circuit to influence the current in the
other. The common impedance may be resistance, capacitance, inductance, mutual
inductance, or any combination of these. In the general case where it contains both
resistance and reactance, the analysis is complicated.!

M
" VL
Mutual Inductance Coupling
{
c\l =
E ng Le K = Lm
R, L gm: VL1 + Lw)(L: + Lu)

Direct Inductive Coupling

c I Le |
- € C\Cs
= K= \/(cx FC)(Cr ¥ C)
R, L Re

Capacitive Coupling

U
M\M
Le Ls C‘J_ K = Ml - 2 7
Le Lm V(ln —-L—l)(lu = —L—i)
m 'm

Re

where Lm = L: + L,
Link Circuit Coupling
F1a. 45. Commonly used types of coupled circuits and their coupling coefficients.

26. Coefficient of Coupling. The extent of coupling between two circuits is called
the coefficient of coupling and is

K = X (70

VXX,

where X,, is any one component of the mutual impedance (wLm, 1/wCm, or oM in
ohms) and X, and X, are the total impedance components of the same kind in the
respective circuits, including the mutual impedance. K varies in value between 0
and 1;if it is nearly 1, the coupling is close or tight; if it is near 0 (K = 0.1 or less), the
coupling is loose.

26. Coupling Coefficients for R-f Circuits. Values of K for four types of coupling
most used in r-f circuits are given in Fig. 45.

! For discussions of this case, see G. W. Pierce, ‘' Electric Oscillations and Electric Waves,” McGraw-
Hill, 1920, and C. B. Aiken, Two-mesh Tuned Coupled Filters, Proc. IRE, February, 1837, p. 230.
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27. Mutual Inductance Coupling at Low Frequencies. In Fig. 46 circuit I is
coupled to circuit II by the trans-
L — T g — former (mutual inductance) T. The

x primary and secondary windings, X,

2,32 . " i and X,, are assembled on a closed iron
1329, E p $ (% Z2  core. At low frequencies, including
i audio and commercial power frequen-

r cies, the magnetic coupling is almost

Circult I Clrcult O perfect, which results in a large value

Fre. 46. Transformer coupling of low-fre- ©f M and makes K nearly equal to 1.
quency circuits. Also X, and X, have sufficient induct-

ance so that X, > Z, and X, > Z,.
Under these conditions, the following approximate relations hold:

Impedance looking into primary:
X Ny\?
Zo =_X_tZ1 €3 (r‘,) Zz
where A, and N, are number of turns in primary and secondary windings, respectively.

Current ratio:

I, N, N N
T2 N, 2 N. 1 1 N, 2
Voltage ratio:
E; N, _ N, N,
Ez N. El = N. E1 Ez E El

Volt-amperes:
E\I, = E;I, + transformer losses

Z, _ (N,,)’ Z _ (N.)’
Z, N, Z, N,

These simple relations are not quite exact for any actual transformer because of core
losses, flux leakage, and resistance and distributed capacitance of windings. Also,
since these imperfections vary with frequency, the various ratios likewise change with
frequency. A well-designed transformer may give results approaching 90 to 95 per
cent of the values given.

To minimize the effects of these imperfections, transformer designs must take into
account not only the ratios but also the actual values of primary and secondary cur-
rents and impedances. For this reason, a-f transformers are rated in terms of the
actual impedances between which they are designed to operate, and the frequency
range over which they will give satisfactory performance. Their performance out-
side these ratings is likely to be deficient. Thus, an a-f transformer designed to
match one impedance of 500 ohms to another of 50 ohms (Z ratio of 10:1) probably
would not give satisfactory results if used between impedances of 50,000 and 5,000
ohms, even though the impedance ratio is the same.

28. Mutual Inductance Coupling at Radio Frequencies. Excessive core losses,
high resistance of windings, and large distributed capacitance bar the use of a-f types
of iron-cored transformers in r-f circuits. Without iron cores, only small values of
coupling between primary and secondary can be realized. Open cores of powdered
iron are frequently used in r-f transformers, but their effect is principally to increase
the circuit @ with little effect on the coupling. However, the range of frequencies
that an r-f transformer is required to pass efficiently is usually small in comparison
with the center frequency. The side bands of an a-f modulated signal, for instance,
occupy & frequency band whose width is only 2 or 3 per cent of the carrier frequency.

I'mpedance ratio:



Cuavr. 5] " COMBINED CIRCUITS OF L, C, AND R 219

(This is not true for all types of radio signals, however. A television signal may
require a band width of 10 to 15 per cent of the carrier frequency. In this case, simple
transformer circuits are not suitable coupling devices.)

When the band width is a small percentage of the center frequency, the limited
values of K in an r-f transformer can be compensated by resonating the primary and
secondary circuits. The transfer of energy in such an arrangement will vary with
frequency, but this can be made reasonably constant over a narrow band that is still
sufficiently wide to accommodate side bands.

29. Practical Relations in Transformer-coupled R-f Circuits. A practical applica-
tion of a tuned coupled r-f circuit is shown in Fig. 47, which represents an i-f trans-

7p»Gm:Co Ci Ry

M
—h—

Cp Cs
Lp Ls — !
E
9
| R, Ry 5
A AAA Y
VvV Wy

Fra. 47. R-f amplifier stage with tuned coupled circuits.

former used to couple the output of a pentode tube to the grid of the following tube.
The same circuit and the formulas pertaining to it apply equally well to t-r-f coils

with untuned primaries if C, is elimi- M
nated from both circuit and equations. )[ ——
For practical purposes, the effective- I

c

ness of the coupled circuit of Fig. 47
is determined by its gain and its selec-

9,

tivity. These quantities are dependent €o L =
not only upon the L, R, and C of the Ce
coupling circuits themselves, but also Ry

upon the effective input and output im-
pedances of the two tubes, which shunt . .
the primary and secondary and alter FId: 48. Coupling circuit equivalent to that
their resistance and capacitance. of Fig. 47.

The circuit of Fig. 47 is very nearly equivalent to that of Fig. 48 if

Ci=0C,+0C, L =L, Rl=_l.+,-p

w?C\%p
1
=C, f =L, Ry = —— + R;
C:=0C.+C L. ' = SCOR. +

where Cp = output capacitance of tubes

C: = input capacitance of tubes

rp = tube plate resistance

R; = tube input ohmic resistance
L, and L, = self-inductances of primary and secondary coils, each determined with

the opposite circuit removed or uncoupled
For pentode tubes, the circuit input voltage is approximately

E, = % x E; (1)

wl 2

where E; = input voltage to grid of first tube. The equivalent voltage E, may be
considered as coming from a source having zero internal impedance.
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For triodes, the equivalent voltage is approximately
Ey=uXE; (72)

but in this case it must be considered as coming from a source whose internal imped-
ance is equal to r,, the plate resistance of the first tube. E, is the actual input voltage
to the grid of the second tube.

30. Band-pass Characteristics of Coupled Circuits. If the primary and secondary
circuits are individually tuned to the same frequency fo so that L,C, = L:C, (L, not
necessarily equal to Ls, nor C, to C,),

2 2

| - xh< R—-';—R' the secondary current I, varies with
rt+pt frequency according to one of the reso-
* T2 nance curves of Fig. 49. Since E, ap-
Ie rt+rt Dplied to the grid of the following tube is
or > —5—%  nearly proportional to I, for narrow
Eq bands, these curves also represent out-
put voltage and, therefore, the gain vs.
frequency characteristic of the amplifier

stage.
The shape of the response curve de-
pends upon the ratio of Xn? to (Ry®
N + R,?)/2,* while the peak gain depends
= : upon the ratio of Xn? to R1R:. With
AT ° mutual inductance coupling, Xm» = oM.

Fia. 49. Variation of secondary current and 1. Peak Values of Secondary Current
gain with frequency and degree of coupling. and Voltage vs. Coupling

CriticaL couprLing: When X2 = R,R,, the coupling is called critical, and the curve
has its maximum at fo, as shown by curve 2, Fig. 49. Critical coupling also gives the
maximum possible peak value, and this is

E,
Iy = ———— (approx) (73)
’ 2 ViR
or
E,
E;pas = (approx) (74)

20:Cs v/ RiRs

where wo = 2xfo, = 1/A/LiCy = 1/+/L1Cs, and other quantities refer to the equiva-
lent circuit of Fig. 48.

In terms of K and Q, the coupling is critical when K = 1/4/Q.Q;, where @, and Q;
are the respective Q’s of the primary and secondary circuits. Practically, these are
approximately the Q’s of the primary and secondary coils. IfQ, = Q. = Q, K = 1/Q
for critical coupling.

UNDERCOUPLING: When Xa? < RiR, the circuits are undercoupled. In this case, the
%urve has a lower maximum than for the case of critical coupling, as shown by curve 1,

ig. 49.

OvERCOUPLING: When Xa? > R R;, the circuits are overcoupled. This may produce
either a single or double peak, the latter case being shown by curve 3. In either case,
the peak or peaks are equal to the maximum for critical coupling if R, = R, and is
slightly less if B, ¢ Rs.

2. Frequency Characteristic and Shape of Curves.

SINGLE PEAK CURVE: When X a2 < (Ri? + R,?)/2, the curve has a single peak (curves
1 and 2, Fig. 49) and has approximately the same shape as the resonance curve of a

parallel LCR circuit whose Q@ = \/Q1Q..
* This was pointed out by Aiken, loc. eit.
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DouBLE PEAK CURVE: When Xa?! > (Ri? 4+ R:?)/2, the curve has a double peak
(curve 3). If, in addition, R: = R; = R, the value of coupling for transition from
the condition of single peak to double peak is the same as the value for critical coupling,
and X» = R. Furthermore, the peaks have maximum possible value.

3. Selectivity and Gain. Increasing ABW)4 -
coupling increases gain, up to the point -{BW), - -1
of critical coupling, and reduces selec- r -l
tivity and, in practice, the best value
of Xm is a compromise between gain :"_
and selectivity. For example, in i-f
transformers for a-f modulated signals, I
it is common practice to adjust cou- o
pling to about 80 per cent of critical. Eq

In i-f circuits where high fidelity of
response is of major importance, over-
coupling is frequently used to broaden
the nose of the curve by double peak-
ing. This passes efficiently the upper
gide bands due to higher a-f modulat-
ing frequencies. Such a curve is
shown in curve 3 of Fig. 49 and is
reproduced in Fig. 50 with dimensions
added for reference in Sec. 31.

81. Equations for Band Width and Gain. Although it is ordinarily easier to meas-
ure the response curve of a coupled circuit than it is to measure R: and R: and cal-
culate the curve, relations between circuit parameters and gain and response are useful
for design and analysis. The following relations give close approximations to exact
values for the circuits of Figs. 47 and 48 and are based partly on Aiken’s! results.
The principal assumptions are that the band width is negligible compared to fo,
that R: and R: are constant throughout the band width, and that E, is proportional
to Ia.

|

—————- () = —————

Frequency —sf, fo f,

Fre. 50. Band-pass characteristic of over-
coupled circuit.

Symbols used in gain and band-width equations:

E; = input voltage to first tube grid (Fig. 47)
E, = input voltage to second tube grid
1 1 . . wo
wo = = , both circuits tuned to fo = —
LiCi  /LiCs 2x
K=-M
V' L\Ls
- ol
Q= R
- wols
Q= R

G, = tube transconductance

Gain at center frequency for any value of coupling is proportional to dimension ¢ at
fo of Fig. 50 for either single or double peak curves and is

E, _ GuM _ GmwoK \/LiLs (75)
E;  @CiCi(RiR: + wo*M?) 1 .

— 4+ K

Q1Q:

! Ibd.
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If both circuits are identical and Ri = R:; = R, Q1 = Q: =Q, and L, = L, = L,
the gain is

_g,! - GuM GmwoKL (76)
E; woC1C3(R? + wo’M’) 1 .
o + K

Mazximum possible gain at center frequency is proportional to dimension p at f, and

occurs when coupling is critical (woM = R\R: or K = 1/4/Q\Q:) for either single or
double peak curves and is

E, max = Gmwo?lyL, - GnQiQ: /' RiR: a7
E; 2 vV RiR: 2

If both circuits are identical and Ry = R: = R, Q. = Q: =Q, and L, = L. = L,
the gain is
E, _ Gmwll? _ GuQ?R _ GumQuol
BT 2R 2 2 ()

Gain al peaks of double peak curve (when 2we*M? > R)? 4+ R,?) is the dimension p
at f1 and f. of Fig. 50 and is

E, _ 26 M

Ei  u0iCs V4wt MRy + R:)? — (R:? — R»?) @)
If Ry = R, = R, the gain is
E, _ Gm = ©1Q:RGm _ QiwelsCom (80)
E; 2wC\CiR 2 2
Transition from single lo double peak occurs when
. \/R' + R M- wlo = ;L’EL’ (81)
If R, = R, = R, transition occurs when
Jfo = %LM or M= go (82)
gqnd width, peak to peak, when L, = L, = L is the dimension (BW), in Fig. 50
and is
(BW),=01592\/ o Bt R +R= -fo \[K,__ 1(0’ (83)
If Ri = Ry = R, o
W), = 222 A =R - fo K - (84)
If Q, and Q; are both large,
(BW), = Kfo (approx) (85)

Band width between points on curve where gain equals gain al center frequency is (BW),
in Fig. 50 and is

— 2
(BW). = V2 (BW), = (%25 wtM? — R_"_;'_R_’

=\ffo\/K"'-(Q,+le 87

(86)
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If R = R: =R,

®W). = 222 /LT - VEL K - -

If Q; and Q: are both large,
(BW). = /2 Kfo (approx) (89)
Band width at point where gain is n db down from center gain of double peak curve
when L, = L; = L is (BW); in Fig. 50:
(BW),; =

0.1125 V 2wt M? — Ry — Rs* + /20t M® — R1® — Ry* + AD(RiR: + wo'M?) €T
L

where D is a function of n to be read from Fig. 51. Equation (90) is approximate and
is not accurate for points more than about 10 db down from center gain.

9
8

7

6

0+ 0B /

5 /
D

a

3

2 .

/

] /

o B

0 | 2 3 4 5 6 7 8 9 10

Gain-DB Down re Gain at f,(*n)
Fi1a. 51. Values of D vs. n for use in Eqs. (91) and (92).

If R, = R: = R,

_0.1592 Vgt — B + Vgt dlt — K* + (I + w7 ©1)

(BW)4 T

Coupling for band width of W cycles at n db down from center gain of double peak
curve when L, = Ly, = L is

39.48L2 W

— 92
D RiR, (92)

LW
woM = 2.507 \/-T)— /30.48L*W*(2D + 1) + D(R: + Ra)? —

where D is a function of n to be read from Fig. 51. W is identical with (BW).in other
equations. Equation (92) is approximate and is not accurate for n larger than about
10.

SOME SPECIAL APPLICATIONS OF LCR CIRCUITS

32. Band-pass R-f Circuits. If two identical tuned circuits are capacitively or
inductively coupled (Fig. 52), the circuit acts as a band-pass filter with a band width
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approximately
/Xt — R?

2xL ®3)

fn =fl —f2 =

The band width varies with the tuning, increasing with the frequency in the inductive
case, and decreasing with the frequency in the capacitive case (Fig. 52). These
opposing effects may be combined in the manner shown in Fig. 52, so that the band

€, C; c & G, Co
¢
L = L2 " Lm Ste L, . Le
m
G :Co:C C;=Cp =C C,:Cp =C
Ly* L=t Lyl =L LyLg=t

KoK,
F16. 52. Coupled circuits as band-pass filters.
width is maintained substantially constant while the circuits arc tuned over a wide

range of frequency by adjustment of Cy and C..
Uehling! has shown that this condition obtains when

Xmw = + VR + 422172 (94)

where R, is the resistance and L the total inductance of each branch and f, is the band
width. With X computed for the two boundary frequencies f, and f, of the tuning
range, the values of M and Cn required are given by
mefb h Xm.fa

PARSUN

fa = fi
Cm = - (95‘1)
oK Jo = Xom,fa)

Representative values of A/ and Cn, for fo = 1,500 ke, fo = 550 ke, Ra = 30 ohms,
R, = 10 ohms, L = 200 X 107¢ henry, and f, = 10 ke, which are typical constants
of broadcast circuits, are

M =32 X 10"t henry and Cm = 0.06 uf

M= (95)

The inductive coupling M must be negative so that its effect will be additive to that
of Cm. This may be obtained by winding the coils M (Fig. 52) of two wires side by
gide and by connecting the “start’ ends of the coils to C: and C1 and the “finish”
ends to Cm.

33. Decoupling Filters. When the plate current for several tubes of a high-gain
amplifier is obtained from a single source, the internal resistance of the source is com-
mon to all the plate circuits and is likely to act as a coupling between stages. Similar
couplings may exist through a bleeder circuit when screen voltage for two or more
tubes is taken from a common tap or through a bias resistor common to the control-
grid circuits of several tubes. To reduce such stray couplings to negligible amounts,
decoupling filters are generally inserted in the circuits of each tube and separate bias
resistors are used.

1 Electronics, September, 1930, p. 279.
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A typical application of decoupling filters is shown in Fig. 53, the filter elements

being indicated by heavy lines.
the cathodes for the signal currents flow-
ing in the grid, screen-grid, and plate
circuits, while the high-impedance resis-
tors R and chokes in the leads to the
voltage divider prevent any appreciable
flow of signal currents in that direction.
The choice of values for these resistors
and chokes depends prineipally upon the
currents in the leads and the permissible
d-¢ voltage drop in each filter. The
impedance of each by-pass capacitor
should be not more than 10 per cent of
that of the associated resistor or choke,
at any frequency for which the amplifier
is designed to operate. On the other
hand, the value of C should not be so
large in any filter that ‘“blocking” or
motorboating occurs due to too high a
time constant.

The value of each cathode resistor,
when separate biasing resistors are used,
is equal to the bias required, divided by
the total cathode d.c. of that tube. The
screen-grid filter resistors serve as volt-
age-dropping resistors as well as filters,
and their values are determined by the
IR drops required for correct screen
voltages.

84. Circuits for Obtaining Out-of-
phase Voltages and Currents. Two
circuits producing voltages 90 or 180 deg
out of phase are shown in Figs. 54 and
55 with their vector diagrams. These
are often useful in circuit designs and
oscillograph measurements. To main-
tain these phase relations, high imped-
ance circuits only should be connected
across ¢; and ez.

A circuit for obtaining currents 90
deg out of phase with each other is
shown in Fig. 56.

To utilize these currents, nonreactive
loads R, and Rc¢ are introduced, with
values such that R.Rc = L/C and
R. = Re.

86. Frequency Discriminator Circuit.
The frequency discriminator -circuit
shown in Fig. 57 is applied in af.c,
f-m detection, frequency-drift indica-
tors, etec. L:C; and L.C; are tuned to
the same frequency and doubly coupled:
(1) directly at B and (2) inductively by
M. After rectification, a’bias E is ob-

Capacitors C furnish low-impedance paths back to

Screen tap

-—ET I_ Voltage divider +

To rectifier and ripple filter
Fia. 53. Resistance-capacitance filter usage
to isolate power-supply system from alter-
nating currents.

eyondi

]
J

SUNIEY, P
4
AAAA

|
L
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o
)

e, leads ep by 90°approx.

o +3 s, 90°
Fi1ec. 564. CR circuit for obtaining out-of-
phase voltages.

9Q° approx.

-_-_m----
?

P

¢ f‘z 90°approx.

L must have low R ez
e, leads ep by 180° approx.

Fia. 85. LC circuit for obtaining out-of-
phase voltages.

iz

> £

~ 90° approx.
iy
ip loads I, by approx. 90°

Fi1a. 68. Circuit for obtaining currents out of
phase by 90 deg.

tained which, between limits C and D, is proportional to the difference between the
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frequency of the input voltage and the resonance frequency of LC. The time constant
of R,C, should be much less than the period of one cycle of the frequency variation in
the input voltage.

Fie. 57. Frequency discriminator and characteristic.

38. Compensation in Resistance-coupled Amplifier. In a conventional resistance-
coupled amplifier (Fig. 58) the amplification falls off at low frequencies because of
o increasing impedance of C. and at high
Tl frequencies because of the shunting
1 effect of stray capacitance C,. In
Ry wide-band amplifiers, the compensat-
ing impedances L and R,C) are added.
L | For approximately constant gain be-
R tween frequency limits fi (low) and f»

Ry Cy % ?

"o
"3

A

| TR | SIS ——

(high),
1 R
R = —— L  _ Je———y
*Ey “E¢ L 2xf,C, 4xfy
Fia. 58. Compensated resistance-coupled am- - 1 -
plifen K= A

(96)

This type of compensation also tends to corrcct for phase shift near the limits f1 and fa.

TRANSMISSION LINES AND NETWORKS

37. General Properties of Transmission Lines. All the rclations in this section
apply to any smooth transmission line with uniformly distributed constants and are
exact except that radiation and end effects are not taken into account.

Characteristic impedance is equivalent to the input impedance of an infinitely long
linc and is

R + juL

Zy = WG ¥ juC ohms 97)
or
N ETA .
|Zo| = \_m ohms (magnitude) (98)
or
Zy = \Z,Z. ohms (99)

where Z,. and Z,. are the line input impedances with the far end open- and short-
circuited, respectively, and R, L, G, and C are the resistance, inductance, leakage con-
ductance, and capacitance of the line per unit of physical length. For practical pur-
poses any convenient unit length such as 1 ft or 1 cm may be used. The same unit
length must be used throughout any one computation, however.

The ratio of the currents I, and I at points along the line one unit length apart is
determined by the propagation constant, which is
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P per unit length = log.% = V(R + juL)@ + juwC)
2
=4 +jB (100)

Attenuation Constant. The real part A of P determines the relative magnitude of
I,/1; and is

4 = 6.141 \/\/(R’ + wiL)(G* + w!C?) + RG — WiLC db/unit length  (101)

Wavelength Constant. The quadrature part B of P determines the relative phase of
I,/I and is

B =0.707 \/\/(R’ + wiL?) (G + wiC?) — RG + wiLC radians/unit length (102)

To obtain the value in degrees per unit length, change the constant before the radical
in Eq. (102) from 0.707 to 40.51.
Velocity of propagation is

w _ 2xf .
14 B-B unit lengths/sec (103)
Wavelength is
A= 281 unit lengths (104)
Retardation time or delay is
t = e h sec/unit length (105)
w 2xf

Line Terminated in Any Impedance Zgr. The input impedance is

7. = _E_'. - Zg cosh Pl + Z, sinh P!
T ®Zo cosh Pl + Zg sinh Pl
Zr/Zy + tanh Pl ohms (106)

°T ¥ Zz/Z, tanh Pl

=27

where | = length of line in unit lengths
P = propagation constant per unit length
Zgr = receiving end termination impedance
Z, = characteristic impedance of line
Z; = input impedance of line
E, and I, = voltage and current at sending end
Current at any point z unit lengths from sending end in terms of sending end current
is
Z; .
I. =1, (cosh Pz — 7. sinh P:z) amp (107)
0

Voltage at any point z unit lengths from sending end in terms of sending end volt-
age is
E. =E, (cosh Pr — %9 sinh Pz) volts (108)

13

In this case, the current and voltage along the line vary from point to point because
of standing waves. (See Sec. 54 for conditions in r-f lines.)
Lines Terminated in Impedance Z,. The input impedance for any length of line is

Zi = Zyg ohms (109)
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Current or voltage at any point z unit lengths from sending end in terms of sending
end current or voltage is

% = i—’ = Pz = ¢~A%¢"iBz = ¢~Ax(cos Bz — j sin Bz) (110)
The ratio of voltage to current at any point z along the line is
E
22 =2z 111
I 0 (111)

In the communication field, transmission lines may be classified according to the
frequency bands that they are required to transmit, as audio- or radio-frequency lines.
Simplified forms of the general transmission line formulas result from the introduction
of approximations that are appropriate to each case.

