
ELECTRICAL 

COMMUNICATION 

Arthur Lemuel Albert, M.s., E.E. 

Professor of Communication Engineering 
Oregon State College 

THIRD EDITION 

John Wiley & Sons, Inc., New York 

Chapman & Hall, Limited, London 



COPYRIGHT, 1934, 1940, 1950 

BY 

ARTHUR LEMUEL ALBERT 

All Rights Reserved 

This book or any part thereof must not 
be reproduced in any form without 
the written permission of the publisher. 

THIRD EDITION 

Second Printing, May, 1954 

PRINTED IN THE UNITED STATES OF AMERICA 



PREFACE TO THIRD EDITION 

As was true of the preceding editions, the third edition covers the 
entire field of electrical communication, including the transmission of 
code, speech, and music by both wire and radio. 

The third edition has been extensively revised. The basic subjects 
of acoustics, electroacoustic devices, networks, lines, cables, wave 
guides, and electronics have been grouped in the first part of the book. 
Telegraph, telephone, and radio systems have been placed in the last 
part. Both radio systems and dial telephone systems have received 
much greater emphasis than in previous editions. 

Covering the entire field of modern electrical communication in a 
single book has necessitated a careful selection of material. It is 
regretted that more text material and more illustrations could not be 
included. However, the extensive lists of references will assist those 
interested in locating additional information. 

An important feature of the third edition is the addition of review 
questions at chapter endings; also, the problems have been revised and 
increased in number. The standards of the electrical and radio pro
fessions have been followed closely. 

The many courtesies of the American Telephone and Telegraph 
Company, Pacific Telephone and Telegraph Company, Bell Telephone 
Laboratories, and Western Electric Company have been greatly appre
ciated. Also courtesies extended by International Telephone and 
Telegraph Company, Western Union Company, Radio Corporation of 
America, Brush Development Company, General Radio Company, 
Racon Electric Company, and others are gratefully acknowledged. 

Appreciation is expressed to the editors of Electrical Engineering, 
Proceedings of the Instdute of Radio Engineers, Bell System Technical 
Journal, Bell Laboratories Record, Electrical Communication, Elec
tronics, Tele-Tech, Telephony, and others, for permissions to use quo
tations, illustrations, and other material. Appreciation is also ex
pressed to the authors of the many technical articles from which 
information was obtained. 

The assistance of Mr. Dwight L. Jones, of the Pacific Telephone and 
Telegraph Company, who prepared most of the material on dial tele
phone systems, is acknowledged with gratitude. 

ARTHUR L. ALBERT 

OREGON STATE COLLEGE 

April, 1950 
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PREFACE TO FIRST EDITION 

Although several excellent books treating specialized phases of 
electrical communication are available, there is a need for a book which 
considers these subjects as they are related to one another in modern 
communication systems. This book, accordingly, presents the various 
phases of transmitting intelligence electrically as they contribute to the 
end desired-that of providing the public with an adequate and eco
nomical communication service. 

This book is designed primarily for use as a college textbook, and as 
a reference book for those in the communication industry who have 
had a college education or other technical training. However, those 
not having such training will find much of value included. 

Although higher mathematics has been employed where advisable, 
the reader not prepared to follow these solutions will find, with few 
exceptions, that the text is easy to follow. In most chapters the use of 
mathematics has been limited; care has been taken, however, to insure 
that this has not been accomplished at a sacrifice of engineering 
exactness. 

In preparing the manuscript the most recent communication stand
ards have been rigidly followed. The material is thoroughly modern in 
every detail. 

Engineering educators will recognize that a high percentage of the 
electrical engineering graduates now in the communication industry are 
engaged in engineering work which is broad and non-technical in nature. 
Relatively few graduates are engaged in such theoretical work as filter 
design or transmission studies. In selecting material for the manu
script, this fact has been considered. It has been the aim of this book, 
instead of merely presenting the electrical theories of communication, 
to include a discussion of the entire industry and thus provide a basic 
training upon which a successful career in communication engineering 
can more readily be built. 

Those in the communication industry who are engaged in admims
trative, supervisory, or similar activities which are essentially non
technical in nature, but who desire a better understanding of the plant 
and engineering features of their industry, should find this book of 
great value. 

vii 



viii PREFACE TO FIRST EDITION 

The manuscript has been reviewed by many unbiased authorities 
on communication, and every care has been taken to insure its correct
ness. It is with the greatest appreciation that this assistance is ac
knowledged. 