38. Terminating Conditions for No Reflections and Maximum Power Transfer.
Conditions for maximum power transfer through a transmission line call for the source
and load impedances to be the conjugates, rcspectively, of the line input impedances
as seen from cach end of the line with the opposite termination connected. Condi-
tions for no reflections at the ends of the line call for source and load impedances to be
equal to the line characteristic impedance. These conditions are mutually incom-
patible if the line Z, is not pure resistance. In the general case where Z, has a
reactance component, the best terminating impedances are a compromise between
efficient energy transfer and the avoidance of reflections. Fortunately, in practical
r-f lines Z, is very nearly a pure resistance so that both conditions are both satisfied by
making the source and load impedances pure resistances each equal to Zo.

Radio-frequency lines whose terminal impedances are not equal to Z, are inefficient for
two reasons: (1) they do not deliver maximum power to the load, and (2) some energy
is reflected at each mismatched junction. Any impedance irregularity along the line
also produces reflections and should usually be avoided. Thus, bends in an open-
wire line should be gradual, with a minimum radius of about A/4, and the line should
be kept clear by at least A\/4 from large masses of conducting or dielectric materials,
including ground.

The amount of reflection at the junction of a line terminated in impedance Zr which
is not equal to Z, is expressed by the coefficient of reflection

_Zr—Zy _ Zr/Zd) — 1
Zr+ 2o (Z7/Zo) +1

In lines whose sole purpose is the conveyance of encrgy from one terminal to the other,
reflections are objectionable because, with each passage of the wave back and forth
along the line, additional energy is lost through ohmic and radiation losses. In addi-
tion, interference between the original and the reflected waves produces standing
waves of voltage and current whose magnitudes detcrmine the current-carrying
capacity and insulation that must be provided in the construction of the line. This
magnitude is expressed by the standing wave ratio (SWR),

(112)

me_Imll_l+k

Emin Imin 1-k (113)

where k is the coefficient of reflection defined in Eq. (112).
89. Audio-frequency Lines. In opcn-wire lincs and large-gage cables, G is negligi-
ble, so that

A =614 VuC /R + o'L* — «:LC  db/unit length (approx)  (114)

and

B = 0707 VuC /R® + w'L* + «’LC  radians/unit length (approx) (115)
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In small-gage cables, both L and G become negligibly small, and

A =1539+/fRC  db/unit length (approx) (116)
and
B = 1.772 \/JRC radians/unit length (approx) (117)

In both cases the loss is seen to vary with frequency. The transmission-loss fre-
quency characteristics of various kinds of a-f circuits are shown in Fig. 60, and other
characteristics of typical audio lines are shown in Table 2.

~n

L1 P | [ 7

33,db per Loop Mile

Transmission Lo:

(=]

400
£requency, cycles
F1a. 69. Transmission-loss characteristics of various audio-frequency circuits.
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Ko For 500 ohm line:
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_—/0 -]
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- B, -
= 200 =3
5 ey
300 R ]
---' ——
B0 g
R=1G00 ENi =]
0
100 200 400 600 1000 2000 4000 6000

Frequency, cycles
Fia. 60. Attenuation-frequency characteristic of equalizer shunted across a 500-ohm
circuit.

40. Equalization of Transmission-loss Characteristic. From the curves in Fig. 59
it is evident that, if a band of frequencies is transmitted over a line, the higher fre-
quencies will suffer more attenuation than the low frequencies, resulting in distortion.
The prevention of this condition necessitates the use of attenuation equalizers in high-
quality circuits. A typical 5,000-cycle equalizer for this purpose and its transmission-
loss curves are illustrated in Fig. 60, and the curves for the bare line, equalizer alone,
and the equalized line are shown in Fig. 61. The equalizer is usually connected in
shunt across the receiving end of the line, preceding other apparatus.
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Table 2. Characteristics of Some A-f Circuits
(Per mile of line at 1,000 cycles)
Distributed constants per | Propagation z
loop mile constant v
Veloe-
U \ b, | Ve [ Lo
ype of circuit B, |Mag- miles | miles/ mil/e
R, L, G, A " ra- ni- | Angle, sec
ohms| henrys| mhos| farads dians/ | tude,| deg
mile | ohms:
No. 8 open-wire, 18
in spacing........ 6.74]0.0038 0.29(0.00825/0.0050(0.0355{693 |— 7.721177 177,000(0.044
No. 16 eable, NL...|42.1 (0.001 | 1.5 |0.062 0.0842(0.0974(330.6| —40.65| 64.51| 64.500(0.73
No. 19 cable, NL...[85.8 |0.001 | 1.5 |0.062 0.1249]0.1338{470.1]—42.8 | 46.93| 46,900/1.C8
No. 16 cable, B22
load. . ........... 43.1 |0.040 | 1.5 |0.062 |0.0273]0.3139(809.1}~ 4.76| 20 20,000|0.24
* 4 is in napiers per mile; multiply by 8.686 to convert to decibels per mile.
8 I Loss of equaized ind S A+ 5 |
T
7 A+ Loss /'ni ! | !
2i2e,
6 o s
Line [ R L
°5 For 500 ohm line <
3 L=0.006 henry (275 turn A\
€4 honeycomb coil) | A
T C*0.175 pfd.
23 R*0 1o /1000 ohms .Y
c
Equalizer l / \
2= - —
i L
3 e Jin® _L=
t 8+ loss N bo "T-F‘
0 |
50 100 200 400 600 1000 2000 4000 6000
Frequency, cycles
Fic. 61. Attenuation equalizer for short cable circuits.

41. Artificial Lines.

to simulate the electrical characteristics of an actual line.

R R, Ry
20 20 20

Ry
20

An artificial line is a compact network of lumped impedances

T T°

F1a. 62. Two sections of arti-
ficial nonloaded cable.

cable or 10 miles of open wire should be represented by one section.

Such a network having
approximately the characteristics of an unloaded
cable or open-wire circuit may be constructed as
shown in Fig. 62 and is useful in laboratory meas-
urements and investigations.

The constants Ri and C: are the loop resistance
and capacitance of the full length of the line to be
represented. For standard cable R, = 88 ohms and
C: = 0.054uf per loop mile; values for various other
lines are given in Table 2. As the similarity between
the artificial and the actual line increases with the
number of sections in the former, it is preferable to
use at least ten sections, and not more than 1 mile of
The end sections

should be “mid-series” terminated; i.e., their series impedances should be one-half
that of the internal sections.
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42. Delay Networks. Three typical Outpu?
networks are shown in Fig. 63. It is ¥ fop ,’,::,"g:,,“

assumed that each is fed from a source Ioad
whose internal impedanceis B = \/L/C /vt froii @;ﬁ
and that it is terminated in a pure re- ¥ """:é é E j—
sistance of the same value. Thedelayed Type |
signal output is taken from a variable outpur
tap and fed to any device having an vor. fap. 1o high
internal impedance which is large com- — oI Impedance
pared to R. Since networks I and II —— -Iunrm foad F
are respectively high- and low-pass filters  ,, , ,,,,m %R' <
of the constant-K type, they have am- R i ‘-T——T—T--Lr— ¢
plitude attenuation characteristics as C Type I
shown in Sec. 62. Network III has no Output
cutoff frequency if coupling between the Var. tap 10 high
two halves of each coil is perfect. Rela- LoL L ::':;”’”"
tive delay vs. frequency characteristics , ., mm‘—’m‘-- . J'—r
of the three types of networks (using the source with T°C T°C T RV
same valuesof L and C in each case) are o, [L Colls conter lapped
shown in Fig. 64. The following rela- ¢ Type IX
tions are based on resistanceless net-
o1 Fra. 63. Del t N
works and hold within about 1 per cent 1a elay networks
if the coil Q is 20 or more and the capacitor @ is 100 or more.
R = \/% (approx) for all three networks (118)
Network 1. Amplitude attenuation is large up to
1
. ™ ——=—= cycles (119)
e VLC
and is zero thereafter (high-pass).
10 - -
a— - -
K i I
¢ - I
: N ]
2 | {1
8> \i |
8 2 i i
o |
| Y AT i |
g NN ]
1 ==z wt
8 0.8 A S R
N
Eos O N T H
£ ! X 1
>04
§ 03 \\ \ix.‘x
: \ I
5 02
e %_
O'E)J a2 03 04 06 Q810 20 3040 608010 20 30

Relotive frequency
Fia. 64. Delay vs. frequency characteristics of three types of delay networks using the

same LC in each case.
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Delay for f < f. is

1 .
t = 5}’ sec/section (120)
Delay for f > f. is
t 2 gin-1 ! /section exactly (angle in radians) (121)
=—g8in"l ——— sec 3 r
w 2w V/LC Y

1 1 1 3 1 1
- — +-[o0.04167 ( _) 0.00468 ( __)
w?*/LC *e [ © VLC i wVLC

+ 0.000698 ( 1 _.) ! ] sec/section (approx) (122)
w\/LC

Delay for f > f. is

t = m sec/section (approx) (123)

Network II.  Amplitude attenuation is zero up to cutoff frequency

1
. = — cycles (124)
fe=vic
and is large thereafter (low-pass).
Delay for f < f. is
2 —
t = p” sin~1 g \/ LC sec/section exactly (angle in radians) (125)

=+VILC + i[0.04167(w V'LC)? + 0.00468(w \/LC)* + 0.000698( \/LC)]

sec/section (approx) (126)
Delay for f < f. is

t=+/LC sec/section (approx) (127)
Delay for f = f. is
1
t = T sec/section (approx) (128)

Network II1. Amplitude attenuation is zero at all frequencies for 100 per cent
coupling between the two halves of each coil. In practice, this condition cannot be
attained, and the attenuation will increase gradually with frequency.

Delay for all frequencies is

sec/section (angle in radians) (129)

By reference to Fig. 64 it is evident that the delay for networks II and II1 is constant
to within =+ 5 per cent for all frequencies up to that indicated as relative frequency = 1.
This value corresponds to f = 1/2xr v/LC for the network characteristics shown in
the figure.

The principal use of network I is to obtain large delays at a single frequency, since
in the vicinity of f = 0.55/2x \/LC (relative frequency = 0.55in F ig. 64) it produces
about four times as much delay per section as II or III with the same coils
and capacitors.

A practical application of a delay network of type II, as used in the formation of
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television synchronizing pulses, is illustrated in Fig. 65. With the constants shown
the delay is 0.235 usec per seclion for all frequencies up to about 680 ke.

Input Adj. tap L
; —-Delayed signa
Coax. siZMIL L L ﬁy T yed signol

{%@ I TIC ’T‘IC 1. IT;“ TIC TI% §R=|0000hms

L=250x 10"€h C=220x 10™'2uf
Fia. 65. Example of low-pass delay network used in television pulse circuits.

43. EC Filter for Small Currents. An economical RC filter for small currents as
suggested by Scott! is shown in Fig. 66. A special feature is the shunting circuit
through R4 to feed voltage 180 deg out
of phase to the point X. This can be
adjusted to give a very high attenuation ", }
at one particular frequency which it is M B MaAAh A
desired to eliminate. As shown, this /npwr ZRC >RC 7TC 7C =C Oulput
filter is low-pass; a similar high-pass
structure can be made by transposing Fic. 66. RC filter for small currents.
the R’s and C’s.

44. Resistance Pads. Resistance pads are artificial lines whose series and shunt
elements are pure resistances and are used principally as attenuators in a-f circuits.

2 Z
b b
AN
2z 2z
] a
2b
Balanced TT pad Unbalanced TT pad
a ]
2 % 2 % a2 a2z
—MMM,—][—www—
2, 3bz Z Z b2 52,
s

]
]

a a
2’ 2?
Balanced T (or H) pad Unbalanced T pad

2 2Input impedance 2 Oufput impedance
Fi1a. 67a. Pads to be used between equal impedances.

The amount of loss caused by insertion of a pad in a circuit may be accurately com-

puted and is independent of frequency if the terminating impedances are resistances.
Either = or T structures may be used as pads, as shown in Fig. 67a. Both are elec-
t Scott, H. H., Electronics, August, 1939.
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trically equivalent, but for identical values of loss and impedance one type may require
resistors of more convenient values than the other. A pad to be used in a circuit that
is balanced to ground should be of the balanced = or T type; otherwise the unbalanced
network is satisfactory and requires several less resistors to build.

46. Pad Design. To design a pad, three constants must be known: the input and
output impedances and the loss in decibels. The input and output impedances of a
pad are usually made equal to those of the circuit to be connected to it. The design
procedure depends upon whether these are equal or are different from each other.

VZ| 22A

—— AYZ,Z,
MMM
2,2,A
2,8-VZ,Z, 22z  2:8-VZ,Z, 2
- 2,Z,A .77
2,8-Y2,2, 2,8-V2,2,
VZ,ZA
2
Balanced 1T pad Unbatanced TI pad
_l_ﬁ_vzlzz]Lﬂ!_V 2,2, 21 V2,2, 22 Vz,2,
2| C A |7|C A c T A T A
Z, VZ,Z, Zp
— pr—
A
L[ﬁ-vz'zﬂLﬁ- Z-Zz]
t)c A ] 2[c A
Balanced T (or H) pad Unbalanced T pad

F16. 67b. Pads to be used between unequal impedances.

1. Equal Input and Output Impedances. In this case, the value of each element is
found by multiplying the proper constants, selected from Table 3 in connection with
Fig. 67a, by the value of the input or output impedance Z in ohms.

Example: To design a 10-db, 500/500-ohm pad of the balanced T type: From Table 3,
for 10-db attenuation,a = 0.5195 (hence a/2 = 0.2597) and b = 0.7027. Then the required
resistances are 0.2597 X 500 = 129.85 for the series elements and 0.7027 X 500 = 351.35
ohms for the shunt element.

2. Unequal Input and Output Impedances. In this case, the design involves more
computation. The value of each element is indicated by Fig. 67b, the constantis of
which are to be found in Table 3. The ratio of input to output impedance (or vice
versa) of a pad of given loss is limited by the fact that, for large values of the impedance
ratio, certain of the pad resistors would have to be negative in value if the loss of the
pad were to be below a certain minimum value. The maximum impedance ratio
which a 10-db pad can have, for example, is 3.018. Stated in another way, this means
that, if the impedance ratio of a pad is to be 3.018, its loss must be at least 10 db.
The maximum impedance ratios for various values of pad losses are also given in
Table 3. These are the same for both = and T pads.
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Table 8. Constants for Pads of Fig. 87 e
Max ratio
T 4 B ¢ | a b 1/b 1/a 1/2b 21/2s
or Zs/21
1 0.1154 1.007 |0.1150|0.0575|8.664 0.1154|17.39 0.0877 1.014
2 0.2323 1.027 (0.2263(0.1146]4.305 0.2323| 8.724 0.1161 1.085
3 0.3523 1.060 (0.3325(0.1710(2.838 0.3532| 5.848 0.1761 1.124
4 0.4770 1.108 [0.4305(0.2263(|2.097 0.4770( 4.419 0.2385 1.228
5 0.6084 1.170 [0.5192(0.2801|1.645 0.6084| 3.570 0.3042 1.369
6 0.7472 1.248 [0.5986(0.3323/1.339 0.7472] 3.009 0.3736 1.5857
7 0.8960 1.343 |0.6673(0.3825(1.116 0.8960| 2.615 0.4480 1.804
8 1.0570 1.455 |0.7264(0.4305(0.9462 1.05870( 2.323 0.5285 2.117
9 1.2320 1.586 10.7763(0.4762(0.8118 1.2320| 2.100 0.6160 2.515
10 1.4218| 1.738 10.8181(0.5195(0.7027 1.4218| 1.925 0.7109 3.018
11 1.6324 1.914 |0.8527(0.5601(0.6127 1.6324| 1.785 0.81682 3.663
12 1.8659 2.117 (0.8814{0.5986(0.5359 1.8659| 1.6870 0.9329 4.482
13 2.1223 2.346 [0.9046(0.6343(0.4712 2.1223( 1.576 1.0611 5.5064
14 2.4067 2.605 (0.9235(0.6672(0.4155 2.4067[ 1,498 1.2033 6.786
15 2.7230 2.901 (0.9387(0.6981(0.3672 2.7230] 1.432 1.3615 8.415
20 4.9522 5.052 |0.9802|0.8182{0.2020 4.9522} 1.222 2.4761 25.52
25 8.8612 8.918 |0.9940(0.8032[0.1128 8.8612| 1.119 4.4306 79.52
30 15.800 15.830 |0.9980(0.9387(0.06331 15.800 | 1.0685 7.900 250.5
35 28.094 28.112 10.9994|0.9649|0.03560 28.094 | 1.038 14.047 790.2
40 50.000 50.0094(0.9998|0.9802/0.020000 50.000 | 1.020 25.000 | 2,500
45 88.9028 88.933 (0.9999|0.9888|0.01124 88.928 | 1.011 44 .464 | 7,909
50 158.1 158.102 (1.0000(0.9937(0.0063258 158.10 1.0086 79.050 (24,980
680 500 500 1.0000|0.9980|0.002000 500 1.002 250
70 | 1,581 1,581 1.0000(0.9994|0.000632 | 1,581 1.001 790
80 | 5,000 5,000 1.0000|0.9998|0.000200 | 5,000 1.000) 2,500
90 (15,810 15,810 1.0000(0.9999(0.0000632(15,810 1.000] 7,908
100 (50,000 50,000 1.0000|1.0000|0.0000200,50,000 1.000|25,000
. 1
A = sinh 0 s=c"12
B = cosh 0
1
C = tanh 0 b= 2
loss in db Zy 22
e io = or — = B
[} 5.686 Max ratio Z: or 7 B

Example: To design a 20-db"500/200-ohm pad of the unbalanced = type:
Z\ = 500 ohms Z: = 200 ohms
From Table 3, A = 4.9522 and B = 5.0522. Then,
Z\Z:A
2:B — \Z1Z:

Series element = 4/Z:Z34 = 1,567 ohms
Z1Z:A4

Z\B — \/Z:2,

Input shunt element = = 713 ohms

Output shunt element = = 430 ohms

46. General Properties of R-f Lines. Useful working formulas for r-f lines are
obtained by making use of the fact that at radio frequencies wL and wC become very
large in comparison with R and G, respectively. The results are approximations
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whose accuracy depends upon whether R and G are treated as zero or as small
quanuntities.

Symbols used in R-f line relations:

L = inductance, henrys/unit length

C = capacitance, farads/unit length

R = series resistance. ohms/unit length

G = shunt conductance, mhos/unit length

Note: L, C, R, and G are values for one unit length of two conductors.

V = actual velocity of propagation
V.F. = velocity factor, actual velocity as fraction or per cent of speed of light
v = speed of light, 3 X 10® meters/sec
w = 2r X frequency, cycles
f = frequency, cycles
fme = frequency, megacycles
d, = inner diam of outer conductor both i .
d; = outer diam of inner conductor th in same units
d = diam of conductor both i .
s = spacing between conductors, center to center th in same units
! = length of line in unit lengths
Unit length = arbitrary small length of line, as 1 em or 1 ft
in. = (as subscript) dimensions in inches

1. Dissipationless R-f Lines. (R = 0 and G = 0; approximate conditions for air-

insulated copper lines.)
Characteristic impedance is

[
S

1
= ohms (130)
Velocity of propagation is

V = I i sec
Vic unit lengths/!
=p = 3 X 108 meters/sec (131)
Propagation constant is
P =jB = ju\/LC (132)

Wavelength constant is
B = wVILC = wCZ, radians/unit length
= % = 2.0944 X 10787 radians/meter (133)

Wavelength (physical distance) is

2r 1

A= —— =, —= it length
wNIo = IVic unit lengths

meters (134)

t=—=+/LC sec/unit length

= 0.333 X 10—¢ sec/meter (135)
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2. R-f Lines with Small Attenuation. (R # 0 and G # 0; approximate conditions
for lines with dielectrics other than air.)
Atlenuation is

C L
A = 4343 (R Vg + @G V—) = 4.343 (-Ii + GZo) db/unit length (136)
L C Zy
The other constants for lines with small attenuation are

L G R
z,-\/;[1+j(%——c,—m ] ohms 137)

V= :I/—f:_c unit lengths/sec

=9 X V.F. meters/sec (138)
LC
B =12 \)/F radians/unit length
i 108
= E.%X—F—f radians/meter (139)
A V.E unit lengths
FVIC .
108 300
= 3 Xf X V.F. = -ﬁ«_ X V.F. meters (140)
LC
t = %g sec/unit length
-3
= % sec/meter (141)

Although it is possible to calculate the velocity factor (V.F.) approximately for a
given line, usually it is more practical to use the actually measured value. See
Sec. 53 and Table 4.

The foregoing relations are equally applicable to coaxial and parallel wire lines.
For lines of specified configurations, L, C, and R can be evaluated in terms of physical
dimensions to give the relations that follow. G is not readily computed and, if it is
not negligible, should preferably be measured.

3. Parallel Two-wire Open R-f Line. (Neither side grounded; copper conductors;
R and G small.)

2
Zo = 277 logu.—g8 ohms (142)

This holds if 8 = 10d and the height above ground is 10s or more. Values of Z, for
various conductor sizes and spacings are shown in Fig. 68.

V o

din. X Zo

where din. is the conductor diameter in inches. Equation (143) is based solely on copper
losses and neglects all other losses. For accurate results, measured values are prefer-
able to calculated values.

Storage factor is

A = 0.867 db/100 ft (143)

Q =% - 883.9du X V/Te X loBro 5 (144)
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Mazimum voltage gradient is the same for both wires, occurs at the surface of each

wire and at the point nearest the opposite wire, and is
0.342E
gradmsz = m—lms-/d) volts/cm (145)

where E is the voltage between the wires at the point in question.
4. Coazial Two-conductor R-f Line. (Copper conductors; R and G small.)

do
Z, = 1385 logmz-_ ohms (146)

Values of Z, vs. the ratio do/d: are shown in Fig. 69.

0.00313 V fMe [l + (dn/dl)]
doin. logro (do/ds)
where d, i, is the diameter of the outer conductor in inches. Equation (147) is based
solely on copper losses and neglects leakage conductance G. When G cannot be

neglected, measurements are preferable to calculations.

db/100 ft (147)

A=

Q = 0.8863d, in. V' fMc log1o (do/ds) (148)
1 + do/ di
Optimum Diameter Ratios for Copper Coaxial Lines*
Optimum quantity de/di 2o, ochms
Max antiresonant Z.......cooeveencrvoconorornocaoccns 9.185 132.9
Max Q and min attenuation (see Fig. 69) 3.592 76.64
Max breakdown volts.......... 2.718 59.93

Min temp. rise, inner conductor 1.835 36.38
Max power carrying capacity... 1.648 29.94

* Smith, P. H., Electronics, February, 1950.
Mazimum voltage gradient occurs at the surface of the inner conductor and is

0.342F
. L N— 149
grad I Toge (o)) volts/cm (149)
where E is the voltage between inner and Outer
outer conductors and d; in. is the diame- c:nduclor\ {:Z:Z/clor
ter of inner conductor in inches. i
5. Resistance of Copper R-f Lines. . /
For two-wire open lines, |
\/__ T\
0.
R =" 19_92‘. Je ohms/100 ft  (150) -Caramic insulator bedd~

(a)Air dielectric bead-insulated line
For coaxial lines,

_ 0.0998 v/ I (1 + (do/di)]
d,

Armor - Outer shield > Dielectric »

R

in.
ohms/100 ft (151)

' 3 /

. . Plastic or rubber® Inner shield® g
I? bot};_ ca?eis, the reslslt(ance is in terms  jocke? Inner conductor
of 100 ft of line and takes into account .
the fact that there are two conductors. (b)Solid dielectric cable .

47. RCA Six-wire Line. A type of Fia. '70. Typical constructx'on' of cgmmercml
open-wire line frequently usedfor feeding coaxial types of r-f transmxssxon- lines. ‘
a broadcast transmitting antenna which operates with one side grounded is shown in
Fig. 71. The four outer wires are connected together and grounded to act as one
conductor, and the two inner wires are connected together to act as the second con-
ductor. The outer wires function as a shield and limit radiation from the line to about



Table 4. Characteristics of Commercial R-f Transmission Lines
{(Manufacturer’s ratings)

(174

Type No. Loes in decibels per 100 ft
[ Outside T A Vel Max rms
Manufacturer Type line dimensi Insulati ondrslorsise | VOS] Zo | voltsor
oy (inner, if coaxial) | ity power 100 | 200 | 1,000
Mfr. |RG/— 1 Me |10 Me) 50 Mel peo | Mo | Me
Amphenol..... .. 21004 8 | Coaxial 0.405 diam | Polyethylene | 7—No. 21 65.9 | 52 4,000 volts [0.130 | 0.520] ..... 18.0
21-007 | 11 | Coaxial 0.405 diam Polyethylene | 7—No. 26 65.9 | 75 4,000 volts (0.115 | 0.470} ..... 16.0
21013 | 17 | Coaxial 0.870 diam Polyethylene | 0.188 in. 65.9 | 52 11,000 volts |0.038 | 0.180} ..... 9.6
21015 19 | Coaxial 1.12 diam Polyethylene | 0.250 in. 65.9 | 52 14,000 volts (0.030 | 0.142{ ..... 8.3
21017 21 | Coaxial 0.332 diam Polyethylene | 16 Nichrome 65.0 | 53 2,700 volts (1.3 4.3 | ..... 82.0
21-019| 34 | Coaxial 0.625 diam Polyethylene | 7—No. 21 65.9 | 72 5,200 volts [0.115 | 0.470} ..... 16.0
21024 | 58 | Coaxial 0.195 diam Polyethylene | No. 20 65.9 | 53.5( 1,900 volts (0.240 [ 1.00 | ..... 34.0
21-025| 59 | Coaxial 0.242 diam Polyethylene | No. 22 65.9 1 73 2,300 volts |0.260 | 1.00 | ..... 28.5
21038 [ 22 | Parallel shielded ]0.405 diam Polyethylene | 7—0.0152in.each | 65.9 [ 95 1,000 volts [0.220 | 0.860] .....
RCA............ B wire [ .. | Open wire 15 squaret Ceramic post | No. 6 stranded ... | 230 500 kw  (0.04
Andrew......... 83 .. | Coaxial 0.375 diam Spaced beads | No. 12 86.0| 70 250 watts$(0.100 | 0.324| 0.754] 1.09 | 1.61
87 .. | Coaxial 1.625 diam Spaced beads | 0.50 in. 97.8 | 66 5kwt [0.020 | 0.0685 0.150| 0.219( 0.321
737 .. | Coaxial 0.875 diam Spaced beads | 0.25 in. 92.0 | 64 2kwt 10.037 | 0.119] 0.281| 0.414] 0.617
450 .. | Coaxial 0.875 diam Spaced beads | 0.312 in. 93.3 | 51.5 3kwt [0.041 } 0.130| 0.318| 0.460| 0.673
451 <. | Coaxial 1.625 diam Spaced beads | 0.625 in, 95.3 | 51.5 10kwt 10.021 | 0.068| 0.161( 0.234| 0.346
452 .. | Coaxial 3.125 diam Spaced beads | 1.2 in. 92.8| 51.5 42kwt 10.011 | 0.035 0.096] 0.145( 0.230
453 .. | Coaxial 8.125 diam Spaced beads | 2.5 in. 99.3 | 51.5 166 kwi [0.0053| 0.017| 0.039{ 0.056| 0.081
Amphenol. ... ... 14056 | .. | Parallel conductor(0.4 X 0.062| Polyethylene | 7—No. 28 82.0 | 300 Receiver type |...... 0.390( 1.30 | 2.10 | 3.60
14079 { .. | Parallel conductor)0. 185 X 0.06 | Polyethylene | 7—No. 28 77.0 | 150 Receivertype |...... 0.460| 1.60 | 2.70 { 4.70
14080 ( .. | Parallel eonductorlo. 133 X 0.06 | Polyethylene | 7—No. 28 68.0 | 75 | Receivertype|...... 0.850( 3.00 | 5.00 | 8.30

MOOGANVH HNIJAANIONT 0IAvy

* Velocity in per cent free space velocity.

t Not including mounting brackets.

1 For line operated with SWR = 1.

Data obtained through courtesy of American Phenolic Corp., Andrew Co., and RCA.

g avap]
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0.015 per cent in one wavelength of linc as comparcd to about 1 per cent for an unbal-
anced two-wire line of corresponding dimensions. Ground conductivity losses are
also reduced by using the six-wire line. The characteristic impedance using No. 6

copper conductors is 230 ohms, and the attenuation is approximately 0.04 v/fmc db

per 100 ft. throughout the 550 to - -
1,600-kec broadcast band for a soil r 1 .
conductivity of 50 X 107'* emu. L= ~l

48. Impedance Relations in R-f - %
Lines. At high frequencies the at- T
tenuation constant of a line is so small { . - Suppor ting
that it may be neglected in many cases ! “21‘ Lracke!
to simplify impedance calculations. &
On this basis, Z, is essentially pure e Insul-
resistance, and the input impedance I 11 otor
of a line terminated at its end in any ,'\/ L >
impedance Zr reduces, from Eq. ! | G outsr wires
(106), to S | grounded
P Zr cos IB + jZysin IB s, T;

i =207 s 1B +jZrsin B 5! 706 sirensed

Zr cos 2xl/\ + jZosin 20l/N 3§ 4, . copper
®Zocos 2xl/x + jZrsin 2l/A  § & Supporting pote
7. Zr/Zo +j tan 2aI/\ 3 y
= 20 ¥ jZ1/Z, tan 2xl/\ s
x o
ohms (152) Ground

in which [ is the length of the line and Fig. 71. Six-wire r-f line with low radiation.
A is the wavelength of the signal, both (Courtesy RCA.)

measured in the same unit of length. This gives the value of 2xl/X in radians. It is
often convenient to substitute the electrical length of the line in degrees for 2xl/x, on
the basis of 360 deg per wavelength. Thus a \/4 line represents 90 electrical degrees,
ete.

Actual numerical computation of input impedances by Eq. (152) is a tedious process,
especially if Zr is not pure resistance. When many such computations are to be made,
the transmission line calculator of P. H. Smith! is a practical timesaver. This device
is in the form of a circular slide rule and also yields such information as standing wave
ratios and line attenuation.

Open-circuited Line. The input impedance of a no-loss line of any length open-
circuited at its far end (Zr = «) is a pure reactance

Z; = —jZgcot IB = —jZy cot 2xl/N (153)

Short-circuited Line. The input impedance of a no-loss line of any length short-
circuited at its far end (Zr = 0) is a pure reactance

Z; = jZo tan IB = jZ, tan 2xl/\ (154)

The reactive input impedance of a short length of line, or ““stub”’ line, provides a
handy method of balancing out unwanted reactance in the termination of a h-f line.
The stub is connected in parallel across the terminating impedance and trimmed in
length by trial until an increase in signal strength or similar indication shows that the
?esired result is obtained. Such stubs may be either open- or short-circuited at their
ree ends.

49. Properties of Quarter-wave R-f Lines. In dissipationless r-f lines the input
impedance Z; of a A/4 line—and of all lines whose lengths are odd multiples of A/4—is
the reciprocal of its terminating impedance Zr when the two impedances are expressed

1 Smith, P. H., Transmission Line Calculator, Electronics, January, 1939, and Improved Transmission
Line Calculator, Electronics, January, 1944.
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(c) Two or more sections for broad-band matching.
Fi1e. 72. Quarter-wave lines as impedance transformers. All sections are A/4 at fo.

in terms of the line characteristic impedance Z, (Fig. 72). Thus
Z; Zs
Z—n = Z_T or Zi = ZZp (155)

This condition is independent of the value of the characteristic impedance Z, of the
line.

If a A/4 line is short-circuited at its far end
(Zr = 0), Z; is very large, approaching « in the
case of a dissipationless line. This fact is made b

use of in such practical applications as the |4nfenna T‘\ Antenna
/] HighZ
Aﬂl?ﬂl‘ﬂ 0/9/779:’5 s’c’/bﬂ '
Q a v
—_— f— it AN

% Transformer
section

Physical
support -~

Line
Fia. 74. Use of A/4 short-cir-
cuited line to by-pass low-fre-

Fiea. 73. Support for an-
tenna elements A made into

form of A/4 line, effectively
insulating points a-a from

quency currents for melting sleet
without disturbing the r-f imped-

ground.

ance of the system.

“conductive insulator,” Fig. 73, and the sleet-melting arrangement shown in Fig. 74.
If a A/4 line is open-circuited at its far end (Zr = «), Z; is very small, approaching

Main line carrying signal/
of frequency f, A
/

e

Pl
A A Pl 8
@32 @t Y

/

Fi1a. 75. Use of stub transmission
lines to suppress third harmonic.

A AL, -
$@3: 2@
/

\Q----L-_

zero for a dissipationless line. A practical ap-
plication is the third-harmonic suppressor shown
in Fig. 75, in which an open-circuited \/4 line
A (at third-harmonic frequency) is shunted
across a line carrying a signal of fundamental
frequency f. The stub line effectively short-
circuits the main line for currents of frequency
3f, thereby eliminating the third harmonic.
However, the effect of the stub at the funda-
mental frequency f must also be considered.
For this frequency, the stub length is A/12, and
the line presents a shunt reactance of —31.732Z,
ohms to currents of frequency f. To balance
out this reactance a second stub B, of length A/6

and short-circuited at its far end, is also shunted across the main line at the same

point.

This presents an equal and opposite reactance of +51.732Z, ohms to resonate
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at frequency f with the reactance of stub A. Stub B has the length A/2 at the har-
monic frequency and, therefore, acts merely as an additional short circuit across the
line at this frequency. An open-circuited line of length 5\/12 might also be used for
stub B.

560. Quarter-wave R-f Lines as Impedance Transformers. A \/4 section of line
can be used as an impedance-matching or transforming device by virtue of its imped-
ance-inversion properties (Sec. 49). To match an impedance Zr to another Zg, a
/4 section of {ransmission line is inserted between the two impedances (Fig. 72b).
The characteristic impedance of the matching stub is determined by

Zo = \/Z1rZs (156)

A perfect transformation is obtained at only the one frequency where the line is
exactly A/4, and at odd integral multiples of this frequency.

51. Band-pass Characteristics of \/4 R-f Line Transformers. A line of given
physical length has an electrical length of A/4 at only one frequency fo. (Odd integral
multiples of fo giving odd multiples of A/4 have the same transformation properties
but are ignored here for practical purposes.) In a system employing a \/4 line as an
impedance transformer, the impedance match will be less nearly perfect as the fre-
quency deviates from f,. This point is of interest in connection with modulated
signals and band-pass systems. The resulting impedance mismatch at frequencies
above and below f, is represented for a single A/4 section by curve 1 of Fig. 76, which
shows the mismatch in terms of magnitude and phase angle for a 10:1 impedance
transformation. Frequency is indicated by the ratio f/fs, and the degree of matching
by Z./Z., where Z; is the transformed value of Zr as seen from the input end of the
line, and Z, is the impedance to which Zr is to be matched.

The degree of matching can be improved over a band of frequencies by using two
or more \/4 sections (i.e., \/4 at f,) in succession to effect the transformation as shown
in Fig. 72. The Z, of the successive sections must be selected according to one of
several possible schemes. The curves in Fig. 76 show the matching conditions
obtained by the use of from two to six \/4 sections for an impedance transformation
ratio of 10:1 when the successive Z¢'s follow an exponential taper law in which the
Z,y of each section is found—in terms of the sending end impedance Z,—from the
relation

ZOu _ (27! — I) loglo M

l""“z_, —, ¢ logio M (157)

where n = number of \/4 section counted from sending end
M = over-all transformation ratio, Zr/Z,
a = constant found from Table 5

Table 6. Values of a for Use in Eq. (1567)

Number of sections
Values of a

1 2 3 4 ] 6
For 29,/2.......... L 0.5 0.25 0.1666 0.125 0.1 0.0833
For Zoy/Zs......... .. . 5 ool ooo 0.75 0.5 0.375 0.3 0.25
For 20,/Zs......... . 0oo0a 0.8333 0.625 0.5 0.4166
For Zoy/2e......... ... . nooo i oooooo 0.875 0.7 0.5833
For Zoy/2¢....................... .. 6000 || cooooo || ococon 0.9 0.75
FOr 20/ Za. . eeeaannaaannan, T O ... | o.9166
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In Fig. 76 the number attached to each curve represents the total number of »/4
sections employed. The curves shown are for a transformation ratio of 10:1. For a
smaller ratio, they will be flatter; for a larger ratio, they will show larger variations
within a given range of frequency. In the design of an exponentially tapered A/4 line
transformer to match an impedance Zr to another impedance Z,, it is convenient to
use the last expression in Eq. (157) together with Table 5 which gives values of a for
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1.0 ﬁ'\*’ . 450' g
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- f/fy * ratio frequency to center frequency —»

Fi6. 76. Degree of wide-band impedance match obtained by use of from one to six A\/4
transformer sections between 10:1 impedance ratio.

transformers of from one to six sections. The value of fo should be chosen in the center
of the frequency band to be covered by the system, and the physical length of each
section of line should correspond to an electrical length of A/4 at the frequency fo.

62. Properties of Half-wave R-f Lines. Dissipationless half-wave lines and lines
whose lengths are integral multiples of A/2 have input impedance Z; exactly equal to
the terminating impedance Zr, independent of the Z, of the line.

Zi=2Zr ohms (158)
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638. Dimensional Data for R-f Stub Lines. The range of frequencies in which the
use of stub or transformer lines is practical is limited at the lower extreme by the
physical dimensions of the line structure required at the longer wavelengths, and at
the upper extreme by the relative inefficiency of conductor type lines as compared to
wave guides.

To determine the physical length of a stub line, it is necessary to take into account
the actual velocity of propagation along the line. The following relations are useful
in determining physical lengths of lines for this purpose:

/4 length = 72 % V.F. meters = 2201 5 v p 1t = 29528 o v P in
fMo Me Mo
/2 length = 1% % V.F. meters = 3921 » v F. 1t = 39055 o v F.in.
fMo Me Mo
M length = 3% 5 V.F. meters = 343 s v gt = LB o v in
fMo ch ch

where fm. = frequency, Mc
X = 1 electrical wavelength
V.F. = velocity factor expressed as a fraction of the speed of light.

The value of V.F. must be determined for the line to be used. Representative values
for common types of lines are

V.F. = 0.92 to 0.99 for open-wire air dielectric lines

V.F. = 0.79 to 0.99 for beaded coaxial lines with air dielectric

V.F. = 0.6 to 0.82 for solid dielectric lines

64. Voltage and Power Ratings of R-f Lines. In selecting a transmission line for
a transmitter application, consideration must be given to voltage flashover and power
limitations. Maximum voltage is limited by conductor spacing, insulation and the
corona formation point, and maximum power by line losses and conductor current-
carrying capacity. Voltage, current, and power are interrelated in the case of a line
operated with matched terminal impedances so that standing waves do not exist:

E2
P == =127, watts (159)
Zo
where P = power carried by line, watts
E = rms voltage between conductors, volts
I = rms current in each conductor, amp
Zo = characteristic impedance of line, ohms
The corresponding relations for a line with standing waves are

Enax = VPXZDXSWR (160)

Inax = .\,P__XZ_SEI_I (161)

where SWR is the standing wave ratio as defined in Eq. (113).

Corona occurs when the voltage gradient at some point in the line exceeds the break-
down potential of air (or gas in the case of gas-filled lines). Corona is not necessarily
accompanied by flashover but is objectionable because the energy dissipated repre-
sents an increase in the line losses. Chemical by-products of sustained corona dis-
charges may also tend to deteriorate the line insulation. The critical surface gradient
at which corona begins to form in air at 25°C and atmospheric pressure depends upon
the conductor size. For conductors of No. 0 B&S and larger, it is about 40,000
volts per cm peak, or 28,000 volts per em rms. For smaller conductors, it is approxi-
mately (40,000 + N X 1,670) volts per cm peak, or (28,000 + N X 1,180) volts
per cm rms, where N is the B&S gage size of the wire. Maximum gradients in r-f
lines occur at the surfaces of the conductors in open-wire lines, and at the surface of
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the inner conductor in coaxial lines. They may be evaluated by Eqgs. (145) and
(149). Al such computations must be considered as approximations, but they are
sufficiently accurate for engineering purposes if adequate safety factors are allowed.

WAVE FILTERS

56. Wave filters are forms of artificial lines, such as those of Fig. 77, purposely
designed to transmit efficiently current in a desired band of frequencies and more or
less completely to suppress all other frequencies. The boundary frequencies between

transmission bands and attenuation bands

L2 L L/2 2c, ¢ 2 are called cutoff frequencies.
-fU'U\I'bT‘I’UU\- — — The following brief discussion of wave-

filter design is intended to serve as a guide

C2T T Ce Lz Le to the design of simple filters for use where

! _ . the requirements are not very severe.

Fi1a. 77. For complete information concerning the

design of filters to meet more exacting

specifications, the references listed in the bibliography at the end of this section should
be consulted.

Filters are divided into four classes, according to the frequency bands which they
are intended to transmit: low pass, high pass, band pass, and band elimination.

56. Losses in Filters, and Effects of Dissipation. The elements of ideal wave filters
are always pure reactances; practically, however, some dissipation must always be
tolerated owing to the resistance of coils and condensers, but this is made as small as
possible by employing high-Q elements.

The terminating impedances of a filter are usually resistances equal in value to the
image impedances of the filter. Then the loss within the transmitted bands (except
near the cutoff frequency) is mainly due to dissipation in the elements and is usually
small. In the vicinity of cutoff and the point of maximum attenuation, the total
insertion loss of a filter involves the reflection and interaction losses as well as the
attenuation. The loss elsewhere in the attenuated bands is very nearly the sum of
the attenuation constants of the various sections, minus a gain of approximately 6 db
which is due to reflections resulting from impedance mismatches occurring in these
regions. Methods for the exact calculation of filter losses are beyond the scope of this
handbook but are available in the published works of Zobel, Johnson, and Shea.

57. The Basic Filter Section. The basis of filter design is the full L section, consist-
ing of a series element Z, and a shunt element Z; as shown at a in Fig. 78. The rela-
tion of such a section to an infinite line is also indicated. In a wave filter, where the
number of sections is finite and small instead of infinite, symmetrical sections are
used. These are either T or = networks as shown at b and ¢ in Fig. 78. The T section
may be considered as being cut from the infinite line (Fig. 78a) at the mid-points
(a—a) of two consecutive series elements Z, and is said to be “mid-series terminated.”
The  section may be considered as being cut at the midpoints (5-b) of two consecutive
shunt elements and is said to be ‘“‘midshunt terminated.” (To form a mid-shunt
termination, each full-shunt element is replaced by an equivalent two impedances
in parallel, each of value 2Z:.) Either a T or = section may be divided into pairs of
equivalent half sections as shown at d and e in Fig. 78.

58. Types of Sections. 1. Constani-K Sections. The simplest and most common
type of filter section is that in which the impedances Z, and Z are so related that their
product is a constant

Zy, X Z; = K?

at all frequencies. From this it derives its name “‘constant-K” section. The con-
figuration and circuit constants of the four classes of constant-K sections are shown
in the filter-design formulas in Sec. 62. The image impedances of mid-series and mid-
shunt terminated constant-K sections within the transmission bands are functions
of frequency, but each approaches the value K at some frequency within the band.
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The value K is therefore taken as the nominal resistance of the constant-K section
for design purposes. If a constant-K section is used with one or both of its terminals
connected to a pure resistance of value B = K, the impedances will be mismatched
for all frequencies within the transmitted band except one, and the actual insertion
or transmission loss of the filter will be increased by reflection losses at the termina-
tions. This causes an even more gradual cutoff for the constant-K section than its
attenuation curve would indicate.

(c‘z) (a) 6) 6)
K R TN APV, PNV AR U0/ I I A
"i"v‘ ""'V‘ VVVYVYVY . \AAAAJ p P
g5 1,5 ,EF 3, % %
B %3 | ZE Zy 3% 3% 3% o
| < 1 < < < < P
1 4
3 !
@) (@) (6) 5)
(@)~ L-Section, showing Relation to Infinite Line
(a-a) is symmetrical T section
(6~b) is symmetrical Tl section
Z, Z,
F A+ o
°—4N\N\N-I—‘VW\NV—° [ WWWW\ [
57 27,3 32z,
(b) - Symmetrical T-Section (c)- Symmetrical T -Section
cut from infinite line of (a) cut from infinite line of (a)
ot (@-a) . This section is ot (b-b).This section is
“mid - series terminated * “mid - shunt terminated”
z, z, z z
7 Z * F
°—*hNV\Ar—:’- y L—‘VVV\N\:—O --M/VV\q.——-
22,5 322, 2z, 327,
(d)- Symmetrical T~ Section (e)- Symmetrical T —Section
divided into two half-sections by divided info two half-sectionsby
replacing Z with two parallel replacing Z, with two series
impedances each of valué 22, impedances each of value Zy/2

Fia. 78. Equivalence of T and » networks.

2. m-Derived Sections. In many filters, a sharper cutoff than that given by a
constant-K type of structure is required. Such a characteristic may be realized in the
so-called m-derived section, which is due to Otto J. Zobel.! This type of section is
derived from the constant-K section as a prototype but is made to have sharper
cutoff than the prototype by the addition of impedance elements in either the shunt or
series arms so that infinite attenuation occurs at some frequency beyond cutoff.
Each impedance of the m-type section is related to those of the constant-K section
by a factor which is a function of a constant m. The latter is in turn a function of the
ratio between the frequency of infinite attenuation and the cutoff frequency and may
have any value between 0 and plus 1. The sharpness of cutoff increases as m
approaches 0. This effect is illustrated in Fig. 79 for various values of m. It willbe
noted that, when m is equal to 1, the structure is identical with the constant-K

1 Bdl System Tech. J., January, 1923. o L R
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structure. Also, from Fig. 79, it appears that from the viewpoint of obtaining a
uniform degree of attenuation throughout the attenuated band the combination of a
constant-K section (m = 1) (having gradual cutoff but large attenuation remote
from cutoff) with one having a small value of m and sharp cutoff (m = 0.3, for example)
would be desirable. This principle is

T T [ [ 1| wvaluablein the design of composite filters.