The writings of many authorities have been consulted during the 
preparation of the manuscript. Many of these articles are listed at the 
end of the chapters, and these have been freely referred to wherever it 
is felt that the reader would be benefited. These references are especi
ally valuable to the reader who is not well acquainted with the subject. 
Many quotations are included, parf.icularly where it seemed desirable 
that the original wording should be maintained. The contributions of 
these many writers are most gratefully acknowledged. 

The courtesies of the Bell Telephone Laboratories, the American 
Telephone and Telegraph Company, the Radio Corporation of America, 
the Raytheon Production Corporation, and the American Institute of 
Electrical Engineers, in supplying descriptive material and in rendering 
other assistance, is greatly appreciated. 

The assistance of the students and faculty of the school of engineering 
at Oregon State College has been invaluable. In particular, the interest 
and cooperation of H. S. Rogers, President of Brooklyn Polytechnic 
Institute and former Dean of Engineering at Oregon State, and of 
R. H. Dearborn, Professor and Head of the Department of Electrical 
Engineering and Acting Dean of the School of Engineering at this 
institution, have made this work possible. 

ARTHUR L. ALBERT 
OREGON STATE COLLEGE 
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CHAPTER 1 

EARLY HISTORY OF 

ELECTRICAL 

COMMUNICATION 

Introduction. It is surprising how little was done to improve methods 
of communication from primitive times until about the middle of the 
nineteenth century. Before this time, with the exceptions of the signal 
fire, semaphore, and heliograph, it was necessary for a person to travel 
from place to place and communicate verbally, or for a written message 
to be carried between two points. Methods of instantaneous com
munication had to await the development of electrical knowledge, and 
this development was slow and laborious. 

This chapter will be devoted to a study of the events which led to 
the perfection of electrical methods of communication. These his
torical events well illustrate the early problems and also provide a 
foundation upon which the later theoretical considerations can be built. 

Early Views of Electricity and Communication. Before the Chris
tian era, electrical knowledge was confined to the facts that rubbed 
amber attracted light objects and that lodestone or magnetite exerted 
magnetic effects. It is stated 1 that Homer noted these facts in the 
twelfth century B.C. In 1267, Bacon published his theories of the polar 
attraction of lodestone, which did much to stimulate thought along 
electrical lines. 

After the appearance of Bacon's work , rumors were circulated 
about a "certain sympathetic needle" which could be used to transmit 
information over long distances. This needle is thought to have been 
first described 1 in print by Porta in 1558. According to the rumors, 
which were unfounded, if both needles were magnetized from the same 
lodestone by rubbing, a movement of one needle, even though at a great 
distance, was supposed to cause a similar sympathetic movement in the 
needle of the other instrument. In this manner, it was supposed, com
munication could be established. 

1 Superior numbers refer to the numbered references at the end of the chapter, 
page 15. The " l ," for instance, refers the reader to the articles on the telegraph 
and telephone in t he Encyclopredia Britannica. 

1 



2 EARLY HISTORY OF ELECTRICAL COMMUNICATION 

Early Attempts at Electrical Communication. The earliest known 
attempts 2 at transmitting electricity over a distance were by Grey in 
1727 and Dufay in 1733. The Leyden jar gave an impetus to such 
experiments, and in 1747 1Vatson succeeded in discharging a jar and 
measuring the effect over almost t,vo miles of iron wire supported on 
poles. Franklin performed similar experiments in 1748, but neither 
he nor Watson attempted communication in this manner. 

It is of interest to consider the extent of electrical knowledge at this 
time. Gilbert had found by 1600 that a large number of substances 
when rubbed attracted light objects. In 1629 Cabeo described his 
theory of electric repulsion in electrified bodies. The first electrical 
machine, consisting of a sulfur ball rubbed with the hand, was devel
oped by von Guericke in 1650. This fundamental invention was 
further perfected until it was possible to generate very high voltages 
by frictional methods. The battery and the electrical generator em
ploying electromagnetic induction, however, were not yet available. 

The early methods of transmitting intelligence were by telegraph 
systems, the word "telegraph" being derived from the Greek words 
tiile meaning distant, and graphein meaning to write. Morrison in 
1753 is credited with having suggested the first telegraph system. A 
separate circuit was to be used for each character to be signaled. 
A frictional generator producing a high voltage was to be connected at 
the sending end, and small pieces of paper would be attracted by 
suitable electrodes at the distant station. Some years later this method 
was put into operation, but like all the devices based on electrostatic 
attraction it was of little value. 

The first attempt at electrical telegraphy was made by Lessage in 
1774, using a system similar to that suggested by Morrison. Letters 
were signaled by the divergence of pithballs. A revolutionary idea was 
introduced by Lomond in 1787; he used a similar system but employed 
one wire and a code of signals. Other methods employing spark dis
charges at the receiving end to identify the signals were introduced by 
Reusser (1794) and Cavallo (1795) . 

All these methods are chiefly of historic interest; with the possible 
exception of the idea of a code as introduced by Lomond, these early 
systems contributed little to the present telegraph. 

The Development of the Electromagnetic Telegraph. In 1800, 
Volta produced the battery and, for the first time, made continuous 
currents available for experimentation. A current, as distinguished 
from electrostatic methods, was probably first employed to transmit 
intelligence by Salva in 1805, and by Soemmering in 1809. Both these 
men determined the signal at the receiving end by passing the current 
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between two electrodes immersed in water, and by detecting the 
presence of gas bubbles. 

The electromagnetic telegraph starts with Oersted, who in 1819 
found that a magnetized needle would be deflected from its normal 
position when brought close to a wire carrying a current. A year later, 
Schweigger found that the deflection was increased if the needle was 
wrapped with several turns of wire. Soon after , Ampere studied elec
tromagnetism and proposed the use of magnetic needles and coils for 
the reception of signals. 

Ampere's first telegraph system employed a pair of line wires for 
each character to be sent, which made it of little value. Schilling in 
1832 exhibited a system similar to Ampere's, but using fewer line wires. 
Gauss and Weber in 1833 made further improvements, employing a 
suspended bar magnet with an attached mirrbr which reflected a beam 
of light as a signal detector. The signal currents employed in their 
apparatus were generated by electromagnetic induction, independently 
discovered by both Faraday and Henry. Much credit is due Steinheil, 
who highly per fected the systems of Gauss and Weber, and who dis
covered that the earth could be used for one side of the connecting cir
cuit. Steinheil also arranged fo r the messages to be received by several 
different means, including a code of dots recorded on paper moved by 
clockwork, acoustically by means of needles which struck bells, and 
visually by observing the motion of needles. 

Wheatstone and Cooke did much to popularize the t elegraph and 
to demonstrate its commercial practicability. Their first system was 
of the deflecting-needle type, requiring six line wires. It was used with 
railway systems but was superseded by a type having only two line 
wires. The independent discoveries of Argo and Davy that an electric 
current had power to magnetize steel and the development of the 
electromagnet by Sturgeon in 1825 contributed greatly to the progress 
of telegraphy. Henry improved the electromagnet and in 1821 suc
cessfully used this principle to operate a magnetized bar which rang a 
bell and transmitted intelligence by code. It remained, however, for 
Samuel F. B. Morse to apply this principle in a satisfactory manner. 

The Invention of the Electromagnetic Telegraph. Morse was 
born in Charlestown, Massachusetts, in April, 1791, and was graduated 
from Yale University in 1810. He was interested in both science and 
art. In fact , it was while returning from a study of art in Europe 
that Morse conceived the principle of his telegraph . On board the ship 
in October, 1832, a fellow passenger showed Morse an electromagnet 
and performed a number of experiments with it. Also, Morse learned 
that the speed of electricity was considered almost instantaneous. 
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FIG. 1. An early Morse telegraph recorder. 

He concluded that, if he could arrange a satisfactory detecting device, 
signals could be rapidly transmitted between distant points. 

In an early instrument shown in Fig. l, Morse had a stylus attached 
to a movable armature which was actuated by the pull of an electro
magnet. The stylus traced a record of the dot and dash code impulses 
on a moving piece of paper. About 1835, Morse privately demon
strated his telegraph and obtained the backing of Gale and Vail. 
These men obtained financial aid and later made improvements. The 
early sending switch was operated by drawing beneath it either a 
notched bar or a bar in which pegs were arranged in accordance with a 
code. 