[ [ | 3. Shunt-derived and Series-derived m

THAVAN _'y Bz 11 Sections. Two forms of m-derived sec-

BIETIEBYER q']"f‘fu.,_,__ tions exist; if the extra impedaqce is

§ 4 ,’!’--r’-':";'_ 1 added to the shunt arm, the section is

s LT 70 called series derived, while, if it is added

H i - e | — to the series arm, the scction is ecalled

3 //{H,;"“H ST=—m07 T shunt derived. (See illustrations of de-

I = i rived sections under Filter-design For-
1 | . mulas, Sec. 62.)

1 =1 o i 69. Assembly of Sections into Filters.

T R S v S TS - — A filter may consist of any number of sec-

Fffutorer tions from a single one-half section to five

Fro. 79. Effect of m upon sharpness of ©OF Six full sections, depending on the

cutoff in a low-pass filter structure. amount of attenuation of unwanted fre-

quencies required. The amount of at-

tenuation in the rejected band depends upon the number of filter sections used, and
the shape of the transmission curve depends upon the types of sections employed.

60. One-half- and One-section Filters. If a half section or one full section is used

alone as a filter and the requirements regarding the cutoff are not too sharp, an
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Full Single Sections

Series-Derived m-Type Section fe= Cut ofr Frequency Shunt-Derived m-Type Section
and Holf- Section, Mid-Shunt | R*Terminating Resistonca| and Half-Section, Mid-Series
terminated. m=0.6 in Examples terminated.

Fia. 80.

m-derived section i8 usually preferable, with m = 0.6. This will provide the best
impedance match with resistance terminations. Either of the structures shown in
Fig. 80 is suitable for use with terminations of resistance R.
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61. Multisection Filters. Filters having more than one section are of two types:

A uniform filter is one in which all sections are identical with the exception of the
end sections. The latter are ordinarily half sections suitable for connecting the filter
to its terminating resistances.

A composite filter is one made up of two or more sections having different character-
istics, each of which is designed to contribute some especial property to the character-
istic of the filter as a whole. For example, one section which has sharp cutoff but a
diminishing attenuation beyond cutoff may be combined with another section having
a gradual cutoff and increasing attenua-~
tion beyond as shown at I and II in 0 — I
Fig. 81. The resulting composite struc- 0k c”’s';.l’;‘m””'
ture will then have both sharp cutoff and 201 Curve IT-Section with M
high attenuation beyond, as shown at gy mﬁwmcm#

III. In general, constant-K sections 330" ¢, . z7- Recuttont of the
have gradual cutoffs with increasing g" 40 w«:&mﬂh

attenuation beyond, while m-sections g’,’;,’f’f,’:f,gm V]
with small values of m have the sharpest 8

cutoff characteristics. Still other types 60

of sections may be added to match im- Frequency

pedancesat the junctionsof the filterand  pyg g1, Transmission curves for composite
its terminating resistances, or to further |ow-pass filter.
alter the transmission characteristics.

In a composite filter it is essential that the image impedances be matched at each
junction of the component sections, to avoid reflection losses which would impair the
transmission curve of the filter. Likewise, the end terminations of the filter should
as nearly as possible match the terminating resistances. One of the principal advan-
tages of the m-type structure is that its image impedances can be made identical with
other m-type sections or with constant-K sections; or they can be made to approxi-
mate resistances over the transmission band for terminating purposes. A complete
analysis of the impedance conditions within a wave filter is not possible in the limited
space available here but may be found in the references:listed at the end of this
chapter. The following will suffice as working rules in designing simple filters for
ordinary reql.lirements:

End Terminations. Resistance. A mid-shunt termination of a series-derived m-type
section or half section, or & mid-series termination of a shunt-derived section or half section,
with m = 0.6 in either case.

For Parallel or Sertes Connection with Other Filters. An 0.8 series constant-K section or
half section (i.e., one terminated in a series arm equal to 0.8 of a full series arm, Z).

Here, as well as in the two preceding paragraphs, the image impedance of the internal
section next to the end section in either case must match the image impedance at the inner
terminals of the latter, in accordance with the following.

Internal Junctions. The following terminations of the types of filter sections for which
formulas are given in Sec. 62 may be joined together without impedance mismatches at
the junction points:

Mid-series termination of constant-K type to mid-series termination of series-derived
m type.

Mid-shunt termination of constant-K type to mid-shunt termination of shunt-derived
m type. .

Mid-series termination of constant-K, series-derived m type or shunt-derived m type,
to mid-series termination of another section of the same type.

Mid-shunt termination of constant-K, series-derived m type or shunt-derived m type,
to mid-shunt termination of another section of the same type.

Note: In the latter two cases, the values of m in the two sections to be joined, if they are
of the m type, may be, and frequently are, different. Both sections must be of the same
type and termination, however.

62. Filter-design Formulas. Formulas for calculating the capacitances and induct-
ances of constant-K, series-derived m-type and shunt-derived m-type basic sections
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111~ BAND ELIMINATION FILTERS {continued)
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are given on pages 250 and 251. These are expressed in terms of R, the terminating
resistances, the factor m, and the values of f,, the cutoff frequency, and other critical
frequencies. These factors must be predetermined on the basis of the filter require-
ments and the considerations outlined above.

Examples of Filter Design: 1. Single-section Filter. Required: High-pass single-section
filter to be connected between resistance terminations of B = 1,000 ohms, with a cutoff
frequency of 1,000 cycles and maximum attenuation occurring at 800 cycles.

L,=0/325¢1075

2L o=
1000a) 3 0265 10002
Source Co -, Load
g2 x
10.49x
1000 Low Pass Filter

R=1000 ohms
F10. 82. Example of single-section filter.

To secure the attenuation peak at 800 cycles, an m-type filter section is required. Either
the shunt- or series-derived type may be used. Choosing the latter, we have from the
filter formulas II (b), Sec. 62, in which

f1 = 1,000 cycles
fi, = 800 cycles

R = 1,000 ohms

m = (.6

C1 =0.1325 X 10~ farad
L: = 0.1325 henry

C: = 0.298 X 10~* farad

From the considerations involving impedance matching at the end terminals, a mid-shunt
termination facing each resistance termination is seen to be desirable for a series-derived
section. Hence the structure of Fig. 80f is indicated. One full-series element (C1) will
be required, with a double-impedance shunt arm (2L: + C:/2) at each end. The completed
filter will then be as shown in Fig. 82.

2. Multisection Composite Filter. Required: Low-pass filter to be connected between
resistance terminations of R = 600 ohms, with sharp cutoff at 1,000 cycles and high
attenuation beyond.

There is no unique solution or "*best” filter design for this problem. A large number of
filters might be designed to meet these requirements, each of which would serve as well as
any of the others. The relative merits of different designs will depend upon their economy
of coils and condensers in accomplishing the required results. One suitable design is shown
here:

L
=0
?:a.osaz Lteaons Looons Lo 2 00572
e N
2Lp= 3 I~ -6
0.200 [ 0.0279 C= 1 .2€,=0282x /0
CZ = 0.265x10 CZ -6
T amxlo-s-r T -|- z =00/59x 10
m=04 m=0.75 Constant-k m=06

F1o. 83. Low-pass filter for use between 600 ohms with sharp cutoff at 1,000 cycles.

Let the input-end section be a half-section mid-series-derived m type, with its mid-shunt
termination facing the input to match impedances at that point. Let m = 0.4 for this
half section to give a sharp cutoff.

This will be followed by a symmetrical full section of the series-derived m type, mid-series
terminated, with m = 0.75. Then a half section of the constant-K type with mid-series
termination facing the full section and mid-shunt termination facing the end-terminating’
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half section, which will be shunt-derived m type, with m = 0.6. The latter will have a
mid-shunt termination facing the constant-K half section and a mid-series termination
facing the output termination.

v.os7z
01097 0.2625 (7o)
T
-6
To6000rm 50200 ooz L 0% g 6000mm
Source 0.0636x10°5 Ootput

1062 10”6 ) -6
Tomexo =F03%6x10

é

Fia. 84. Final filter as designed by Fig. 83.
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CHAPTER 6

ELECTRICAL MEASUREMENTS
By R. F. FieLp! anp Joun H. MILLER?

STANDARDS

1. General. True basic measurements of electrical quantities are rarely made
except in standardizing laboratories, owing to the inherent difficulties in the procedure.
Ordinary measurements are made by comparison devices of one form or another.
Direct-reading instruments, having an electrical torque-producing means functioning
against a spring, are calibrated against accurate standards which are in turn calibrated
against basic measuring devices. Such torque-producing instruments are used for
measuring current, voltage, power, and resistance. Instruments for measuring phase
relations, frequencies, and other factors may have two torque-producing systems, each
torque varying with the position of the moving element and bearing different func-
tional relations to the quantity measured. The result is for the moving system carry-
ing the pointer to take up a position where the torques balance, this being different
for each different value of the quantity in question, and the scale may be marked
accordingly.

Electrical units such as the volt, the ampere, and the ohm, are based upon and are
intended to be exact multiples of the units of the centimeter-gram-second electro-
magnetic system. The international units which were made standard in 1911 were
so derived. However, refinement of measurement techniques in the years following,
along with intercomparison of the units between the national laboratories of various
countries indicated that the international volt and ohm were slightly larger than the
corresponding absolute values. Accordingly, as of Jan. 1, 1948, the absolute values
were made standard.

The changes from the U.S. international values to the absolute valucs are minor, are
tabulated below, and have been made to bring the eleetrical values into consistency
with the absolute values of the fundamental mechanical units.

Values of U.S. International Units Legal to Dec. 81, 1947 in Terms of the Absolute
Units, Legal after Jan. 1, 1948

1 international ohm = 1.000495 absolute ohma

1 international volt = 1.000330 absolute volts

1 international ampere = 0.999835 absolute ampere

1 international coulomb = 0.999835 absolute coulomb

1 international henry = 1.000495 absolute henrys

1 international farad = 0.999505 absolute farad

1 international watt = 1.000165 absolute watts

1 international joule = 1.000165 absolute joules

2. Current. Current is measured, absolutelv, in terms of the force of attraction
or repulsion between two coils conneeted in series and carrying that current, and the
various dimensions of the coils. This current is then used to deposit silver in the
silver voltammeter to determine the electrochemical equivalent of silver. One ampere
of continuous unvarying current will deposit 0.001118 g of silver per second when fol-
lowing the standard procedure. The silver voltammeter is thus the standard of
current.

1 General Radio Company, Cambridge, Mass.
2 Weston Electrical Instrument Company, Newark, N.J.
254
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The use of this standard is tedious and time consuming, and it is generally used
only for the exact calibration of a standard céll and a known resistance.

The standard of current is maintained, however, through the application of Ohm’s
law and the standards of resistance and voltage defined below.

3. Resistance. Resistance is measured absolutely by a number of methods in
terms of a speed of revolution of a disk or coil and its various dimensions. The
resistance is then compared with a mercury column of uniform cross section by a
suitable bridge method. Such a column of mercury, having a mass of 14.4521 g, a
uniform cross section (practically equivalent to 1 sq mm) of a length of 106.3 em, and
at the temperature of melting ice, has a resistance of 1 ohm.

The standard ohm is now maintained by the National Bureau of Standards as the
average of a group of 1-ohm manganin resistors that have shown a change of less than
1 part per million from the mean of the group over many years. Practical secondary
standards are coils of manganin wire immersed in oil and sealed in metal containers.
Such sealed standards built by Leeds & Northrup Company to the specifications of
the National Bureau of Standards are adjusted to an accuracy of 0.01 per cent and
may be relied upon to hold their calibration to 1 part in 100,000 for considerable
periods of time. The sealing of the containers is important to prevent the absorp-
tion, by the oil, of moisture from the atmosphere, for such moisture will deposit upon
the shellac or other insulating material on the wire which, in turn, will cause mechani-
cal strains to distort the values beyond normal expectancy.

4. Voltage. Voltage measurements cannot be made absolutely with an accuracy
sufficient to make the measurement desirable, on account of the smallness of the elec-
trostatic forces involved. The standard of voltage is maintained by the National
Bureau of Standards as the average of a number of Weston saturated cadmium cclls,
sometimes known as the ‘ Weston normal cell.”” The average value of this bank of
cells is defined as 1.018300 international volts, or 1.018636 absolute volts at 20°C.
These cells, as built by Weston and Epley, are correct to 0.001 per cent of the values
given. The cell has a small but appreciable temperature coefficient, and in use its
temperature must be maintained constant at the specified value. For this reason
the saturated cell is not well adapted for commereial laboratory use.

The unsaturated cadmium cell, the type of standard cell customarily used for
laboratory work, has a negligible temperature coefficient but must be compared with
the saturated type for its initial calibration. Its voltage is constant to better than
1 part in 10,000, but the cells must be recertified yearly as the potential tends to drop
very approximately 50 uv per year. Standard cells must always be used in a null
fashion, with no more than 50 ua drawn from the cell at any time.

6. Reactance. The self and mutual inductance of single-layer air-core coils and the
capacitance of two-plate air capacitors having guard rings may be calculated from their
dimensions, with an accuracy of better than 2 parts in 100,000. The standard of
capacitance is maintained by the National Bureau of Standards as a bank of quartz-
insulated air capacitors.

6. Frequency. The absolute standard of frequency is the mean solar day as meas-
ured by astronomical observations. The mechanical vibrationsof piezoelectric quartz -
crystals, or of tuning forks made from carefully stabilized metals, provide standards
of frequency when permanently connected into suitable vacuum-tube circuits and
allowed to oscillate continuously at constant temperature. Their frequency is con-
stant to 1 part in 10 million per month and 5 parts in 100 million per day. Expressed
in terms of time the latter figure is equivalent to 4 msec per day. Even with the best
control of temperature and voltage there are short-time fluctuations of the order of
1 part in 1,000 million. The frequency of the crystal with which such accuracy may
be attained is restricted to the neighborhood of 100 ke. Tuning-fork standards
usually operate at 1,000 cycles. By means of suitable frequency multipliers and
dividers all other frequencies from 1 cycle to 100 Mc may be obtained with the same
AcCCUracy. :

Quartz crystals whose frequencies remain constant to 5 parts in 1,000,000 may be
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made for the frequency range 20 ke to 10 Mc. Metals, such as nickel and certain
iron alloys, having the property of magnetostriction, may be used as oscillators in
suitable vacuum-tube circuits. Their frequency range extends from 5 to 100 ke.
Their stability is about 2 parts in 100,000. For the lower frequencies tuning forks and
metal bars are used. Their frequency range is 25 to 1,000 cycles.

CURRENT-MEASURING INSTRUMENTS

7. Moving-coil permanent-magnet instruments of the pointer type, or reflecting
galvanometers, consist of a coil, usually wound on a metal frame for damping pur-
poses, which can rotate in an intcnse uniform magnetic field produced by a per-
manent magnet.

The current I flowing through the turns N of the coil reacts with the magnetic
field H in the air gap to produce a force F acting on each conductor proportional to the
product /H{ of the current, magnetic field, and length of conductor in the field. If
the coil is pivoted at its center, a torque will be exerted, tending to rotate the coil
about an axis parallel to the sides of the coil and perpendicular to the magnetic field.
Some kind of restoring torque is provided which is proportional to the angle 8 through

which the coil rotates. Expressing the sensitivity S of

/P Y the instrument as the angular deflection per unit cur-
N I‘OI{ s rent, it is given by
:H‘ ) 6 HNB
F/ S=- = "= %))

I T

Fi16. 1. Moving-coil galva- . . . .
e o] Nl & where b is the diameter of the coil and = is the restor-

ing torque per unit angular displacement.

For maximum sensitivity a high flux density is desirable, although the effective
upper limit appears to be about 4,000 gausses; higher values may act on otherwise
impereeptible magnetic inclusions in the moving system and cause additional random
torques which will give nonlinear deflectional characteristics. Further, since damping
is a function of the square of the ftux, high flux values may give overdamped deflec-
tional characteristics even without a damping frame to the point where cireuit damping
alone may require many seconds for a final reading. Sensitivity increase by flux
increasc alone is, therefore, of limited usefulness.

8. Torque to Weight Ratio. The torque should be as low as possible for high sen-
sitivity. Suspended-type instruments show no friction, but low torque lengthens
the period. Again there is a practical lower limit. In pointer-type instruments where
the moving element rotates on pivots between sapphire or the more recent high-silica
glass V jewecls, therc is a minimum torque which may be used for a given moving
element weight in order that frictional effects will be unobservable. For instruments
mounted on a switchboard and having a horizontal axis, the ratio of the full-scale
torque in milligram-centimeters with the weight in grams should not be less than 40
for small instruments, 60 for larger instruments of 1 per cent accuracy, and still
greater if greater accuracy is required. For portable instruments having a vertical
axis, it has been found that heavy clements, over 1 g, show greater friction than given
by the above relation, and lighter elements show less friction. Hence for such vertical
axis instruments for portable service the torque/weight3¢ ratio is used and this ratio
should be over 40 for small instruments and over 60 to 100 for large instruments for
unobservable friction. Ratios much lower than this may be satisfactory for highly
sensitive laboratory instruments used with care and not subject to vibration or
handling.

9. Permanent Magnets. The magnetic field obtained from the permanent magnet
must be constant so that the electrical characteristics of the instrument may remain
unchanged. The constancy of a magnetic system is determined by the ratio K,
which is equal to the product of the effective length of the magnet times the cffective
cross section of one of the air gaps, divided by the product of the cross section of the
magnet and the total air-gap length. This constant should be over 100 for chrome and
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tungsten magnet steels and over 30 for high cobalt steels. For the various nickel-
aluminum or MK steels the constant will vary, but 10 may be taken as a median
value. Tungsten and chrome steels have been generally used in the past and still
represent the most inexpensive type of magnet for moderate flux densities. High
cobalt steels for higher gap flux values have been used extensively. However, for the
higher values, and in new designs where the radically different characteristics can be
effectively designed for, the various types of alnico are found most useful. Since
the coercive values are very high, short magnetic systems are possible and, as a result,
unorthodox designs are appearing. They usually tend to be self-shielded to a degree
from external fields and appear to be very stable in use.

Flux densities in the air gap will run from 1,000 gausses up, with about 4,000 gausses
representing the highest usable values. The structure of a pole piece and a core is
used to decrease the length of the air gap and to make the magnetic flux uniform and
radial. Where distorted d-c¢ scales are required to balance other factors such as
decibel relations, the pole tips may be cut away to produce a markedly distorted field
resulting in a more uniform scale for the quantity measured.

10. Deflection Indicators. The deflection of any sensitive galvanometer is indi-
cated by the angular rotation of a beam of light, the so-called optical lever, which is
reflected from a mirror, either plane or convex, mounted above the moving coil.
The older form of telescope and scale is now being replaced by a spot of light contain-
ing cross hairs which moves along a scale. The use of a spot of light is much less
fatiguing than observation through a telescope, and a wider range of view is obtained.
The usual scale length is 50 em with zero in the ¢enter. The standard distance from
mirror to scale is 1 meter. The maximum angular deflection is about 14 deg. Prac-
tically all pivot instruments use pointers. Full-scale deflection corresponds to
approximately 90 deg. This is increased to 120 deg in some central-station meters
by careful shaping of the pole pieces. It may be increased to 270 deg by a radical
change in design.

11. Period and Damping. The moving element of every deflection instrument
provided with a restoring torque proportional to the angular deflection is in effect a
torsional pendulum. As such it has a moment of inertia P, a period T, and a damping
factor. If the damping factor is low, the instrument will oscillate several times about
its position of rest, each oscillation being less than the preceding one in accordance
with the decrement of the system. For most rapid indication it is desirable that the
instrument be not quite aperiodic or deadbeat but rather that it overswing from 3 to
5 per cent. (For a complete discussion of this see Drysdale and Jolley, *“ Electrical
Measuring Instruments,” Vol. 1, Chap. 3, Conditions for Rapid Indication, Ernest
Benn, Ltd., 1924.)

Normal ammeters and voltmeters may be expected to have a period of the order of
1 to 2 sec. The smaller instruments, if equipped with magnets for very high gap
densities and extremely light moving elements, may have a period as short as 0.2 sec
(Weston high-speed power-level indicators). Instruments of ultrahigh sensitivity,
where very little energy is available, may have a period as high as 5 sec. Sensitive
suspension galvanometers may have a period as long as 12 sec.

The period of an instrument is important because the time necessary for any
deflection instrument to attain a new position when its deflecting force is altered
cannot be less than its period. High-speed indication in indicating instruments is
very desirable, particularly when the phenomena being observed are rapidly chang-
ing, as in the monitoring of voice-frequency circuits; instruments with a long period
will integrate the energy while high-speed instruments will give indications of peaks.

The friction of the suspension and the surrounding air is not sufficient to prevent
the moving coil oscillating back and forth about its equilibrium position when a
deflecting force is applied. The amount of damping is measured by the rate at which
the amplitude of the oscillations decreases. The ratio of any two successive swings
is constant. The Napierian or hyperbolic logarithm of this ratio is called the logarith-
mic decrement of the instrument. The smallest amount of damping which will cause
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the coil to come to rest with no oscillation whatever is called the critical damping,
and the coil is said to be critically damped. Increasing the damping beyond this point
increases the time necessary for the coil to come to rest and produces overdamping.
The shortest time in which the coil can come within a given small distance of its posi-
tion of rest occurs when the coil is slightly underdamped. It has a value of about
1.5 times the period of the coil. The extra damping necessary to critically damp a
coil is usually obtained magnetically from the motion of the coil in the field of the
permanent magnet, which sets up counter electromotive forces. The amount of
damping produced by the current in the coil depends upon the total resistance of the
coil and connected circuit. That resistance which produces critical damping is called
the critical damping resistance (CDR). A galvanometer is usually so designed that
its critical damping resistance is at least five times its coil resistance so that it may
be shunted for critical damping without losing muech sensitivity. All but the most
sensitive pivot instruments are damped on open circuit by the current set up in the
metal winding form, and resistance of the connected circuit has little effect on the
damping.