After traversing a few miles of line, the received currents were too 
weak to operate the receiving apparatus. Morse, with the aid of 
Gale and H enry, devised the relay system shown in Fig. 2. The 
received currents passed through a coil, and an armature was actuated, 
closing a battery circuit and sending over the outgoing line an impulse 
from this local battery many times more intense than the signal 
received. 

Further Development of the Morse Telegraph System. 3, 4 

Morse's early instrument operated by mechanical means without the 
assistance of a trained telegraph operator. Soon the system was 



DEVELOPMENT OF SUBMARINE TELEGRAPHY 5 

modified by Morse and his associates, and a telegraph key, to be 
operated by hand, was substituted for the sending apparatus previously 
described. The method of reading the Morse dot and dash code 
message from sound rather than from a tape was perfected by Vail 
in 1844. 

Early in 1838, Morse applied for his patents, which were granted in 
1848. In 1838 he demonstrated his apparatus before the President of 
the United States and his cabinet, and a sum of money was provided by 
the government for the construction of a line between Washington and 

Fm. 2. An early telegraph relay system. 

Baltimore. Over this circuit were sent, in 1844, the now-famous words 
"What hath God wrought!" When Morse offered his telegraph to the 
government it was refused on the recommendation of the postmaster
general, 1 as he was "uncertain that the revenues could be made to equal 
its expenditures." 

It is not feasible to record here all the subsequent developments 
that followed Morse's invention. Among the more outstanding are 
the various methods of increasing the message-carrying capacity of the 
line. Gintl invented the duplex system in 1853, and Heaviside in 
1873 and Edison in 1874 independently invented the quadruplex 
system. The multiplex system was suggested by Farmer in 1852, 
and later developed by Meyer (1873), Baudot (1881), and Delany 
(1884). Recent developments in telegraphy will be considered in 
Chapter 9. 

The Development of Submarine Telegraphy. 0 The possibility of 
submarine telegraphy was suggested by Salva in 1798. It was not, 
however, until the introduction of gutta-percha as an insulator that 
submarine cables became of commercial importance. 

One of the first attempts to lay a submarine cable was made in 1850, 
when a cable was placed between England and France. Because of its 
weak construction, this cable broke shortly after communication was 
established. In 1851 a second attempt was made and this cable 
proved successful. 

The first attempt to lay a cable across the Atlantic was made by 
Field and his associates in 1857, but this ended in complete failure. 
In 1858 a cable was laid between Newfoundland and Ireland and was 
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operated for about three months, after which it failed. In 1865 an 
effort was made to lay another cable, which broke when about two
thirds completed. The following year, however, a cable was laid 
across the ocean, and this cable proved satisfactory. There are now 
more than twenty cables across the Atlantic between North America 
and Europe, and more than 3500 submarine telegraph cables in the 
entire world, with a total length exceeding 350,000 miles. 

Early Attempts to Transmit Speech Mechanically. In the fol
lowing pages the methods of transmitting intelligence by the voice 
rather than by codes will be considered. 

The word "telephone," which is derived from the two Greek words 
tele meaning distant, and phone meaning .sound, is thought 6, 7 to have 
been first used by Huth in 1796. This usage was in connection with a 
plan for relaying the spoken word over a distance by megaphones and 
ear trumpets. Early attempts at transmitting speech were mechanical 
rather than electrical; that is, the sound waves were directed by 
trumpets or through tubes, or the sound impulses were carried through 
rods or wires between the two communicating points. It is probable 
that speaking trumpets and ear trumpets date back to the distant past 
and that these were the first method of increasing the distance of 
speech transmission. Although references are made 6 to "monstrous 
trumpets of the ancient Chinese," these devices were the object of 
experimentation in comparatively recent years. 8 Speaking tubes, 
which are used today, were discussed 6 as early as 1589, although they 
probably date back much farther. 

A second method of transmitting speech during this early period 
consisted of using rods, strings, or wires to conduct the sound impulses 
between the two points. As early as 1665, Hooke 6 discussed this sub
ject in some detail. Early mechanical telephones were developed by 
connecting two distantly located sounding boards by means of some 
intervening object such as a rod, a wire, or a string. 

The string telegraph or lovers' telegraph is the best example of 
speech transmission by mechanical means. The origin of this instru
ment is uncertain, 6 but it probably dates back several hundred years. 

Early Attempts to Transmit Speech Electrically. Bourseul, in 
1854, is considered the first to have attacked the problem of trans
mitting speech by electrical means. In fact, Bourseul nearly stated 
the correct principle of the telephone about twenty years before it was 
actually invented. The mistake he made was to suggest that the "disk 
alternately makes and breaks the current from a battery." Had 
Bourseul suggested a variable contact for the make-and-break contact, 
success might have been his. 
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One of the first inventors to attempt to transmit speech electrically 
was Reis, 9 who in 1861 constructed a device ,vhich he called a tele
phone. He apparently followed the suggestions of Bourseul, as he 
had a transmitter consisting of a stretched membrane operating a 
make-and-break contact. The action of the receiver was based on 
the Page effect; that is, if a rod of iron is suddenly magnetized or 
demagnetized a faint sound is given out. This device did succeed in 
transmitting sound of one pitch but did not transmit speech. 

The Invention of the Electric Telephone. The telephone by 
which speech was first transmitted electrically was invented by Alex
ander Graham Bell. He was the descendant of a line of men famous 
in speech, elocution, and acoustics. His grandfather, Alexander Bell, 
was a professor of elocution. 10 His father, Alexander Melville Bell, 
followed this same calling in Edinburgh and London. He specialized 
in treating stammering pupils. 

For some years young Bell was a teacher of elocution in various 
schools, and during this period he met in London two men who greatly 
influenced his life. 1 o. 11 These men were Ellis and 1Yheatstone. Ellis 
told Bell of the work of Helmholtz with vibrating tuning forks drinn 
by electromagnets, and it is probable that this first inspired Bell with 
the idea of a musical telegraph. Wheatstone demonstrated various 
devices such as the talking machine. 

To seek a more healthful climate for young Bell, the family left 
England and settled in Canada. In 1871 he went to Boston, where 
he taught a class of deaf mutes. He was later made a professor in 
Boston "Cniversity and opened his own School of Vocal Physiology. 

Bell's early efforts were directed tO\rnrd a harmonic or musical tele
graph. As his investigation proceeded, he became convinced that the 
human voice could be conveyed by electrical means. Bell made a 
statement which showed that he had conceind the correct solution 
to the problem. According to Watson, who ,ms Bell's assistant in the 
investigations, he said: 12 "If I could make a current of electricity 
vary in intensity, precisely as the air ,·aries in density during the 
production of a sound, I should be able to transmit speech telegraph
ically." About this same time Bell Yisited Henry, who was then 
foremost in electrical science in America. He explained his ideas and 
demonstrated certain experiments to Henry, and was told 7 that he 
possessed "the germ of a great invention." Bell remarked that he felt 
that he did not have the electrical knowledge required to overcome 
certain difficulties and was advised by Henry to "get it." 

It was on .June 2, 1875, that the first sounds were transmitted by 
Bell and Watson as they were experimenting with their harmonic tele-
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graph apparatus shown in Fig. 3. The manner in which it occurred 
can best be told in 1Y atson's o,vn words: 13 

I had charge of the transmitters, as usual, ;;et{ing them squenling one after 
the other, while Bell was retuning the recei\"er ~prings one by one, prc~sing 
them against his car as I have described. One of the t ra nsmittcr springs l \\·a~ 
attending to stopped vibrating and I plucked it to ~tart it again. It didn't 
start and l kept on plucking it, when suddenly I heard a shout from Bell in 

FIG. 3. Bell's vibrating reed transmitter (left) and receiver (right). 

the next room, and then out he came with a rush, demanding, "What did you 
do then ? Don't change anything. Let me see!" I sho,,·ed him. It wa~ 
very simple. The contact screw was screwed down i'O far that it made per
manent contact "·ith the spring, so that when I mapped the ~pring the circuit 
had remained unbroken while the strip of magnetized ~tee! by its vibration 

over the pole of its magnet was generating 
that man-clous conception of Bell's-a, cur
rent of electricity that Yaried in intensity 
precisely as the air was varying in density 
within hearing distance of that spring.* 

Bell immediately gave 1Yatrnn directions 
for constructing the first telephone. 