12. The current sensitivity of any galvanometer varies directly as the number
of turns on its moving coil and as the square of its period. For a given winding space

Table 1. Characteristics of D-c Galvanometers

Resistance, ohms

Make Type E, uv I, pa T W, upw
Coil CDR

Suspended-coil type with mirror

Leeds & Northrup......... 2285a 0.032 0.0027 7.5 12 37 0.00009
2285b 0.046 0.0038 5 12 52 0.00017
2285f 0.032 0.00004 | 20 800 | 71,000 0.0000013
2290 0.008 0.00001 | 40 800 (101,000 0.00000C08
2500b 0.25 0.0005 [ 500 | 10,500 0.00012
25C0e 1.5 0.003 3 500 2,500 0.0045
2500f 0.05 0.0001 14 500 | 14,500 0.000005
223%a 1.7 0.014 8 115 ( 10,000 0.022
2239b 1.0 0.001 14 1,000 | 10,000 0.001
2239f 1.6 0.0002 18 8,000 | 54,000 0.00032

Suspended-iron type with mirror

Leeds & Northrup......... 2270 0.008 | 0.0002 5 40 | ....... 0.0000016

Suspended-coil type with self-contained scale

Leeds & Northrup......... 2400c¢ 10 0.01 3 1,000 | 16,000 0.1
2420c¢ 25 0.025 3 1,000 | 16,000 0.62
2310d | 125 0.125 3.5 1,000 | 11,000 15.6
2430a 0.5 0.03 3.2 17 50 0.015
2430¢c 0.13 0.005 2.5 25 | 400 0.0006
2430d 0.27 0.0005 3.3 550 | 25,000 0.00014
Double-pivot type with pointer and scale

Weston. .....covveiiinnnen 440 37.5 0.25 2.7 150 1,150 9.4

440 200 0.05 2.7 4,000 | 60,000 | 10.0

Values of voltage E, current I, and power W are for a scale deflection of 1 mm at a scale distance of
1 m for the galvanometers having mirrors: for those having self-contained scales the values given are for
a deflection of the smallest division, usually 1 mm. The voltage drop in the external critical damping
resistance is not included in the voltage given.
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on the coil, its resistance varies as the square of the number of turns, assuming that
the portion of the winding space occupied by insulation remains constant. The
deflection is proportional to the current and to the square root of the resistance, i.e.,
to the square root of the power dissipated in the coil.

In the selection of galvanometers it should be noted that in general those of high
sensitivity will also be slow in action, and in general the natural period and critical
damping resistance for a galvanometer as listed by the several makers should be con-
sidered as carefully as the sensitivity. Further, galvanometers of highest sensitivity
require great care in leveling; they are responsive to minor vibrations and in many
installations may require special supports.

18. Galvanometer Supports. Where vibration in a building is a factor, the Julius
suspension may be used, a somewhat complex system of weights supported by springs
with oil-damping vessels. A simpler method although not so perfect is to rest a
200-1b block (of concrete) on an air cushion; this will absorb all vibration usually
encountered in factories, at least for galvanometers of moderate sensitivity. Galva-
nometers with a single suspension have the greatest sensitivity, those with a taut
suspension less, and those with double pivots least. For the most sensitive type of
galvanometer, increasing the period from 5 to 40 sec allows the power to be decreased
from 11 to 0.005 guw. The minimum current sensitivity is 107! amp per mm. The
smallest current sensitivity for a taut suspension is 10~ amp per mm, and for a double-
pivot pointer instrument, 5 X 10~¢ amp per scale division.

14. Differential Galvanometer. Galvanometers of the suspended type are used
mainly as null indicators for d-c bridges and potentiometers and as deflection instru-
ments in comparison methods. In the latter case a differential galvanometer is some-
times used. This is a galvanometer having two separate insulated windings on the
suspended coil. They have equal numbers of turns and are so connected that, when
equal currents flow through the two coils, no deflection is produced.

16. Universal Shunt. The sensitivity of a galva- ]
nometer is most easily reduced by shunting, and, I;  or T
since it is desirable to keep the galvanometer critically e;——]_i'wk A

[ e U]

AAAAA

damped, the Ayrton-Mather universal shunt shown in e |-
Fig. 2 is most convenient. This arrangement is also > |

. A s GNR v
used‘m multiple-range ammetel;? ar}d mllllan}’meters Fia. 2. Ayrton-Mather uni-
and is frequently known as a ‘“series shunt.” The |orco) chunt.
total resistance of the shunt is made approximately
equal to the critical damping resistance of the galvanometer or indicating instrument
with which it is used.

16. D-c Ammeters and Voltmeters. Pointer-type instruments of the pivot type
are used as ammeters and voltmeters of all ranges and as the indicating portions of
thermocouple, rectifier, and various vacuum-tube instruments. The minimum range
of the ammeters extends from 5 ua to an upper limit determined only by the size of
shunt desired, commercial shunts having been made to 50,000 amp. Above 15 to 30
ma the movements are shunted, in which case the copper or aluminum winding of the
moving coil must have sufficient manganin swamping resistance in series with it to
give a good temperature coefficient when shunted by the manganin resistance. Volt-
meters may be made with a full-scale range from 1 mv to as high as series resistance
can be arranged to care for the requirements. Instruments are made with self-con-
tained series resistance up to a few hundred volts; higher ranges usually require an
external resistor with the instrument placed in the grounded or low-potential side of
the circuit for the sake of safety and to reduce electrostatic effects on the moving
system.

Voltmeter sensitivity is very commonly 1 ma for full scale, although laboratory
standards of certain types may take as much as 100 ma in the interest of a balanced
design for high precision. Conversely, for analyzing electronic circuits where the
networks are of high resistance, a full-scale value of 50 ua is quite common, giving
20,000 ohms per volt.

]
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While series resistors for low-range voltmeters are of conventional spool type, for
ranges of over 1,000 volts tubular-type units are widely used, having resistance spools
of special design, electrostatically shielded in sections contained in insulation tubes
and filled with inert wax. Such units are completely moistureproof and mechanically
well protected and are almost universally used for the measurement of plate potentials.

In general, pointer-type indicating instruments can be made to give full-scale
deflection on as little as 0.1 uw, although for a rugged instrument from 1 to 5 uw is
required. Moving-element resistances may be made from about 1 to 10,000 ohms.
Low-resistance elements are limited by the spring or suspension resistance which

o becomes a very appreciable part of the total, reduc-
ing the energy available for torque; high-resistance
[ elecments are limited by the available wire, and

many are wound of enameled copper wire 0.001 in.

@
o

in diameter.
As in the output circuits of vacuum-tube ampli-
/ \ fiers, the resistance of the instrument or galvanom-

=]
=1

eter should be matched to the circuit in which it is

placed for maximum energy transfer, and this is

/ N particularly important where the energy is limited.

I~ On the other hand, this will frequently result in over

o damping galvanometers of ultrahigh sensitivity,

S8 PE fre tg‘c c :O' 0  anda compromise must usually be made between

T speed of response and sensitivity requirements. It

Fia. 3. Resonance curve of gpoy1d be noted, however, that this matching is

VLEHET G not of vital importance since the loss by a very
approximate match in error by as much as 20 per cent is very small.

17. Moving-coil Vibration Galvanometers. When an alternating voltage is applied
to the coil of a permanent magnet galvanometer, the coil will follow the alternations
of the current if the frequency is of the same order as that defined by its period.
Maximum amplitude of vibration will occur at the natural frequency of the coil.
The relation between amplitude and frequency is similar to the resonance curve of an
electrical circuit. The ratio of the maximum amplitude at its natural frequency to
the amplitude for an equal d-c voltage is between 25 and 150. The period of the ordi-
nary d-c galvanometer is never less than 1 see, while the frequencies at which measure-
ments are made are rarely less than 30 cycles. The upper limit for a taut single
suspension is around 300 cycles. This limit may be raised to 1,000
by the use of a taut bifilar suspension. Electrical characteristics of t
commercial vibration galvanometers are given in Table 2. At 60
eycles their sensitivity is equal to that of a good d-c galvanometer.
A resonance curve when tuned to a frequency of 100 cycles is shown
in Fig. 3. N K

The natural frequency may be raised still further by eliminating -
the coil entirely and using the single-turn loop formed by the bifilar
suspension. The mirror is then placed at the center of the taut Fic.4. Bifilar
wires. The general method of construction is shown in Fig. 4. By -
this means a natural frequency of 12 ke may be obtained. The sen-
sitivity decreases inversely as the first power of the frequency. On this account it is as
sensitive at 10 ke as the bifilar-coil galvanometer was at 1 ke. In comparison with
other null detectors at these frequencics, its sensitivity is so low that it is not much
used in this form. :

18. The Einthoven string galvanometer uses the simplest possible moving system
for a galvanometer. A single conducting string moves in the narrow air gap of the
magnetic system, which may be a permanent magnet or an electromagnet depending
on the sensitivity desired. Its motion is observed through a microscope or by its
shadow thrown on a screen from a point light source. The Einthoven string gal-
vanometer built by the Cambridge Instrument Company uses a gilt glass fiber of

Deflection,mm,

o
(=]

suspension.
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0.002, 0.003, or 0.005 mm diameter with a resistance of 6,000, 4,000, or 1,400 ohms, has
a period of 0.0036 to 0.01 sec, and at 1 m will deliver deflections of 2 to 200 mm per
pa. The string galvanometer may also be used as an oscillograph. The shadow of
the string is observed on a translucent screen as reflected from a revolving mirror.
The motion of the string may also be photographed on film or bromide paper. The
usual paper speed is 10 in. per sec, but this may be increased to a maximum of 100 in.
per sec. At this latter speed, phenomena lasting 1 msec appear 0.1 in. long.

Table 2. Characteristics of A-c Galvanometers

Make Type J, cycles E, pv I, pya R, ohms W, puw

Leeds & Northrup.......... 2350a 60 17.5 0.025 700 0.44

Suspended-coil type with electromagnet

Leeds & Northrup.......... 2570 60 0.06 0.005 12 0.0003

Electromagnet type

Leeds & Northrup.......... 2440 60 16 0.05 325 800,000

Vibrating-diaphragm type (telephone)

Western Elec..............] ..... 800 400 0.02 6,000 2.4

Values of voltage E, current I, and power W are for a scale deflection of 1 mm at a scale distance of
1 m for all galva ters pt the telephone, for which the threshold of audibility is used. The
moving system is tuned to the frequencies given for all instruments except the suspended-coil galva~
nometer with electromagnet.

19. Moving-coil A-c Instruments. If a steady deflection is desired with a.c., the
magnetic field must change in direction with the current in the coil and must have
the same phase. This requires that the field be an electromagnetic one. In the
case of galvanometers and particularly null indicators, a field of laminated iron may
be used, excited at the same frequency as the moving coil. When used as a null
indicator in a bridge network, the field is connected across the same supply as the
bridge, while the moving coil is connected to the detector terminals. Since the current
through the field and the flux produced will be nearly 90 deg out of phase with the
voltage applied to the bridge, the galvanometer will be most sensitive to the reactance
balance and will be little affected by the resistance balance. These conditions may be
equalized or reversed by the introduction of resistance in series with the field, or react-
ance in series with the bridge, to make the field current and bridge current differ in
phase by 45 deg or be in phase. The phase selectivity of the a-c galvanometer may
be of advantage in certain special cases, but in general it is a considerable disadvantage.
The electrostatic field of the main field winding exerts a considerable force on the
moving coil 80 that it must be carefully shielded. The sensitivity of the a-c galvanom-
eter is very high and it compares favorably with the best d-¢ galvanometers.

20. Electrodynamometer. When the iron core is omitted from the field winding,
the moving coil and field coil may be connected in series. The deflection is then pro-
portional to the square of the current flowing in the windings, and the instrument is
called an electrodynamometer. Instruments of this type read the same on both a.c.
and d.c. and are suitable as transfer instruments, provided certain precautions are
taken. Protection from external magnetic fields is most important. This is usually
accomplished in pivot-type instruments by shielding with soft iron. It may also be
effected by making the instrument astatic. When a.c. is used, an error is introduced
if the distribution of current in the coils is affected by eddy currents in the conductors
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themsclves—the so-called skin effect—or by capacitance betwcen windings. The
former effect is minimized by the use of conductors with insulated strands—so-called
litzendraht—the latter by careful spacing and by electrostatic shielding.
Electrodynamomcters may be used as galvanometers, ammeters, voltmeters, and
wattmeters.  Their sensitivity as galvanometers is so low compared with vibration
galvanometers and other meters that they arc now rarely used. As ammeters, volt-
meters, and wattmeters, they are the standard instruments for use at commercial
frequencies. In general the sensitivity of a-c instruments is of the order of 1/1,000
of that of d-c instruments, this being due to the difference in field intensity of the
electromagnetic field as compared with that which can be obtained from a permanent
magnet. Electrodynamometer instruments of the highest precision will take from 1
to 3 watts full scale, the total energy varying with the square of the deflection. Sus-
pension-type electrodynamometers may have sensitivitics 100 times as great.

Table 3. Characteristics of A-c Ammeters

|
Make Type E, volts | I, amp R, ohms r W, w
Electrodynamometer type
Weston.......oovvviiinn i, 326 2.6 1.0 2.6 | 2.6
341 1.0 0.5 2.0 0.5
370 21 0.015 1,400 0.31
Moving-iron type
|
Weston. .......ovviiiin i 155 31 0.02 1,540 0.62
433 14 0.03 460 0.41
476 30 0.015 2,000 0.45
517 30 0.015 2,000 ;.45
528 30 0.015 2,000 0.458
Thermocouple type
Cambridge............ooovveii o Ll 0.010 30
..... 0.10 4
..... 1.0 0.2
622 0.25 0.01 25 0.0025
Weston. ....o.viiviirieiiinnnnennenna, 425 0.13 0.10 1.35 I 0.0135
425 0.62 0.12 5.2 | 0.075
425 0.59 0.50 1.18 0.295
Rectifier type
WeBtON. coveet it iieee i 301 1 0.001 1,000 0.001
Westinghouse.......................... PY-4 13.4 0.010 1,270 0.13
NA 13.6 0.010 1.300 0.13

Values of voltage E, current /, and power W are for full-scale defiection.

Electrodynamometer ammetcrs have their fields and moving coils in series up to
several hundred milliamperes above which the moving element is shunted across a
resistor in series with the fixed coils. Above 50 amp, or so, current transformers are
used, and these are now available with special alloy cores which will give accuracies
of the order of }{¢ of 1 per cent. Electrodynamometer instruments are ordinarily
made to function up to 125 cycles without correction but may be used on frequencies
up to several thousand cycles if especially designed or if corrections are made. Note
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that low-range voltmeters have very low resistance in order to get the required energy;
dynamometer voltmeters with full-scale values of 2 volts may draw as much as 0.5
amp. High voltages above 1,000 volts are measured with potential transformers.

Electrodynamometer instrumcnts are also used as wattmeters where the field is
excited in series with the load and the moving coil is across the load in series with
suitable resistance, the readings being proportional to EI cos 6. For polyphase cir-
cuits a multiplicity of similar elements may be arranged on a single shaft, the most
usual variety being the two-element instrument on three-phase circuits. Such an
instrument gives true power without relation to phase angle.

21. Moving-iron Instruments. Galvanometers may be constructed with a station-
ary coil and a moving-iron vane or magnet. The moving system consists of small
permanent magnets placed at the center of the coil at right angles to the axis of
suspension. To avoid the effect of outside magnetic fields, the system is duplicated
with the magnets pointing in the opposite direction to make it astatic, and the whole
galvanometer is surrounded by multiple soft-iron shields. Its sensitivity (see Table 1)
is nearly equaled by the best moving-coil galvanometers so that it is very little used.

Soft iron may also be used in the moving element, either alone or in conjunction with
a fixed piece of soft iron, both of which are magnetized by the fixed coil.

Soft-iron meters are much used as a-c ammeters and voltmeters in a wide variety
of ranges and sizes. They may also be used on d.c. Electrical characteristics are
given in Table 3. The range of the ammeters is from 20 ma to 500 amp. The upper
limit is ten times that of dynamometer-type meters, because the current coil is fixed.
Currents up to 5,000 amp are measured by the use of current transformers. Fre-
quencies to 500 cycles may be used. The range of the voltmeters is from 1 to 750
volts. Their resistances are such as to give from 3 to 200 ohms per volt, the values
increasing with the voltage. Higher voltages are measured by the use of either multi-
pliers or potential transformers. Frequencies up to 500 cycles may be used, the
normal limit being 125.

In general the sensitivity of pointer-type indicating instruments using the moving-
iron principle is from 0.1 to 1 watt full scale. Instruments using short vanes, usually
of the arcuate type, take about 1 watt full scale. Instruments with long radial vanes
are more sensitive with a minimum of 0.1 watt full scale but in general are more
sensitive to external fields and must be well shielded and kept away from strong
external fields. Moving-iron instruments in general are less satisfactory on badly
distorted wave forms as the hystercsis loop of the iron is represented in the measure-
ment. They are, however, widely used on power circuits and are generally available
in all sizes from the small 2-in. instruments up to the larger switchboard types.

HIGH-FREQUENCY CURRENT METERS

22. To measure currents of high frequency, the only satisfactory means is through
the heat developed in a resistor, which heat may be measured by the expansion of a
wire, by measuring the thermoelectric voltage developed by a thermocouple adjacent
to the resistor wire, by bolometer methods, and by other heat-measuring systems.

28. The hot-wire expansion type of instrument is today practically obsolete. Its
defects of varying in indication with ambient temperature, the lack of perfect resiliency
in the heated expansion wire, and its low overload capacity together with the advent
of the thermocouple instrument have practically made this type obsolete.

24. A thermocouple meter consists of a heater member, a thermocouple adjacent
to it, and a d-c galvanometer or millivoltmeter. Figure 5 shows the basic diagram of
the device. Such a simple assembly, however, does not compensate for variations in
temperature of the terminals or for ambient temperature variations. :

The Weston thermal ammeter as developed by W. N. Goodwin, Jr., is as shown in
Fig. 6. The heater is a wire or tube of platinum alloy of very short length whereby
most of the heat is conducted to the terminals, thus wiping out largely the effect of
convection currents of air. The temperature of the heated member may be repre-
sented as a parabola in its gradient from center to each terminal lug, and it is this



264 RADIO ENGINEERING HANDBOOK (Cuap. 6

temperature differenee or gradient from the center of the heater to its end which is
measured by the thermocouple. The couple proper consists of a pair of wires, usually
of constantan and a platinum alloy, permanently welded to the eenter of the heater
at the junction end, with the effective cold ends soldered to a pair of copper strips which
arc thermally conneeted to, but eleetrically insulated from, the terminal lugs. Their
heat capacity is such that the difference in temperature between the center of the
neated member and the center of the two copper compensating strips is always the
same as from the center of the heated member to the terminal lug, regardless of
ambient temperature changes or general rise in temperature of
the surroundings due to heating of the lugs themselves or tem-
perature rise due to the total heat generated. The thermoelee-
tric voltage is, therefore, strictly proportional to the tempera-
ture difference between the center and ends of the heated
member which in turn is proportional to the square of the cur-
rent eausing this temperature rise, and a d-¢ instrument con-
nected to the couple may be calibrated in terms of this current.
Fra. 5. Thermo- Couples may be designed to give suitable indication on
couple meter. instruments of commercial types from 200 ma up to whatever
may be required. Solid round wires may be used for the heated
member up to about 2 amp, but for higher currents and at the higher frequencies
skin-effect phenomena eause the readings to be too high. For higher ranges, there-
fore, the heated member should preferably take the form of a thin-walled tube of such
dimensions that the frequency error will not be exeessive. For a frequency error of
1 per cent at 50 Me, and for a platinum alloy tube having a resistivity of 170 ohms per
cir mil ft, the wall thickness is about 0.001 in.; at 100 Mc the readings will be about 5
per cent high. Since a 1-mil wall represents a practical minimum thickness of the
heated tubular element, thermoammeters are not useful for even moderate accuracy
at frequencies much higher than 150 Mc; as a
practical matter above 150 Mc standing waves of Thermocouple ,Compensaling
even minor magnitude preclude accurate measure- i s Strips
ment of current values as such, and the introduc- T
tion of a line discontinuity by adding the thermo-
element may also cause gross errors. Current
measurements in the usual sense are, therefore,
rarely made at above 150 Mc. It should be
noted, however, that as long as the pointer of a
thermoammeter does not deflect beyond full scale, % D.C
no damage will occur to the thermoelement itself M s 4 . Micar
at any high frequency, and qualitative measure- '7°V€7¢7"  Insulating Plates
ments may be made on frequencies much higher Plates ; !
than 150 Mec.

While standard instruments have a square-law
scale as the result of the /2R production of heat, Heirter
instruments are available in whieh the upper Tube
four-fifths of the scale ‘is app‘rox‘ima_tely linear prg 6. Compensated high-fre-
through the use of special d-c indieating mecha-  guency thermocouple and heating
nisms having nonlincar air gaps whereby the d-¢  element.
sensitivity is progressively lower as the pointer
moves up the seale. By a proper combination of sueh specially shaped pole pieces a
nearly linear scale may be produced. (See Figs. 15¢ and d.)

Instruments having the linear expanded scale are useful in small broadcast trans-
mitters licensed for a lower power at night than during the day; sufficiently accurate
readings of the high and low values of antenna current may be had on the same instru-
ment to be satisfactory, and instruments of this type are listed as complying with
FCC rule No. 143.

For low ranges so-called bridge-type couples are used, as shown in Fig. 7, whereby

4 1
Heater Tube
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a number of couples are arranged in series-parallel to give a higher thermal emf. The
impedance of these couples is higher than for a single couple, and for the common
current-squared galvanometer the effective resistance is 4.5 ohms. The indicating
instrument for the standard single couples has a sensitivity of 12 mv and a resistance
of about 5 ohmas.

For still higher sensitivities the couple may be placed in vacuo. Such couples show
no increase in sensitivity until the vacuum is better than 0.01 mm. of mercury; as the
vacuum is inereased, the sensitivity of the low ranges with very fine heaters increases
markedly since there is no cooling by convection currents. Characteristics of a line
of vacuum thermoelements are listed in Table 4, as made by the Weston Electrical
Instrument Corp., and are typical of those broadly available. Metallic heaters are
used on the higher ranges, with a carbon filament for

the heater of the 1.5 and 2.0 ma ratings. These ther- “g:g :"‘—N;
moelements are to be used with 10-ohm, 200-ua instru- )
ments, and are used cither external to the instrument f\
or self-contained in the instrument case. In some
instances they are associated directly with the coaxial PR .
line to simplify the r-f system, with leads to the instru- {; i o
ment. Frequency errors will vary with range; up to { ""'fé\:
150 Mc such errors are usually under a few per cent. A a4/
Care must be taken to avoid r-f currents in the couple R B
COn.f/anfan —
( ) i
i z i Z ; APPROX.
Platinum="
rooc Movemenf
gMetal Studs i
' —l FeRox
% ~Insulating Base % AP
YELLOW BLACK RED. YELLOW
F1a. 7. Galvanometer or bridge-type couple. Fia. 8. Physical dimensions
of thermoelements listed in
Table 4.

which will heat the junction independently of the heater current; chokes in the instru-
ment leads and capacitance to ground may be required to maintain this condition.

Thermocouple instruments in general are calibrated on commercial frequency a.c.;
if used on d.c., the mean of reversed readings should be taken to make certain that any
d-c drop in the heater picked up by the couple is canceled out.