T his instrument was not satisfactory. 
and when it was tried only a few faint 

F10. 4. Simplified diagram of tones were heard. B ell recognized that 

c..:..:J,..__ Variable 
Electrolytic 

Contact 

Bell's liquid transmitter. the generated currents from his transmit-
ter were very weak, and accordingly he 

devised the liquid or electrolytic transmitter shown in Fig. 4. The 
current from a battery was caused to vary in accordance with the 
sound waves striking the transmitter by the variable liquid contact. 
It ,,-as with an instrument of this type that on l\Iarch 10, 1876, Bell 
spoke the first sentence, 1 3 "i1Tr. Watson, come here, I u:ant yon." 

When exhi bi ted at the Centennial Exposition in Philadelphia, t he 

* Reprinted by permission, courtesy the American Telephone and Telegraph 
Company. 
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telephone attracted very little attention and was even r idiculed. It 
happened, however, that at the time the judges were about to leave 
without trying Bell's set, a fortunate incident occurred.11 The Em
peror of Brazil, Dom .Pedro de Alcantara, walked in and greeted Bell. 
The Emperor had met Bell at Boston university, where he -visited one 
of Bell's classes of deaf mutes. The Emperor examined the telephone 
receiver, and Bell went to the transmitter. Bell spoke into the trans
mitter, and to the utter amazement of the onlookers, the E mperor 
exclaimed: "J\1y God-it talks." T he telephone immediately became 
the center of attraction. 

Fie . 5. Bell's original Centennial magneto transmitter. 

The Early History of the Telephone. Early telephone instru
ments consisted 7 of a coil of wire on a permanent magnet near which 
was hinged a piece of iron. The iron moved in accordance with the 
Yibrations of a tightly stretched parchment diaphragm. In later 
sets the hinged piece was not used; instead, the diaphragm had a soft
iron disk attached to its center. As the diaphragm and the attached 
iron vibrated under the influence of the sound waves, a feeble voltage 
was induced in the coil, and this voltage caused a current to flow in the 
<listant receiver. Later, an iron diaphragm was substituted for the 
parchment. The sets exhibited in P hiladelphia are shown in Figs. 5 
and 6. 

At first the public was reluctant to accept the telephone, and it was 
only after a number of demonstrations that orders were received. 
These demonstrations often were carried on over the then-existing tele
graph lines, one of the longest transmissions being from K cw York to 
Bo~ton. The fir~t interconnection of telephone-equipped lines through 
a switchboard was made in Boston in 1877. These lines belonged to 
the Holmes Burglar Alarm Company. 1 4 T he fi rst commercial switch
board was placed in scrYice in New H aven in 1878, serYing eight lines 
and twenty-one subscribers. 
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As v.ould be expected, there "·ere a number of persons who con
tended that they, and not Bell, had invented the telephone. uch 
controversies ,wre carried to the 1.Jnitecl States Supreme Court, where it 
was decided that Bell was the im·entor of the telephone. The most 
formidab le opponent of Bell and his associates was the Western Union, 

a company which had been operat
ing telegraph lines for a number of 
years. This organizaLion had both 
Edison and Gray on its staff. It 
is of interest to note that Gray had 
filed a notice lhat he had an idea 
upon ,Yhich he intended to conduct 
further innstigation with the 
Uniled States P atent Office only a 
few hours later on the same day 
that Bell filed his patent applica
tion. 

In 1877, Berliner15 applied for 
a patent on a transmitter. As 
Fig. 7 shows, this transmitter con
sisted essentially of a diaphragm 
which was free to Yibrate under 

FIG. 6. Bell's original Centennial the influence of sound waYes, and 
receiver. airainst which rested a melal ball. 

,Yhen the diaphragm Yibrated, the 
resistance at the contact with the ball was Yaricc\ but was not broken. 
In this manner the current from a battery was caused to Yary in 
intensity as the sound waYes varied. 

Edison introduced his transmitter in 1878. This workrd on the 
same principle as Berliner's, but employed conlacts consisting of a 
platinum disk on the diaphragm and a fixed button of carbon. 

A number of interesting experiments inYoh·ing loose contact in 
transmitters were performed 1 6 by Hughes about 1878. He demon
strated that loose-contact transmitters, or microphones as he called 
them, "·ere superior to the firmly made contacts of the Edison and 
Berliner transmitters. It remained fo r Hunnings, hmrnYer, to make 
the greatest contribution. He introclured a variable-resi~tance trans
mitter consisting (Fig. 8) of a ma;;;s of finely diYidccl carbon granules 
instead of a solid carbon contact. The carbon granules give a large 
numhcr of point$ of microphonic contact and are med today in almost 
all telephone transmitters. During this same period Berliner made an 
important contribution to telephony by proposing the use of an incluc-
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tion coil with the transmitter (see page 347). Edison was the first 
to use this principle commercially. 