Thermocouple instruments may be obtained with separate couples for use in indi-
cating at a distance as where a couple is placed in the antenna of a transmitting sta-
tion and the leads brought back to an instrument in the transmitting building. The
couple should be placed in the h-f circuit at a point close to ground potential to reduce
circulating r-f currents in the leads to the instrument. If this cannot be done, the
thermocouple, of low range, around }¢ amp, is connected to a loop of wire that is
inductively coupled to a loop in the main antenna circuit. The thermocouple eircuit
may then be grounded. The instrument is scaled to read the total antenna current,
and the final calibration is made by adjusting the inductive coupling between the two
loops until the remote reading instrument indicates the same value as an instrument
placed dlrcctly in the antenna itself. Note that FCC rules require an instrument in
the main antenna cireuit which may be used for this purpose but which under normal
operating conditions is kept short-circuited to prevent damage due to lightning. The
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Table 4. Characteristics of Vacuum Thermoelements

Resistance, 1 10 per cent
Max safe heater Approx burn-out
Range, ma* . current, ma current, ma
H. Couple resistance,
eater, chmst e

1.5 1,365 (] 3.2 20
2.0 750 6 5.0 30
5.0 82 6 10.0 - 20
7.5 36.2 6 16 35
10 23 .4 6 25 50
15 13.0 6 40 85
20 ¥.4 6 50 120
25 7.0 6 62 150
30 5.8 3 75 180
37.5 4.6 3 85 210
50 3.3 3 115 260
75 k 1.36 3 170 330
100 1.03 3 220 380
150 0.66 3 320 540
200 0.46 3 420 X 700
250 0.39 3 510 900
300 , 0.33 3 610 1,050
400 0.25 3 800 1,300
506 0.20 3 1,000 1,900

* Heater current for 5.0 mv open circuit may be 20 per cent less than rated current.
t Resistance of heater at rated current.

switch is opened when the instrument is read for logging purposes, and the remote
indicator, usually located on the transmitter panel, is used for normal operation.

The ratio of the power available to operate the indicating meter to that put into the
heater is about 1 to 2,000 for the most efficient couples; hence a very sensitive d-¢
instrument is required for low r-f energies.

Thermocouple voltmeters are constructed by using one of the more sensitive couples
with sufficient series resistance to give the desired voltage range. Their range is
from 0.3 to 150 volts with resistances of 125 ohms per volt above 1 volt, and 500 ohms
per volt above 10 volts, if desired. Their frequency range is determined by that of
the series resistance. The small resistance spools which must be used in meters with
self-contained resistors change their resistance rapidly with frequency so that their
frequency limit is 3 ke. Frequencies of 1 Mec may be attained with an error of 1 per
cent with special h-f resistors.

Since the emf produced by the thermocouple is proportional to the power input and
hence to the square of the current, this meter will read correctly on both d.c. and a.c.
and may, therefore, be used as a transfer instrument. It is necessary, however, to
take the average of the readings for both directions when using d.c.

RECTIFIER METERS

26. An a.c. may be changed to a pulsating current having a steady component by
the process of rectification. If the current-voltage characteristic is as shown in Fig. 9a
the effect is called half-wave rectification. The negative half cycles are eliminated and
the positive half eycles reproduced undistorted. The value of the steady component
is half the average value of a half sine wave. The ratio of the d.c. to the effective
value of an a-¢ current having a sine wave form which would flow if the rectifier were

replaced by a pure resistance of the same value as that of the rectifier is \/ 2_/1'r, or
0.150. By a combination of rectifiers it is possible to obtain the characteristic shown
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in Fig. 9b, which gives full-wave rectification. The d.c. is then 0.900 of the a.c.
Actual rectifiers have a curved characteristic a8 shown by the dotted line in Fig. 9a.
For negative voltages the resistance is not infinite. The ratio of the positive and
negative half-cycle resistances is sometimes as low a8 8. Because of the curvature of
the characteristic, the ratio of d.c. to a.c. is a function both of the magnitude of the
current and of wave form.

The crystal rectifiers used with early radio receivers may be used with a sensitive
d-¢ meter for rectifying an a.c. Carborundum, galena, silicon, germanium, and many
other crystals may be used. The crystal is cast in a low melting-point alloy and the
top contact made with a fine copper wire which rests on the crystal or a fine tungsten
wire which is welded to the crystal. Rectification occurs at the points of contact of
metal and crystal. . i

26. Commercial rectifier instru-

ments contain a full-wave rectifier ’
consisting of four copper oxide /
rectifier disks connected in bridge /
relation as shown in Fig. 10. The /
rectification is by virtue of the /
oz&ide film formed on the copper — - = - -
disk, Current flows readily from cas-Holf Wove e o
the oxide to the copper and much . .
less readily in the reverse direction. F1a. 9. Rectifier characteristics.
For instrument use the rectifier consists of four small plates arranged in a stack with
suitable terminals between adjacent disks for connection to the instrument and the
external circuit. The disks may be as large as 3¢ in. square or round, which size is
rated at about 1 volt and 5 ma maximum. This rating is somewhat less than a maxi-
mum rating for power purposes since in an instrument some overload capacity is
required and stability rather than maximum power is the main requirement. Some-
what smaller disks are used in low-range instruments and for those designed for special
characteristics in order to maintain a relatively high current density at lower currents,
thus reducing frequency errors. Contact with the oxide is made in a variety of ways
through the use of lead washers, graphite, or various metals applied to the surface.
The main requirement here is permanence of contact over an extended period.

The sensitivity? of the device depends upon the resistance
and full-scale current of the d-¢ instrument. The d-c
instrument measures the average value of a rectified wave,
while a.c. is usually measured by methods which give the
rms value of the wave. It is customary to calibrate recti-
fier instruments in terms of the rms value of a stated wave
form, usually a sine wave. If a rectifier instrument is used
on a wave form differing widely from the wave for which
it is calibrated, an etror proportional to the form factor will
result. Calibration also corrects an error due to imperfect

Fia. 10. Copper-oxide ; ) . . :
rectifier bridge. ppe rectification, which varies with current, temperature, and

frequency.
The performance of rectifier instruments can be best expressed by considering the
d-c instrument and the rectifier as a unit according to Fig. 10. The current efficiency,
average d-¢ current

- » is 80 to 89 per cent for a sinusoidal a-¢ current in the order
rms a-C current

of 0.001 amp. It is therefore impossible to use an a-c rectifier instrument for d.c.
without first making a suitable change in circuit or calibration. Figure 11 shows the
effect of current on current efficiency for a sinusoidal wave. This variation is cor-
rected in calibrating.

The 60-cycle impedance of a 20-ma rectifier instrument is shown in Fig. 12. Other

1 The following several paragraphs and Tables 5 and 6 have been contributed by F. 8. Stickney of the
Westinghouse Electric Corp.
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ranges using different rectifiers will have different values, but in general the slope of the
characteristic as plotted in logarithmic coordinates will be entirely similar.
Temperature variations have considcrable effect on both the impedance and
accuracy of rectifier instruments. Figure 13 shows temperature-voltage variations
for a specific group of milliammeters from which impedance can be determined.

?60 3 " s quare Coper. Oxide Rectifier
16

(4 )‘
5 | L+

1

E“ 7

10 20 30 40 5060 80 100 200 400 600 1000 2000 4000 6000 K000
Current in Microamperes,A.C.

F1g. 11. Current-efficiency characteristic.

Figure 14 shows temperature-efficiency relations of this group at various current
values. The point must be stressed, however, that the curvature of these character-
istics varies with the several parameters of rectifier-disk size, current density, process-
ing time, and the resistance of the instrument, and it is quite possible to modify these
curves materially for special requirements. Standard instruments, by the same token,
can hardly be represented by any particular group of curves. It might be stated that
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Fia. 12. Impedance characteristic of 20-ma rectifier instrument at 60 cycles.

L
000.

rectifier instruments have been materially improved in recent years as to the flatten-
ing of the curves and that design possibilities have broadened to the point where
materially improved instruments can be made for particular requirements.

Higher temperatures adversely affect the rectifying film, and rectifier instruments
may become erratic at temperatures in excess of 45°C. High-temperature locations
should be avoided in application; where the instrument becomes unduly warm, instru-
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ments with external rectifiers are sometimes used with the rectifier placed in a rela-
tively cool location.

Frequency errors are the result of capacitance between disks. Since the disk resist-
ance is lower at higher currents and since capacitance is a function of rectifier size,
the smallest rectifier is preferred for good frequency characteristics. This in turn
means a high current density with which good accuracy is obtainable somewhat above
audio frequencies. With low-current density, crrors
may be as large as 1 per cent per 1,000 cycles. 90

T
In general, low-range voltmeters are more subject 0MA_AC
to temperature and frequency errors than high-range 80 l !
voltmeters. Low-range voltmeters havescales which 1 accurent
— Efficiency ra
a5 T T a0 A‘ C:.-.:Tmrlnpuf
3 e=Minimum Vo __J
\ Drmmxﬁedbﬁ?gr’- + A! !
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F1e. 13. Effect of ambient Fi16. 14. Ambient tempera-
temperature on the voltage ture-efficiency relation of sev-
drop across a rectifier instru- eral typical rectifier-type milli-
ment at various currents. ammeters.

are compressed at the lower end due to variations of impedance with current. High-
range voltmeters and milliammeters have nearly uniform scale distribution.
Tables 5 and 6 give approximate constants of commercial rectifier instruments.

Table 6. Milliammeters and Microammeters

Full Scale, Approximate 60-cycle
Ma Impedance at Full Scale*
15 1
10 130
5 190
2 370
1 600
0.5 1,140
0.2 1.950
0.1 4.200
0.05 6.300
0.02 10.000

* Individual copper oxide rectifiers vary considerably from the average in characteristics. Imped-
ance values given may vary +15 per cent, and efficiency values vary +3 per e¢ent for the product
of one manufacturer. Much greater variations may be expected between the products of different
manufacturers.

27. Power-level instruments used in the monitoring of voice-frequency circuits are
usually voltmeters with scales calibrated to read power on the basis of a fixed-resistance
load. The indications of power are usually in decibels above or below a specified zero
power level. Prior to 1939 considerable confusion existed in this field of measurement
owing to the fact that zero levels of 1, 6, and 12.5 mw were used into loads of 500 or
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600 ohms. The instruments themselves, fundamentally voltmeters of the rectifier
type, have been quite satisfactory. The usual impedance has been 5,000 ohms and
higher to avoid too great a loss due to the addition of the power-level indicator and
also to avoid adding harmonics to the line due to the non-linear shunt resistance of
the instrument-rectifier network.

Table 6. Voltmeters

Full seale ' Approximate 60-cycle

i N D Approximate fixed impedance of rectifier

Full scale, volts approximate ohms resistance, ohms and d-c instrument at

per volt full scale, ohms

150 1,000 149,400 600
50 1,000 49,400 600
10 1,000 9,400 600
4 1,000 3,400 600
3 2,000 4,860 1,140
2 2,000 2,800 1,140
1.5 2,000 1,880 1,140
1 5,000 3,050 1,950
0.5 5,000 550 1,950

This situation has been largely cleared due to the work of Chinn, Gannett, and
Morris! in the development of the VU meter. This is fundamentally a rectifier
voltmeter having very definitely specified electrical and ballistic characteristics.
These characteristics are specified in detail, along with a definition of the term VU, in
“American Recommended Practice for Volume Measurements of Electrical Speech

Y 7
Y
2 %
F1a. 16a. A scale for VU meter. Fia. 15c. Standard scale
using a conventional d-¢
movement.
A 56 ;
v 9
N 2
Fi1a. 16b. B scale for VU meter. Fia. 15d. Linear expanded

scale using the mechanism
with specially shaped pole
pieces.
and Program Waves,”
Standard C16.5-1942.
Two instrument scales have been standardized, as shown in Fig. 15. The upper
scale, known as the A scale, emphasizes the VU markings and has an inconspicuous
voltage scale. The lower, known as the type B scale, emphasizes the per cent voltage
and has a relatively inconspicuous VU scale. This latter scale is largely used in broad-
cast monitoring since the voltage scale indicates in a rather direct fashion the per cent
utilization of the facilities. The scales are printed on buff paper to reduce eyestrain;

sponsored and published by IRE and known as American

1 Chinn, Gannet, and Morris, Proc. IRE, January, 1940; A New Standard Volume Indicator and
Reference Level, Bell System Tech. J., January, 1940.
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the narrow arc and the figures above it are in black with the heavy arc to the right,
the markings above it as well as the markings below the arc in red.

The instrument mechanism, which is identical for both scales, has very definite
ballistic characteristics which may be completely defined by the fact that, if a voice-
frequency voltage of such amplitude as to give a steady reading of 100 on the voltage
scale is suddenly applied, the pointer should reach 99 on this scale in 0.3 sec and should
then overswing the 100 point by between 1 and 1.5 per cent.

Zero level is 1 mw in 600 ohms. Since a voice-frequency channel may contain
many components of different frequencies and since they may affect different instru-
ments in a different manner, the ballistic standards above listed are a very necessary

APAAAN .
36000HMS A A

30
B TYPE

Fia. 16. Network for use with VU meter.

part of the new standard. The instrument is standardized on sine-wave voltage and
is adjusted to read to the 100 mark on the voltage scale with 1.225 volts applied, this
representing 4 db above 1 mw in 600 ohms and is applied to the standard instrument
as furnished, plus a 3,600-ohm external series resistance.

With such an instrument, the readings obtained from it when voice-frequency cur-
rents are applied may then be stated as 80 many VU, taking into account that 4 VU
must be added to the scale reading plus the number of VU lost in the attenuator
placed in the network.

The required network is shown in Fig. 16. The fundamental total resistance of
the instrument is 7,500 ohms. To this are added 300 ohms representing a 600-ohm

.Table 7. Attenuators for VU Meter

Attenu- Attenu-
Level, Arm A, Arm B, Level, Arm A, Arm B.
stor loss, | Jy ohms ohms | Befloee | Ty ohms ohms
0 + 4 0 Open 24 +28 3,437 494.1
1 + 5 224.3 33,801 25 +29 3,485 440.0
2 + 6 447.1 16,788 26 +30 3,528 391.9
3 + 7 666.9 11,070 27 +31 3,566 349.1
4 + 8 882.5 8,177 28 +32 3,601 311.0
5 + 9 1,093 6,415 29 +33 3,833 277.1
6 +10 1,296 5,221 30 +34 3,661 246.9
7 +11 1,492 4,352 31 +35 3,686 220.0
8 +12 1,879 3.690 32 +36 3,708 196.1
9 +13 1,857 3.166 33 +37 3,729 174.7
10 +14 2,026 2,741 34 +38 3,747 155.7
11 +15 2,185 2,388 35 +39 3.764 138.7
12 +16 2,334 2,00 36 +40 3,778 123.7
13 +17 2,473 1,838 37 +41 3,791 110.2
14 +18 2,603 1,621 38 +42 3,803 08.21
15 +19 2,722 1,432 39 +43 3,813 87.53
16 +20 2,833 1,268 40 +44 3.823 78.01
17 +21 2,935 1,124 41 +45 3,831 69.52
18 +22 3,028 997.8 42 +46 3,839 61.96
19 +23 3,113 886.3 43 +47 3,845 55.22
20 +24 3,191 787.8 44 +48 3,851 49.21
21 +25 3.262 700.8 45 +49 3,857 43.86
22 © 426 3.326 623.5 46 +50 3,861 39.09
23 +27 3,384 555.0
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source, and load in parallel, making a total of 7,800 ohms. To simplify the use of an
attenuator, this is split in the center to give 3,900 ohms each side, which will allow for
a simple T-pad attenuator to be inserted at this point. The instrument proper,
therefore, has an internal resistance of 3,900 ohms and must be used with the separate
3,600-ohm resistor. Since the normal instrument level is +4 VU, the attenuator dial
is marked 4 VU at zero attenuation, and for other true attenuation values 4 VU are
added. Table 7 shows values for such attenuators.

This instrument is available commercially and because of its deliberate action is
found most readable. The standardization of the
instrument by the majority of those concerned is of
fundamental importance, particularly where levels
along a transmission line are to be read, forwarded
over an order wire to a common point, and com-
pared. While instruments of several sizes are
available, the one in most common use is approxi-
mately 4 in. square and available either with or
without internal illumination.

The advent of this new level indicator has very
Qs sov largely superseded the use of db meters, with scales

‘4.‘“ as shown in Fig. 17, although the previously avail-
able high-speed instruments still find some utility,
particularly in the cutting of records where instan-

Fro. 17. Scale of db meter. taneous indication and cont!'ol of high level is

necessary to prevent overcutting.

Table 7 is a useful tabulation of power levels, ratios, and voltages, all in terms of the
zero level of 1 mw in 600 ohms, and, when interpreted on an instrument of the charac-
teristics described, the values of db above and below this level will also represent VU.

MEASUREMENTS OF PULSATING CURRENTS AND POTENTIALS

In making measurements of current and voltage which are neither true a.c. nord.c.,
care must be taken to make the measurement with the correct type of instrument in
order that 2 measurement be had of the actual value required.

98. Rectified current, which may or may not be filtered, should in general be
measured with a moving-coil permanent-magnet type of d-c instrument. This gives
the average value. It is the value of current or voltage of interest when charging a
battery and in general is the value of interest in vacuum-tube technique. Iron-vane
and electrodynamometer instruments indicate the rms value which is used for deter-
mining the heating effect.

Direct-current instruments, particularly voltmeters, have a sufficiently large heat-
overload capacity so that they may ordinarily be used on pulsating currents without
danger.

To measure the a-c component of voltage, a capacitor may be placed in series with
an a-c voltmeter of suitable range; the d-c component is blocked and the a-¢c value
only is measured. The impedance of the capacitor at the frequency used (120 cycles
for a full-wave rectifier system) should not be greater than 10 per cent of the instru-
ment resistance; the impedances being in quadrature, the resulting error will be under
1 per eent. This is the simplest method of measuring hum in a rectified plate supply.
Beeause of its high resistance, the rectifier voltmeter described previously is most
satisfaetory for this purpose.

Peak voltages and currents are best measured through the use of a vacuum-tube
voltmeter with a large eapacitance shunted by an extremely high-resistanee d-c volt-
meter (see Sec. 40). A cathode-ray oscillograph is also useful in such studies.

VOLTAGE-MEASURING INSTRUMENTS

29. Use of Current Meters to Indicate Voltage. All current-measuring instruments
having a sensitivity in milliamperes may, with the addition of suitable series resistance,

~DECIBELSG »

1.73Y

RECTIFIER TYPL
2ERO POWER LEVEL
4 MLLVATTS 500 OtMs

WISTON ELECTINCAL BSTRUMENT CORP_ BOWANK, LASSA.
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be used to indicate potential. The current drain of the instrument must be sufficiently

low to abstract negligible energy from the circuit, as otherwise corrections must be

lo)made. With modern instruments of high sensitivity this requirement ecan usually
e met.

80. Direct measurements of voltage are obtainable through electrostatic means,
but the instruments are of limited utility because of their low torque and because the
minimum ranges are rarely under several hundred volts. They are essentially instru-
ments for the research laboratory. :

Table 8. Useful Technical Decibel Data

Power Power
ratio to 0 Voltage— ratio to 0 Voltage—
Power db. Also Voltage based on 1 Power db. Also Voltage based on 1
level, power, mw, | ratio to 0 | mw in 600 level, power, mw, [ ratio to 0 | mw in 600
db when 0 db ohms = zerof db when 0 db ohms = sero
level = 1 level level = 1 level
-~ mw mw
-10 0.1000 0.31623 0.24495 20 100.00 10.0000 7.7461
-9 0.1259 0.35481 0.27483 21 125.89 11.220 8.6912
- 8 0.1585 0.39811 0.30839 22 158.49 12.589 9.7514
-7 0.1995 0.44668 0.34599 23 199.53 14.125 10.941
-6 0.2512 0.50119 0.38820 24 251.19 15.849 12.276
-5 0.3162 0.56234 0.43560 25 316.23 17.783 13.775
- 4 0.3981 0.63096 0.48878 26 308.11 19.953 15.459
-3 0.5012 0.70798 0.54840 27 501.19 22.387 17.341
-2 0.6310 0.79433 0.61527 28 630.96 25.119 19.457
-1 0.7943 0.89125 0.690358 29 794.33 28.184 21.831
0 1.0000 1.00000 0.77461 30 1,000.00 31.623 24 .495
+1 1.2589 1.1220 0.86912 31 1,258.9 35.481 27.484
+ 2 1.5849 1.2589 0.97514 32 1,584.9 39.811 30.837
+ 3 1.9953 1.4125 1.0941 33 1,995.3 44.668 34.600
+ 4 2.5119 1.5849 1.2276 34 2,511.9 50.119 38.822
+ 5 3.1623 1.7783 1.3775 35 3,162.3 56.234 43.560
+ 6 3.9811 1.9953 1.5459 36 3,981.1 63.096 48.875
+ 7 5.0119 2.2387 1.7341 37 5,011.9 70.795 54 .840
+ 8 6.3096 2.5119 1.9457 38 6,309.6 79.433 61.527
+ 9 7.9433 2.8184 2.1831 39 7.,943.3 89.125 69.035
+10 10.0000 3.1623 2.4495 40 10,000.00 100.000 77.461
+11 12.589 3.5481 2.7484 41 12,589.2 112.20 86.912
+12 15.849 3.9811 3.0837 42 15,848.9 125.89 96.698
+13 19.953 4.4668 3.4600 43 19,952.6 141.25 109.41
+14 25.119 5.0119 3.8822 44 25,118.9 158.49 122.76
+15 31.623 5.6234 4.3560 45 31,622.8 177.83 137.75
+16 39.811 6.3096 4.8875 46 39,810.7 199.53 154.59
+17 50.119 7.0795 5.4840 47 50,118.7 223 .87 173.41
+18 63.096 7.9433 6.1527 48 63,095.7 251.19 194.57
+19 79.433 8.9125 6.9035 49 79,432.7 281.84 218.31

Electrostatic voltmeters depend on the attractive force which exists between two
conducting plates between which a difference of potential exists. In their simplest
form, the force of attraction between a stationary and a movable disk is balanced by a
calibrated spring. The Kelvin absolute electromeler is constructed in this manner.
The force of attraction is proportional to the square of the difference of potential
between the plates. Such meters give the same indication on steady and alternating
voltages and have neither wave form nor frequency error.

One type of construction, used in suspended-vane meters, is shown in Fig. 18.
The stationary plates are sections of two concentric cylinders, into which the cylin-



274 RADIO ENGINEERING HANDBOOK [Crar. 6

drical rotor turns. With the opposite poles of a magnct placed outside the stator
plates, satisfactory damping is obtained from the currents induced in the loop. This
type of construction is that used in the Ayrton-Mather electrostatic voltmeter built by
the Cambridge Instrument Company.

Electrostatic voltmeters are very useful because of their high resistance and low
power consumption at low frequencies. They cannot be used on high voltage at
frequencies much above a megacycle, because of the rapid increase of the power loss
in the necessary insulation. This loss increases directly as the
first power of the frequency and the square of the voltage. A
hard-rubber insulator with a power factor of 0.004 and capaci-
tance of 10 puf will have, at a frequeney of 10 Mc and voltage
of 2.5 kv, a charging current of 1.5 amp, and a power loss of 15
watts, both of which valucs are excessive,

MEASUREMENT OF RESISTANCE, IMPEDANCE, FRE-
QUENCY

31. Resistance. While bridge measurcments of resistance
Fig. 18. Suspended- give greatest accuracy direct-reading instruments are much
vane meter. used because there is no requirement for the manipulation

of the controls, and they are widely used in production testing
of resistance units as well as in general laboratory practice where the highest accuracy
is not essential.

32. Ohmmeter. The simplest direct-reading ohmmeter consists of an ammeter and
battery as shown in Fig. 19. Two readings are made, one with the terminals shorted,
the other with the unknoiwn resistance R connected. The fixed resistance S limits the
current to about full-scale reading of the ammeter. The deflection is made exactly
full scale by adjustment of the ammeter shunt B. The range of this type of meter is
usually taken as that resistance which gives a deflection

which is 5 per cent of full scale. On this basis the usual A

ranges are 1, 10, and 100 kilohms. Since the fixed and

unknown resistances are in series, the center- or half-scale & R
resistance value is exactly cqual to the total effective resist- T S

ance at the ohmmeter terminals. The two main decades
of the resistance scale are symmetrically placed about the
center value and together cover 82 per cent of the scale
length. The voltage across the unknown resistor is not constant but increases with
the resistance, being half the applicd voltage at half scale.

The upper limit of resistance measurements by this means depends upon the instru-
ment sensitivity and battery voltage; a 50-ua instrument at 15 volts gives dan excellent
deflection on several megohms. The lower limit, since a minimum battery voltage
of 1.5 volts must be used, is dependent only on the current capacity of the battery

§ and the resistance of the leads. In gen-

. Inf eral, for accurate work, the effective bat-

' tery resistance must be calculated into

AT 3 the circuit as a part of the total series
b R registance.

] & The readings of an ohmmeter may be
made independent of the applied voltage
0 by dispensing with the controlling springs

- and obtaining the controlling torque from
Fra. 20. Ohmmeter of Evershed and 4 geparate coil connected across the sup-
Vignole. ply voltage. Figure 20 shows the circuit

used by Evershed and Vignole in their cohmmeters of this type.
This construction was first used by Evershed for an ohmmeter designed to measure
high resistances up to 100 megohms. The source of voltage was a self-contained high-
voltage magneto generator, giving voltages up to 500 volts. It was called a Megger.

Fia. 19. Direct-reading
ohmmeter circuit.

[y}
——— i ———
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The same principle has now been applied to ohmmeters of lower range using battery
voltages. The resistance range extends from 1 ohm to 5,000 megohms.

The upper resistance limit is greatly increased by replacing the microammeter with
a vacuum-tube voltmeter (Sec. 40) connected across the fixed resistance, which may
then have a maximum value of 10° ohms. The range will be 20,000 megohms.

The range is still further increased by using, instead of a vacuum-tube voltmeter,
a degenerative d-c amplifier with a sensitivity of 0.1 volt for full-scale deflection of
the indicating milliammeter. For a fixed resistance of 1,000 megohms, the current
corresponding to this full-scale deflection is 100 pua and 1 per cent of this, or 1 uua,
can be detected. At 100 volts the corresponding resistance values are 1 and 100 X 102
ohms, since at all times the fixed resistance is negligible compared to the unknown
resistance. It follows then that the voltage across the unknown resistor is essentially
constant. The power supply is usually tube-regulated and is provided with a pro-
tecting resistor to limit the current on a short circuit to a safe value. One decade of
resistance covers 90 per cent of the scale length, so that it is necessary to provide at
least two fixed resistances per decade in order to keep the fractional accuracy of read-
ing reasonably constant.

88. Measurement of Impedance. When the voltmeter-ammeter method is used
with a source of alternating voltage, the ratio of voltage to current gives the impedance
of the load

Z = E/I 2)

With the usual a-c instruments the corrections for the instruments are larger than for

d-¢ instruments and more difficult to make because of their reactance. The high-

resistance rectifier voltmeter and vacuum-tube voltmeter eliminate this difficulty.
The separation of impedance into its components requires the use of a wattmeter.

The connections of Fig. 21a are usually

used when no correction for instrument D = 2

errors is to be made, while those of Fig. L 3 2

21b allow the correction to be made o o

quite easily. For this distinction the q

current coil of the wattmeter is grouped A el LIRS O iy e LU

with the ammeter and its potential coil with the voltmeter. As before, the imped-

ance of the load is given by Eq. (2). Its power factor is the ratio of the wattmeter

readings to the product of voltage and current.

Pf = cos 6 = W/EI 3)
where @ is the phase angle between voltage and current. The resistance of the load is
R=W/I @

and the reactance
X =W —R? (5)

With the knowledge as to whether the load is inductive or capacitive, its inductance
or capacitance may be calculated from

X =wL = —1/aC (6)
where w = 2xf.

84. Measurement of Capacitance. Since the power factor of the usual capacitor
is small, its reactance is approximately equal to its impedance. This may be measured
directly by the voltmeter-ammeter method and the capacitance calculated from Eq.
(6). At a given voltage and frequency, a single ammeter reading is sufficient, and the
ammeter may be calibrated to read capacitance directly.

Capacitance may also be measured on a single indicating meter whose readings are
independent of the applied voltage. The moving element consists of two coils set at
right angles to each other. There are no controlling springs. The connections used
in the h-f Weston microfarad meter are shown in Fig. 22.
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Coils C; and C: are connected across the supply voltage, one in series with a fixed
capacitance 8, the other in series with the unknown capacitance C. The stationary
field coils F are directly connected across the line voltage. With no capacitor con-
nected in circuit with coil Cs, the coil Ci sets itself in the plane of the field coils ' and

determines the zero of the scale. The

I introduction of capacitance C allows

current to flow in the coil C: and pro-

vides an opposing torque which is pro-

F portional to the capacitance added.

The resulting deflection is, of course,

just as dependent on frequency as on

! capacitance, so that any particular in-

~ strument must be used on the exact fre-

S ==<C¢ quency for which it was calibrated.

I The I-f Weston microfarad mieter has the

moving coils connected in series instead
of in parallel with the field coils.

The capacitance range of the Weston microfarad meters extends from 0.05 to 10 nf
at 60 cycles, 0.001 to 0.05 uf at 500 cycles, and 0.0005 uf at 1,000 cycles. The applied
voltage must be large enough to provide sufficient torque to give a definite reading.

36. Measurement of Power Factor. Instruments for measuring power factor are
very similar to the moving-coil capaci-
tance meters described above. The 1
connections used in the Weston power- c B}
factor meter are shown in Fig. 23. 1

36. Measurement of Frequency. E [ F
Frequency may be measured with an c
indicating instrument similar to the 2
capacitance meter shown in Fig. 22, in
which the capacitance C is fixed and
the capacitance S is replaced by a re-
sistance. The scale is, of course, cali- l I
brated in terms of frequency. E

The functions of the moving and F1g. 23. Power-factor meter.
fixed coils may be transposed, the sta-
tionary part now consisting of two coils set at right angles to each other. The mov-
ing part is simply a vane of soft iron, since its sole function is to indicate the direc-
tion of the resultant magnetic field set up by the two stationary coils. The connections

of sueh a frequency meter are shown in Fig. 24a.

F1c. 22. High-frequency microfarad meter.

AAAA—
l

VYVV

\d‘/‘\”@ w"/‘\””{é The tendency of the vane toward rotation is over-
come in the Weston frequency meter by decreasing
A 1 the phase difference between the currents in the two

coils as shown in Fig. 24b. The rotation of the mag-
netic field is no longer uniform. The vane, heing
long and narrow, takes up a definite position, its

8 L Bzm | N inertia preventing it from following the irregular
rotation of the magnetic field. The frequency range
5 g4 of the instrument is about 30 per cent of the mid-
(a) (b} scale reading. These meters are usually built for
the commercial frequencies 25 and 60 cycles. The

Fia. 24. Fr ter. - req ye
(FI;eaton.) equency  mer General Electric Co. has built them for higher fre-

. quencies, up to 2,000 cycles.
Frequgncy rpeters‘ utilizing direct indicating instruments in conjunction with
electronic circuits extend the useful range down to 3 cycles full scale and up to 60,000

t The following paragraphs dealing with vacuum tubes were contributed by A. G. Bousquet of the
General Radio Co.
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cycles full scale. The electronic circuit generates pulses which are all of identical
shape but which depend entirely for their frequency on the frequency of the applied
voltage. The identical pulses are rectified and “counted” on a d-¢ instrument whose
deflection is proportional to the number of pulses. per second. The instrument is
calibrated in terms of frequency in eycles per second.

In the circuit! of Fig. 25, the applied voltage is amplified and the peaks of the
amplified wave are “clipped” by a diode. In successive stages, the resultant pulse
shape is amplified, limited in its peak amplitude by overloaded amplifiers, and restricted
in its pulse length by appropriately selected circuit constants. The pulses are then
“counted” by the vacuum-tube voltmeter circuit. Each pulse charges the capacitor
through one of the diodes; the capacitor discharges through the other diode, and the
d-c component of the current deflects the d-¢ indicating instrument. Since the

Amplitier Clipper Limiting and shaping amplifiers Vacuum-fube voltmeter

! U
o—j 1 3 =] = =
: s 2 1 L3 : IHd

S 3 1 > 4
: I

WW

Input

F1a. 25. One form of frequency meter.

average reading is proportional to the number of pulses per second, the instrument
may be calibrated in eycles per second.

In another circuit arrangement (Fig. 26), the voltage is amplified and applied to
the input of a modified Eccles-Jordan circuit which oscillates for 1 cycle each time a
positive pulse (or the positive half of an alternating voltage wave) disturbs its input
circuit. The frequency of oscillation is determined by the frequency of the applied
voltage, but since the circuit truly oscillates, the wave shape of its output pulses is
independent of the wave shape of the applied voltage. The positive pulses from the
output are applied to the grid of a tube which has been biased beyond cutoff; plate
current flows only while the positive pulses are applied. A d-c instrument connected
in the plate circuit of the tube will be deflected each time a current pulse flows in the
plate resistor, and the average instrument reading will depend on the rate at which

Amplifier One-cycle Occillator Counter V=T V-M

NRGN x»\\" 5 AV

vv"

- 1 ]
F1a. 26. Counting rate meter or frequency meter.

the current pulses flow. Therefore, the instrument may be calibrated in terms of
frequency in cycles per second. The d-¢ instrument may be, as in the figure, a
vacuum-tube voltmeter. The capacitor across the plate resistor smooths out the
meter readings; this may be important at low frequencies when the d-¢ indicating
instrument is not sufficiently damped. The circuit of Fig. 26 was developed specifi-
cally for determining the rate of emission of beta and gamma rays from radioactive
substances.?

Frequency meters that make use of vibrating reeds are also constructed. A series
of reeds, whose natural frequencies of vibration differ by regular intervals, are arranged
in a line or in a circular arc in the order of ascending frequency. They are mounted
on a suitably shaped electromagnet, whose winding is connected across the supply
voltage of unknown frequency. That reed, having a natural frequency nearest to the
supply frequency, will vibrate with an easily visible amplitude, and the frequency

1Gen. Radio Experimenter, XX (9), February, 1946.
2 Rev. Sci. Instruments, 17 (9), 323-333, September, 1946,
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intervals between adjacent reeds are sufficiently small, compared to their damping, so
that at least one will always vibrate.

MOVING-DIAPHRAGM METERS

37. The telephone is a very sensitive galvanometer, in which the indication of
motion is acoustic. It is essentially a moving-iron vibration galvanometer, polarized
with a permanent magnet. Its construction is shown in Fig. 27. The amplitude of
vibration is proportional to the product of the steady flux in the air gap produced by
the permanent magnet and the alternating flux produced by the coils carrying the a.c.
The latter flux is much increased by placing the coils on laminated soft-iron pole

picces. The reluctance of the hardened stecel mag-

Diaphragm, . .Poles net to the alternating flux is so great that most of

= C——=u the a-c flux passes across the gap at the basc of the

pole pieces. This gap is made the proper length to
“anet make the product of the two fluxes at the diaphragm
air gap a maximum. The diaphragm is a thin steel
disk clamped at its outer edge. Its natural frequency
of vibration is determined by its mass and stiffness.
For silicon steel 0.01 in. in thickness, this frequency is
about 900 eycles. 13y plugging the orifice in the carpiece, the natural frequency may
be inereased by as much as 50 per cent. The damping of the diaphragm is very small,
being mainly due to the eddy-current losses in the iron. The variation of amplitude
with frequency is a sharp resonance curve. Figure 28 shows such a curve for a
Western Electric telephone. The damping is little affected by changes in stiffness
and natural frequency. The impedance of a telephone winding increases with fre-
queney in a regular way, except around the resonance frequencies. The resistance
and reactance are generally of the same order of magnitude, so that its lag angle is
about 45 deg. At a frequency of 1,000 cycles they are about ten times the d-c resist-
ance of the winding. Near resonance the motion of the diaphragm introduces a
counter emf into the circuit which is usually inter-

Fig. 27. Construction of
telephone.

preted as additional resistance and reactance. These 8

terms are referred to as motional values. In tele-

phones of low damping, they may be as much as 70 6

per cent of the normal values. The actual numerieal — § \
value of the resistance and reactance depends on the ¢

number of turns with which the magnets are wound. 24

The d-c resistance varies from 30 to 1,000 ohms. ¢

The sensitivity of telephones is somewhat indefinite < o

because it depends on the acuteness of hearing of the J
observer. It is usual to express it as the current

necessary to produce a just audible response. Be- % 2"’;5 13 19 =\

cause of the cxistence of a threshold of hearing, this
minimum current is reasonably definite and repro-
ducible, at least for any one person. Values of this
minimum current, together with the corresponding
voltage, resistance, and power are given in Table 2 for a Western Electrie receiver.
It is much more sensitive than any vibration galvanometer and at its resonant fre-
queney is not far behind a good d-c galvanometer.

38. Other Types of Telephones. It is possible to use nonmagnetic materials for
the diaphragm by providing a separate steel armature so shaped and clamped that its
natural frequencey is higher than that of the diaphragm, to which it is attached by a
stiff rod. When mica is used for the diaphragm, both the sensitivity and the selectiv-
ity are greater than for stcel. On the other hand, the resonance curve can be broad-
ened by using a corrugated diaphragm of suitable material.

The steel armature ean be replaced by a coil earrying the a.c., which then may
vibrate in the field as a moving-coil galvanometer. A light paper conc attached to the

Frequéncy, ke

Fia. 28. Resonance curve of
Western Electric telephone.
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coil acts a8 a diaphragm. There is no single natural frequency, so that over a wide
frequency range the sensitivity is essentially constant.

The piezoelectric effect exhibited in certain crystals is also used as the basis for a
telephone. Rochelle salt crystals are used rather than quartz because of their greater
piezoelectric effect. The construction is the same as is used in crystal microphones.
The frequency characteristic of a telephone made in this manner is remarkably con-
stant over the whole a-f range extending from 100 cycles to 5 ke. Its impedance
decreases with frequency because it is essentially a capacitor with crystal dielectric.
In this respect it behaves in just the opposite manner from a permanent magnet
telephone.

89. Thermophones. When a fine wire is heated by the passage of a.c., sound
waves are produced in the surrounding air if the heat capacity of the wire is so small
that the temperature of the surface of the wire follows the cyclic variations of the
current. Instruments of this sort have been constructed, using gold foil as the heater.
They are called thermophones. Their sensitivity in terms of sound energy is low.
But they can be made small enough to be placed in the ear, so that their over-all
sensitivity is quite satisfactory. Their response decreases slowly as the frequency is
increased. The theory of this instrument has been studied in considerable detail
because of its use as a standard in the production of sound.

ELECTRON-TUBE METERS

While the direct-reading moving-coil instrument has its limitations, fortunately its
range of usefulness can be vastly broadened by incorporating it in a vacuum-tube
circuit. The frequency range may then be extended to as high as 300 Me; the input
resistance may be as high as 10'¢ ohms; the sensitivity as low as 10~ amp.

40. D-c Vacuum-tube Meters. A simple form of vacuum-tube voltmeter is merely
a triode with voltage terminals at the grid and a d-¢ current-indicating instrument

F1a. 29. Direct-current vac- F1a. 30. Plate-current—
uum-tube voltmeter. grid-voltage characteristio.

in the plate circuit. Since the d-c plate current is a function of the d-¢ voltage applied
at the grid, the instrument may be calibrated to indicate directly the d-c¢ voltage
applied to the grid. The connections for such a circuit are shown in Fig. 29. The
vacuum tube must, of course, be powered from batteries (E., E,, and E. in the figure)
or from a line-operated supply. The plate-current—grid-voltage characteristic is
given in Fig. 30. The grid bias (E,) determines the operating point on the character-
istic. If a mid-point (E, in the figure) on the characteristic is selected for the grid
bias, the instrument may be calibrated for both positive and negative applied voltages.

The plate-current component of interest is the change in plate current: I to I.
when a positive input voltage is applied and I, to I; when a negative input voltage is
applied. To increase the over-all sensitivity of the system, it is desirable to suppress
to zero the meter reading (I:) obtained when no voltage is applied to the input
terminals, so that the entire scale may be devoted to indicating the plate-current
change.

The meter reading may be suppressed mechanically so that the zero of the calibrated
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scale coincides with the electrical zero, or the suppression may be obtained electrically
as shown in Fig. 31.

If a resistor is common to both the plate and the grid circuits (R of Fig. 32) the
voltage drop in this resistor due to plate current introduces an added grid bias, and
the circuit is said to be degenerative. As a net result, the sensitivity of the vacuum-
tube voltmeter is reduced, but the calibration is less dependent on the tube character-
istics and hence on supply voltages. The degenerative resistor also provides a ready
means for changing ranges.

The sensitivity of the voltmeter is directly dependent on the transconductance of
the vacuum tube, where the transconductance is the ratio of plate-current increments

o (D
7(? %
L =

F1a. 31. Electrical suppression of plate cur- Fia. 32. Degeneration in a
rent. vacuum-tube voltmeter.

to grid-voltage increments. If the tube of Fig. 32 is replaced by a multitube amplifier,
the net eficctive transconductance is increased enormously (10,000 fold, for example)
and full-scale meter deflection of a rugged 5-ma meter may be obtained for voltages as
low as 10 mv at the input terminals. With a standard resistor at the input terminals,
the device becomes a microammeter and, if the current terminals are at the grid and
cathode as shown in Fig. 33, the effective input resistance is reduced to a relatively
low value because the voltage drop in the standard resistance R, is balanced by the
almost equal voltage drop in the degencrative resistance Ri. However the voltmeter
is unduly sensitive to a small a-c voltage placed across the input terminals, because
such a voltage is not degenerated but experiences the full gain of the amplifier.

Example: For an effective over-all trans-
conductance of 100 mhos, a value of 2
ohms at R, and a 1,000-inegohm resistor
at R,, the full-scale sensitivity is 10 pua
(1071 amp), with an effective input resist-
ance of 5 megohms, instead of the 1,000
megohms that the conventional circuit
would have.

The major advantage of the d-¢ vac-
uum-tube voltmeter is the high input
resistance. With no special precautions, the input resistance may be 100 megohms
or more. In wide-range commercial voltmeters of careful design, the input resistance
is of the order of 5,000 megohms. When the vacuum tube is specially designed and
the circuit potentials are kept below ionizing levels, the input resistance may be as
high as 10! ohms. It must be remembered, however, that the final accuracy of the
direct-reading vacuum-tube meter is never any better than the accuracy of its mov-
ing-coil instrument, and if proper care has not been taken in the design, the over-all
accuracy may be seriously impaired.

41. A-c Triode Vacuum-tube Meters. If an a-c voltage is applied to the input
terminals of the circuit shown in Fig. 29 and if the grid voltage E, is adjusted to
operate at point k of the characteristic (Fig. 34), the negative excursions of the applied

Fia. 33. Sensitive microammeter.
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a-c voltage will decrease the plate current by only a small amount while the positive
excursions will allow a relatively large plate current to flow. The instrument in the
plate circuit will indicate the average plate-current change (I, — I;) and may be
calibrated in terms of applied a-¢ voltage.

The operating point on the characteristic (Fig. 34) determines the type of response
that will be obtained. If the bias is appreciably to the left of k (more negative than
E)), only the positive peaks of the sine wave will cause current to flow and the instru-
ment will be a peak-reading voltmeter. If the tube is biased more positively than
E)\, the response will depend to a
greater extent on both halves of the
cycle and will more nearly indicate the {p
rms voltage value of both halves of
the wave in spite of moderate wave-
form distortion. With the bias at E),
the resultant calibration will follow
approximately a square law for small
voltages because the characteristic at
this point approximates a hyperbola.
For large voltage swings, however, the

]
1
calibration will be more nearly linear !
because the characteristic is nearly a (-
h

il

straight line over the wider range.

The a-c vacuum-tube voltmetermay  p,; 34  Cparacteristic of a-c vacuum-tube
be operated over a wide frequency )¢ meter.
spectrum but, to avoid resonances in
the plate circuit which might limit the useful range to about 100 ke, it is necessary
to shunt the plate circuit with a capacitance whose impedance is low compared to the
plate-circuit impedance. With the proper shunting capacitance, the calibration will
be correct up to frequencies as high as 50 Mc. ‘At the other end of the frequency
spectrum, the difficulty lies in obtaining sufficient capacitance since, of course, the
impedance of the capacitor increases as the frequency is decreased.

Various ranges may be obtained by introducing different values of degenerative
resistance (Fig. 32). Itisimportanttoensurethatno shunt capacitance appears across
the resistor, and this immediately becomes a serious limitation at high frequencies.

The major advantage of the triode
type of a-¢ vacuum-tube voltmeter is
its high input impedance. The fre-
quency range, though great, is not so
wide as the range covered by the cir-
cuits in Sec. 42. The triode circuit is
not too well adapted for changing volt-
age ranges. .

42. A-c Diode Vacuum-tube Volt-
meters. If a two-electrode tube, or

(o) (b) diode, is connected in series with a

Fia. 85. Simple diode voltmeter. d-c instrument as in Fig. 354, any a-c

voltage applied across the series cir-

cuit will be rectified and the d-c¢ instrument will deflect. This most simple vacuum-

tube voltmeter responds to the average of the positive half cycle of the a-¢ voltage.

It is not a high-impedance device, and the source must provide a d-¢ path for the
diode currents.

The voltmeter responds to the average of the positive half cycle at the low fre-
quencies, but because of spurious shunting circuit capacitance, it responds more nearly
to the peak of the wave at high frequencies. If, however, the shunting capacitance is
sufficiently great, as in Fig. 35b, peak response may be maintained to quite low
frequencies and the device then is useful as a peak voltmeter over a wide frequency
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range. With the diode and the capacitor interchanged as shown in Fig. 36, the a—c
vacuum-tube voltmeter is a peak-rcading device, which in addition provides a path
for diode currents without requiring a d-c path through the source. Though satis-
factory for many purposes, the input impedance is still quite low and is approximately
one-half of resistance R.

If instead of measuring the d-¢ current through R, the d-c voltage across R is
measured by a d-¢ vacuum-tube voltmeter, as in Fig. 36b, the value of R may be
relatively very great with correspondingly high input impedance for the a-c volt-
meter. During the first positive half cycle, C of Fig. 36b becomes charged to the peak
value of the applied voltage. Only a small portion of the charge leaks off through
R before the next positive half cycle replenishes the charge; hence the voltage appear-
ing across the diode is the d-c voltage across C in series with the a-c source voltage.

(b)
F1a. 36. Improved diode voltmeters.

Because of the RC filtering action, the a-c component is eliminated and the net voltage
across C at the d-c vacuum-tube voltmeter is the d-c voltage, which is equal to the
positive peak of the applied a-c voltage. Commercial instruments using this basic
circuit cover a frequency range from 20 cycles to 300 Mc and a voltage range of
from 0.5 volt full scale to 150 volts full scale. Obviously, the upper voltage limit
may be extended by means of voltage dividers, preferably of the capacitive type
because of their frequency characteristics. The lower voltage limit likewise may be
extended simply by preceding the vacuum-tube voltmeter by a highly stable amplifier.
The amplifier design usually demands a compromise between sensitivity and fre-
quency range.