Blake offered to the Bell interests an improved microphonic trans
mitter consisting of a platinum and a carbon electrode held in contact 
with springs. This proved successful and was willingly accepted. 
The Western Union Company became conYinced that the Bell patents 
were valid and withdrew from the telephone business. 

The Development of Telephone Service. The first telephone 
switchboards were modeled after the then-existing telegraph boards. 
In some of these the party to be called was signaled by a buzzer ar-

,_,__ ___ Thin Metal 
Diaphragm 

Metal Ball 

FIG. 7. Simplified diagram of Berliner's 
transmitter. 

Thin Metal 
Diaphragm 

:: ... +--Solid 
Conducting 

Plate 

Space Fttled 
with Carbon 

Granules 

FIG. 8. Simplified diagram of the 
transmitter designed by Hunnings. 

rangement causing the distant receivers to giYe out a grating sound. 17 

This receiver, in addition to fulfilling the signaling function, also served 
as a magneto transmitter. The "l:-niversal" and "Standard" switch
boards were introduced in 1879 and 1880 respecti,·ely. Other switch
boards and many important changes were adopted in the years fol
lowing. 7, 1 7 

Until about 1891 almost all telephones were operated with local 
batteries at each set to supply the transmitter current, and with hand 
generators for signaling purposes. An important advance was the 
common-battery switchboard developed 18 from the fundamental in
ventions of Carty. This switchboard employed one battery at the 
central office for all the telephone sets connected. The first common
battery switchboard was installed in Lexington, Massachusetts, in 
1893. The so-called automatic systems (now called dial telephone 
systems) early received the attention of inventors, and in 1879 a 
patent on such apparatus was applied for by the Connellys and 
McTighe. 1 7 Many interesting switching systems were deYeloped 
during this period. 19 The step-by-step dial system was invented by 
Strowger about 1887 and patented in 1889. It was developed by 
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Keith and others and was further perfected by Bell System engineers. 
This equipment was first used commercially at LaPorte, Indiana, in 
1892. The panel-type dial system was developed by the Bell System 
early in this century. The rotary dial system was developed at about 
this same time and is widely used abroad. The crossbar dial system 
was developed about 1935. 

The first circuits were burglar alarm, telegraph, or similar poorly 
adapted lines. 20 In most instances the earth was used as one con
ductor, and such lines are usually noisy (Chapter 14). Further
more, the conductors employed were usually iron wire which offered 
high impedance to the voice currents. Hard-drawn copper wire first 
was used for telephone conductors in 1883 and has since almost com
pletely supplanted iron in open-wire telephone lines. 

The development about 1881 of the two-wire metallic circuit 
eliminating the earth return is credited to Carty. Carty did much of 
the early work on inductive interference 18 and developed methods for 
transposing circuits in 1891. He is also considered the inventor 11 of 
the phantom circuit. The first transposition system was devised by 
Barrett, in 1885. 

The introduction of cable was an event of importance. It is stated 7 

that Bell early conceived the idea of cables. Probably the first cables 
used for telephone service 7 were laid across Brooklyn Bridge in 1879. 
These were insulated with rubber or gutta-percha. Some early cables 
were insulated with oil. The insulation of all these cables had a 
high dielectric constant, and the cable capacitance was accordingly 
higher than desirable. Cotton cloth impregnated with paraffin was also 
used to insulate the wires. In the early cables the cores were first 
made and then pulled into the cable sheath. About 1890 the first 
"dry-core" cables were made, the insulation for each conductor con
sisting of a dry paper tape wound around the conductor. These insu
lated wires were formed into a core, and the lead sheath then pressed 
around the core by a continuous process. About 1940 a transcon
tinental telephone cable system was completed. 