A limitation in vacuum-tube voltmeter design is stability. A solution is balanced-
circuit operation as shown in Fig. 37. Any fluctuation in the power supply affects
both sides of the circuit equally with no resultant change in meter reading.

[
13

The upper frequency limit of the diode voltmeter is determined (1) by the transit
time of the electrons in their flight from the diode cathode to the plate and (2) by the
series-resonance effects at the terminals. At low voltages, the two effects tend to
cancel each other; at high voltages, the transit-time effect is relatively negligible.

43. Electron-stream Meters. In the cathode-ray tube, a stream of electrons
impinges on a luminescent screen and forms a brilliant spot. Since an electron stream
may be deflected by a magnetic or an electric field, fields due to alternating voltages
will cause the spot on the screen to trace a figure which indicates the magnitude of
the voltages and the phase relation between them. Some of the many varied uses
include frequency intercomparisons, wave-form determinations, modulation measure-
ments, radar applications, and television pictures.

A cathode-ray tube is shown schematically in Fig. 38. Electrons emitted from a
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Fic. 37. Balanced vacuum-tube voltmeter.
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hot cathode are accelerated by a positive potential applied to the anode A. Since
the anode is a cylindrical electrode disposed coaxially about the stream of electrons,
many of the accelerated electrons will have sufficient velocity to continue through a
small hole in the anode, finally being stopped at the screen S. The beam is naturally
divergent because of the mutual repulsion of the individual electrons and must be
focused on the screen in some manner to obtain a small sharp spot and eventually to
“write’ a fine line. In the earlier tubes, positive ions in the residual gas of the tube
exerted a repulsive force on the electrons and prevented their divergence. The
method was not too reliable and limited the upper frequency for sharp focusing to
perhaps 100 ke because of the relative slowness of the ionization process.

The beam may also be focused by a longitudinal magnetic field or a radial electric
field, the latter being the more convenient. For this type of focusing, the gas pressure
is reduced to the minimum necessary to prevent an accumulation of negative charge
on the screen. A second anode made up of two sections is mounted coaxially about
the beam with one section on either side of the first anode A. The second anode may
have a positive potential between four
and five times that of the first anode, and
the beam is focused by adjusting the dif- 5 —4
ference in potential between the first and HjE
the second anode. In some designs the —tplt—
enlarged conical end of the tube is lined g, 38. Electron-stream meter or cathode-
with a conducting layer which is con- ray tube.
nected to the second anode. The anodes
may be disks or short cylinders with secondary emission shields and masking aper-
tures to restrict the beam diameter.

The cathode is usually of the oxide-coated type with a separate heater which, aside
from its high efficiency in producing electrons, operates at a temperature sufficiently
low so that light from it does not illuminate the screen. It is surrounded by a cylinder
which serves as control electrode. A negative voltage on this electrode is used to
determine the spot brilliance. It may be used to extinguish the spot completely; a
timing pulse applied to the control grid permits measuring recurrence time of phenom-
ena to a fraction of a microsecond.

The electron stream may be deflected by a transverse magnetic or electric field,
applied beyond the anodes in the region where the electrons have a constant velocity.
The losses inherent in the coils necessary to produce a transverse magnetic field limit
their use to special cases. The transverse electric field is applied through four deflect-
ing plates symmetrically disposed around the tube axis. When a difference of poten-
tial is applied to either pair of opposite plates, the stream of electrons is deflected
toward the positive plate through an angle proportional to the strength of the electric
field. The bright spot on the fluorescent screen, where the electrons strike the screen,
then moves proportionally. A voltage applied between the other pair of plates
produces a deflection of the spot in a direction at right angles to the first deflection.
The deflection at the screen is inversely proportional to the higher anode voltage. It
is of the order of 1 in. per 100 volts for an anode voltage of 1,000 volts.

When an alternating voltage is applied to a pair of plates, the electric field set up
between the plates is continually varying in magnitude and direction. The stream
of electrons is deflected back and forth between the plates, and the spot of light is
drawn out into a line symmetrically disposed about the undeflected spot, provided
the pair of plates is grounded at a point midway in potential between them. An
alternating voltage applied to the other pair of plates will produce a line at right angles
to the first. If the two voltages are applied to the two pairs of plates simultaneously,
the electron stream follows the instantaneous resultant force exerted by both fields
and traces on the screen a pattern which is closed, and therefore appears stationary,
when the frequencies used bear a simple relation to one another. These patterns are
called Lissajous! figures. For two equal frequencies the pattern is an ellipse of varying

1 Barton, “Textbook on Bound,’”” pp. 585557, Macmillan & Co., Ltd., 1922.
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eccentricity which at the extremes becomes a straight line or a circle. The exact
figure is determined by the phase difference of the two voltages. For other ratios
of the two frequencies the patterns become reentrant. For the general case the
ratio of the number of loops formed on adjacent sides of the pattern is that of the two
frequencies.

44. Timing Axis. Since the electron stream can follow accurately all variations in
applied voltage, it is only necessary to spread out the line of light which it produces
on the screen into a two dimensional picture to make visible its exact wave form.
The second voltage of the same frequency giving the elliptical pattern just described
does this but in such a manner that the whole pattern must be redrawn to be easily
interpreted. The time axis, which the second voltage provides, should be linear, not
sinusoidal, and its return to zero value should be instantaneous.

A very convenient circuit for this purpose employs a neon tube as shown in Fig. 39.
The potential across C builds up according to an exponential law determined by the
time constant CR of the circuit, which over the first part of its range is nearly linear.
At some potential between 100 and 300 volts, dependent on the shape of the electrodes
and the pressure of the gas, the neon tube breaks down, and the capacitor discharges
very rapidly. At some lower voltage the neon tube goes out, and the charging process
is resumed. If R is replaced by a diode, the curvature of the exponential law of charg-
ing may be partially compensated by the changing resistance of the tube as the voltage
across it js varied. The frequency at which C charges and discharges depends on the

time constant CR of the charging circuit and is con-

J\N;,NW _L —1 trolled by varying these quantities, Frequencics

c N covering the range from 1 to 150,000 cycles are at-

T tainable. The wave form thus spread out on the

T screen will drift along the time axis unless the two

frequencies are exactly equal or are simple multiples.

It is very convenient to have the pattern stationary.

The two frequencies may be synchronized by using a

thyratron in place of the two-electrode neon tube. Some voltage from the source of

the wave form under observation is applied to the grid of the thyratron. When the

control circuit is adjusted to produce approximately the correct frequency, this added
voltage is sufficient to trigger ofl the discharge and maintain exact synchronism.

A time axis may also be obtained by viewing the screen on a revolving mirror. The
pattern will be stationary when the speed of revolution of the mirror is an exact
multiple of the frequency of the given wave.

Transient phenomena may be studied by photographing the single trace of the elec-
tron stream as spread out by any of the methods of obtaining a time axis just described.
The time axis may also be obtained by moving the photographic film itself. In this
case, and also for the revolving-mirror method, the screen must be of the type in which
the fluorescence does not persist, else the trace on the film will be blurred. Screens
with persistence times as short as 5 psec and as long as several minutes are available.
The latter are useful in viewing very I-f phenomena and in radar, where it is helpful in
reducing flicker.

46. Wave Analysis. When the time-axis voltage applied to one pair of plates of
the cathode-ray tube is linear and its return to zero is instantaneous, the wave shape
of the voltage applied to the other pair of plates is drawn out on the sereen of the
cathode-ray tube. If the applied voltage is purely sinusoidal, the pattern on the
screen is a pure sinusoid. If the harmonic content is greater than 5 or 10 per cent,
the pattern will show the distortion, and an experienced technician may estimate
quite closely the nature and amount of distortion. The method facilitates amplifier
and oscillator design since changes in wave shape are immediately evidenced on the
screen.

Quantitative wave analysis implies a tabulation of the amount of second, third,
fourth, etc., harmonic frequency present. A vacuum-tube voltmeter that may be
tuned in turn to the fundamental frequency and to each harmonic frequency will

U

Fig. 39. Timing circuit for
cathode-ray tube.
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supply all the required data. There are design difficulties in providing a variable a-f
filter that peaks with a flat top at the desired frequency and introduces considerable
attenuation to all other frequencies. A successful solution consists in beating the
unknown component of signal voltage against voltage from a local oscillator whose
frequency may be adjusted to obtain a resultant beat note of predetermined fixed
frequency and in measuring the voltage of the beat frequency with a vacuum-tube
voltmeter tuned to the fixed frequency by means of carefully designed filters. For
example, if any frequency from 0 to 15 ke is heterodyned with the output of a local
oscillator whose frequency may be adjusted to the value between 50 and 35 ke neces-
sary to produce, after conversion, a resultant “sum” frequency of 50 ke, then the
vacuum-tube voltmeter need only be permanently tuned to 50 ke¢ and the tuning
problem is simplified. The tuned circuit may consist of two quartz-crystal filters
tuned to either side of 50 ke, and a third quartz-crystal filter tuned exactly to 50 ke.
Commercial equipment embodying these design principles is available for measuring
signal components between 30 uv and 300 volts over the a-f range.
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F1a. 40. Schematic diagram of typical standard-signal generator.

Some measurement problems are more concerned with the total harmonic distor-
tion present in the signal rather than in an analysis of the individual distortion
components. The measurement is readily made by filtering out the fundamental
frequency voltage and measuring the remaining voltages of harmonic frequency by
means of a vacuum-tube voltmeter which responds to the rms of the applied voltage.
The voltage of the fundamental frequency may be eliminated by a multisection high-
pass LC filter, a parallel T network (Sec. 73) embodying resistance and capacitance
circuit components, or a Wien bridge (Sec. 68). The filter should transmit all perti-
nent harmonics equally well.

46. Standard-signal Generators. Standard methods for testing radio receiving
equipment have been formulated by the IRE.! Most of the tests require the use of a
standard-signal generator, which is essentially a miniature transmitter that may be
tuned over a wide carrier frequency range, may be a-m or f-m, and is capable of deliver-
ing a signal measured to a high accuracy and adjustable over a very wide voltage
range, e.g., 0.1 uv to 2 volts. Since the output voltage must be adjustable to extremely
low levels, the design must ensure a minimum of leakage from the high-level circuits
in the instrument.

A schematic of a typical a-m generator is given in Fig. 40, where the carrier fre-
quency circuits are completely enclosed in a shielded compartment which in turn is
mounted with the accessory circuits (power supply, meter, modulation oscillator, ete.)
in a well-shielded cabinet. All leads from the inner shielded compartment are care-
fully filtered to prevent leakage. The resistors of the attenuator are of low reactance

1*8tandards on Radio Receivers,” IRE, New York.
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construction and are mounted in segments of a cast housing to shield the switch con-
tacts from each other and from the switch blade. The voltage level at the input to
the attenuator system is measured by means of a diode voltmeter. Since the attenua-
tion introduced by the attenuator is calibrated, the voltage appearing at the output
jack is accurately known, and if a terminated cable is used to connect the signal
generator to the receiver, the voltage at the receiver is equally well known. Resist-
ance-type attenuators may be designed to yield good results at frequencies as high as
50 Mec. At higher frequencies, capacitance attenuators or, better still, inductance
attenuators are used. In the inductance attenuator, a small loop at a low impedance
level is coupled to the amplifier (or oscillator)
201 h and the output voltage is varied by changing the
amount of coupling. When the mechanical de-
sign of the coupling system is carefully done, the
output will vary logarithmically with the linear
position of the coupling coil.
400 400ohms The voltage from the standard-signal generator
HHt is usually coupled to the receiver under test
o— 0 through‘ a §tandard dummy antenna, Fig. 41,
whose circuit constants are selected to simulate
Fig.41. Standard dummy antenna. the characteristics of the average antenna at
frequencies of 500 ke and above.

The signal generator system is used mainly to determine the sensitivity and selec-

tivity of the receiver under test at various carrier frequencies within its range.

200pput

COMPARISON MEASUREMENTS

47. Comparison of Voltages. A steady voltage may be compared with the differ-
ence of potential across a resistance carrying current by the use of the simple poten-
tiometer shown in Fig. 42a.

A battery E, causes a current [ to flow in B. The unknown voltage E is connected
to R through a galvanometer, and R is adjusted to give no deflection of the galvanom-
eter. The voltage E is then equal to the potential drop IR. A second voltage E’
may then be made equal to a different potential drop IR’. The two currents in the
two cases are the same because at balance no current flows in the galvanometer circuit.
The two voltages are thus proportional to the
two resistances. The potentiometer may be .ﬁ;’l - A
made direct-reading in voltage by using a stand- - '_“ﬁ 9 I

ard cell for one of the comparison voltages and SETBVEVYE
connecting it across sueh a portion of the resist- d

ance that the current must be adjusted to a + — iy
predetermined decimal value in order to obtain —

balance. The unknown voltage is then con- Q

nected through the galvanometer and balance is ®) b

restored by adjustment of R, which maynowbe gy 42, Potentiometer types: (a)
calibrated directly in volts. Connections for gimple; () with standard cell.
this type of measurement are shown in Fig. 42b.

Two alternating voltages may be compared by the potentiometer principle only
when they have the same frequency and the same phase. They must at every instant
be equal and opposite in order that the galvanometer in series with them shall show no
deflection. Hence the potentiometer current must he taken from the same source as
the voltage to be measured, and some form of phase-shifting device must be provided
for which the output current is independent of its phase.

Drysdale used a two-phase induction regulator, feeding one phase through a resist-
ance and the other through a eapacitance in order to obtain the two currents in
quadrature. Such a device P is shown in Fig. 43 connected to a d-c potentiometer.
G 18 an a-c galvanometer having a sensitivity comparable to that of the d-¢ galvanom-
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eter Gp. Since there is no standard of a-c voltage, a standard cell is used to adjust
the potentiometer current to its proper value. This value is read on a transfer
ammeter I, which may be either of the electrodynamometer or insulated heater ther-
mocouple type. Its zcro may be suppressed mechanically to give the effect of a longer
scale and hence a greater accuracy of reading. Switches K and K, are then thrown
to connect the potentiometer to the a-c voltages and the a-c current adjusted to
produce the same deflection in ammeter I. Vacuum-tube voltmeters and rectifier
voltmeters whose resistances are large compared with the resistance of the potentiom-
eter may be calibrated directly without using the phase shifter, by connecting them
directly to the terminals E. The voltage applied to them may be calculated from the
gettings of the contacts b and ¢.

48. Comparison of Frequencies. Two nearly equal frequencies may be compared
by measuring in a suitable manner their diffcrence in frequency. When the two
frequencies are in the au-
dible range, this difference (ol
will appear as an audible
beat—a waxing and wan-
ing in intensity—which
may be counted if it is
less than 10 beats per
second. If the beats are
faster than this or if the
beating frequencies are
above audibility, the beat
must be rectified and a
beat frequency produced.
This beat frequency may
then be measured by a
suitable frequency meter. Fi1a. 43. Drysdale potentiometer.

The accuracy of the com-

parison depends both on the accuracy of measurement of the beat frequency and
on the ratio of this frequency to the original frequencics. The beat frequency is
usually kept in the audible range.

If the two frequencies to be compared are not nearly cqual, so that their frequency
difference is large and above audibility, audible beats may usually be obtained between
some of their harmonics. For a beat frequency b between the mth harmonic of a
known frequency f and the nth harmonic of an unknown frequency f/, the expression

giving f' is

_mfib
T on

J 7
the sign of b being determined by considering which harmonie, mf or nf’ is the larger.
Sufficient harmonics are usually present in most frequency sources for the purpose of
this comparison, especially when emphasized and isolated by the use of tuned circuits.
They can always be produced by the use of a rectifier tube.

In the most precise measurements the known frequency is a multiple or submultiple
of a standard crystal frequency, obtained from the various multivibrators driven by
the standard. For less precise work a variable standard may be used. The beat
frequency is then made zero. Such a variable frequency oscillator, called a heterodyne
oscillator, will have a limited frequency range, cven though provided with multiple
coils. Properly chosen for range, it may be used to measure a super-audio beat fre-
quency, such as might be obtained when comparing two very high frequencies.

Frequency is measured in terms of inductance and capacitance by means of a tuned
circuit frequency meter consisting of a variable capacitance and a set of fixed induct-
ances. The frequency range allotted to each coil determines the accuracy of setting,
which ranges from 0.1 to 0.001 per cent. Resonance is indicated in a variety of ways:
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thermocouple ammeter, heterodyne zero beat, or reaction on an oscillator, these being
arranged in the order of their accuracy. In the third method the frequency meter is
coupled closely enough to the oscillator whose frequency is being measured so that
either the amplitude of its oscillations is affected or its frequency is altered. The
frequency alteration is the more precise method but demands for greatest accuracy a
second oscillator set at zero beat with the first. When the frequency meter is in exact
resonance, the zero beat note of the two oscillators will be unaffected. In the second
method a vacuum-tube oscillator is connected to the wavemeter so that it really
becomes a heterodyne oscillator. A screen-grid tube, operating as a dynatron oscil-
lator, may be connected to a frequency meter without the addition of extra coils or
taps and converts it into a heterodyne-frequency meter.

49. Comparison of Impedances. An unknown resistance may be compared with
a known resistance in a number of different ways. When the known resistance is
variable, a substitution method may be employed.

The unknown resistance X is connected in series with a battery and shunted gal-
vanometer g, the shunt resistance M having been adjusted to allow a full-scale deflec-
tion. The known variable resistance S is then substituted for X and the same

current allowed to flow. Its value as thus determined is

that of the resistance S. When the known resistance is

not continuously variable, the value of the unknown resist-

x ance may be interpolated from the two readings of the

Ex meter. This method is frequently used for the measure-

ment of very high resistances, such as insulation resist-

ances from a megohm up. The known resistance is rarely

Eg Ex larger than 1 megohm; hence under these conditions differ-

Fic. 44. Vectorial re- ©nt values of the shunt M are used for the two measure-

lations in three-voltmeter ~Ments. The method is not applicable to measurements

cireuit. with a.c. because the phase angles of the source and load
are indeterminate.

Two resistances may be compared by connecting them in series and measuring the
voltage drops across them by means of a high-resistance voltmeter. Since the same
current flows in both resistances, the value of the unknown resistance is

Eg
R =SE ®

where Eg and Eg are the voltages across the unknown and known resistances, respec-
tively. Except for the case of equal resistances, the resistance of the galvanometer
must be either very large compared with the resistances being measured or a correction
must be made for the current taken by the galvanometer. This method may be used
with a.c. to compare all kinds of impedances. Either a vacuum-tube voltmeter or a
high-resistance rectifier voltmeter must be used, since correction for the current taken
by the voltmeter is difficult. The polarity of the voltmeter should be maintained as
in d-¢ measurements in order to eliminate the errors of these voltmeters due to even
harmonics. The upper limit for frequency is that imposed by the frequency charac-
teristics of the known standard and by the capacitances to ground of the voltmeter
in its two positions.

The power factor of an unknown impedance may be determined by the three-volt-
meter method, in which the voltages across the unknown and known impedances and
that applied to the two in series are read. The same precautions concerning polarity
and capacitances to ground apply as in the two-voltmeter method. The vectorial
relations between the three voltmeter readings together with the voltage components
of the unknown impedance are shown in Fig. 44.

The expressions giving the unknown impedance Z, its resistance R, reactance X,
and power factor cos 6 are
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E;
Z =SE_s
E* — E;? — E?
R=3S8 2ES
X =+7' - R?
R E* — E;? — Es?
cos 8 = Z = 2m— (9)

60. Resistance-variation Method. The total resistance of a circuit may be meas-
ured by the resistance-variation method. Since with a constant applied voltage the
current flowing in the circuit is inversely proportional to the total resistanée, the cir-
cuit resistance is given by

[I

R=8t—F

(10)

where [ is the initial current and I’ the current which  Fia. 45. Resistance-
flows when the resistance S is added. A plot of the Variation method.
reciprocal of the current flowing for different values of the

added resistance against that resistance gives a straight line whose negative intercept
on the resistance axis is the circuit resistance. The added resistance necessary to halve
the current is also the circuit resistance. This method is sometimes used to measure
the resistance of a sensitive galvanometer.

The resistance-variation method may be used with a.c. provided the circuit is tuned
to resonance. The necessary connections are shown in Fig. 45. By reducing the
reactance of the circuit to zero, the same equations and procedure may be used as for
d.c. The ammeter used is usually of the thermocouple type. Halving the current
on such a meter quarters the deflection; hence this type of measurement is sometimes
called the quarter-deflection method. The ammeter may be replaced by a vacuum-tube
voltmeter connected across the capacitor. This arrangement is much more sensitive
than the thermocouple ammeter and simplifies the grounding of the circuit by elim-
inating one series element. The upper limit for frequency is set by the frequency
characteristic of the known resistance and the capacitances to ground of the different
parts of the circuit. The former condition usually dominates unless the added resist-
ance is small. The frequency limit is about 2 Me.

Two reactances may be compared in a tuned circuit by a substitution method. The
circuit is tuned to resonance both when the unknown reactance is connected in circuit
and when it is disconnected. The change in reactance of the variable standard, with
which the circuit is tuned, is equal to the unknown reactance. When the unknown
and known reactances are both inductive or both capacitive, the value of the unknown
inductance or capacitance is obtained directly, independent of frequency, the two
reactances being connected in series if inductive, and in parallel if capacitive. For
these pairs of measurements it is unnecessary that the currents be kept of the same
value.

Air capacitors are much better standards at high frequencies than inductors; there-
fore, it is usual to measure an unknown inductance in terms of a variable capacitor.
Small inductances are connected in series with the capacitor and large inductances in
parallel with the capacitor.

The resistance of the unknown reactance may be determined by noting the current
at resonance when it is connected in circuit and then by adjusting the current to this
same value by adding sufficient resistance when it is disconnected. This added resist-
ance, corrected for the change in resistance of the standard reactance with setting, is
the resistance of the unknown reactance. The resistance of the standard reactors
must be measured by one of the variation methods or by one of the bridge methods.
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The resistance of a variable air capacitor follows a definite law, and this fact may be
used in this type of resistance measurements.!

61. Reactance-variation Method. The total resistance of the tuned circuit may
also be measured by detuning the circuit. This method is called the reactance-varia-
tion method.? The change in reactance necessary to halve the squared current (deflec-
tion of a thermocouple meter) or to reduce the reading of a vacuum-tube voltmeter

in the ratio of 1 to \/§ (0.707) is equal to the resistance of the circuit. The resistance
of an unknown reactance may be found by again measuring the total resistance of the
circuit when the unknown is added. The difference in circuit resistance with the
unknown in and out is the unknown resistance. The circuit resistance for the one
case can also be found from the other by multiplying the known circuit resistance by
the ratio of the voltmeter readings at resonance.

62. Susceptance-variation Method. The errors caused by capacitance to ground
of the different parts of the circuit can be eliminated by connecting all parts—inductor,
capacitor, and vacuum-tube voltmeter—in parallel, with one side of each grounded,

as shown in Fig. 46. This method is

3t called the susceptance-variation method.

Co The circuit is coupled very loosely to the

L l_;él generator, usually capacitively, although

—_— c inductive or resistive coupling can be
v a used. The fractional change in tuning
- capacitance necessary to reduce the

Fig. 46. Susceptance-variation method. reading of the vacuum-tube voltmeter in

the ratio of 1 to \/2 (0.707) is equal to
the dissipation factor () = R/X = G/B) of the circuit. To increase the accuracy
of this measurement, it