One of the greatest of all improvements in telephone transmission 
was the development and application of loading in 1899 and the years 
immediately following. The theory of loading is largely due to 
Heaviside, Pupin, and Campbell. Inductance was added to the lines 
at regular spacings to improve the transmission characteristics, and 
this application greatly extended the talking distances. Prior to the 
use of loading, commercial service could be given over no greater dis
tance than from New York to Chicago; with loading, service was 
possible from New York to Denver by 1911. 
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Two important developments were the telephone repeater and the 
carrier telephone system. The vacuum-tube amplifier was invented 
by de Forest ; it was adapted to telephone-line repeater operation by 
Bell System engineers, particularly by Arnold. The repeater using 
vacuum tubes was preceded by the Shreeve mechanical repeater, which, 
although it was used in a limited way, was not entirely satisfactory. 
It was the vacuum-tube repeater (first used experimentally 21 in 1913) 
that made possible the operation of the first transcontinental telephone 
circuits opened for commercial service in 1915. This ·was perhaps 
the fii;,st extensive commercial use of the vacuum-tube amplifier. The 
carrier-telephone system (sometimes called a multiplex system) was 
developed by Bell System engineers, and was first used in 1918. 

The Development of Radio or Wireless Communication. From 
one standpoint, radio is not a different form of communication. 
As with other systems, radio involves sending intelligence either 
in the form of a telegraphic code or by the human voice as elec
tromagnetic-,vave variations. The early contributors were numer
ous, and it is difficult in a few paragraphs to trace the history 
adequately. 2 2, 2 a, 2 -1, 2 5, 2 6 

Bell and Tainter in 1878 were probably the first to succeed in tele
phoning by "wireless" means. 10, 24 • 25 Their device, called a "photo
phone," used a beam of light for conveying the talking impulses 
between two points. 

Henry was among the first to experiment with electrical action at a 
distance without connecting wires. 27 By 1843 he had succeeded in 
magnetizing needles at a distance of 220 feet from the source. 26 In 
1865 and 1873 Maxwell gave his famous papers on electromagnetic 
phenomena and showed mathematically that electric action is propa
gated through free space in the form of waves which travel with the 
velocity of light. In 1869 Ruhmkorff perfected a coil which for a 
number of years was used almost exclusively to supply the radio
frequency voltage for the antennas. In 1879 Hughes gave a demon
stration of the transmission and reception of radio signals over distances 
of about 60 feet. He also discovered the principle on which the 
coherer-a detecting device later perfected by Branly-operated in 
wireless reception.24• 26 In 1883 Dolbear and in 1885 Edison both 
developed signal systems employing an elevated antenna and a ground 
connection. Also, in 1883 Edison applied for a patent on a two
electrode vacuum tube. 

Hertz ranks with Maxwell in making outstanding contributions to 
the progress of radio communication. In 1881 Hertz published 1 an 
account of his experiments; he showed that rapid electrical oscillations 
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in conductors caused disturbances in space and that these had the 
characteristics of waws. Hertz worked with waves about 3 meters 
long and demonstrated that they could be reflected, directed, refracted, 
and polarized. 2 6 

The Establishment of Radio Communication. As previously 
mentioned, the Ruhmkorff coil was used for experimental work as a 
source of antenna excitation. In 1892 Thomson developed an arc 
method of producing high-frequency currents, and in 1896 Tesla 
applied for patents on a synchronous rotary spark gap. During this 
year Rutherford succeeded in receiving signals over a distance ot half a 
mile, and :Marconi successfully conducted tests over one and three
fourths miles. 

The year 1897 was important in radio history: Marconi filed for 
patents on a ,vireless system, and Lodge developed the theory of 
tuning as applied to radio circuits. Marconi, perhaps more than any 
other, deserves the credit for placing radio communication on a com
mercial basis. During this same year signals were transmitted from 
shore to a ship 18 miles away. By 1900 radio telegraphy was becom
ing reasonably well established and was rapidly proving its great 
value. In 1901 Marconi received signals across the Atlantic. 

The coherer, previously mentioned, was used as a detecting device 
for many years. In 1902 ::.\farconi innnted an improved magnetic 
detector ,Yhich superseded the coherer and had wide application until 
the advent of the two-electrode thermonic tube, the crystal, and 
the electrolytic detectors. The two-electrode tube is of special 
importance and was employed as a detector by Fleming in 1904. In 
1906 de Forest invented the "audion" or triode vacuum-tube ampli
fier, an event outstanding in the history of communication. 2 8 The 
Marconi interests initiated regular transatlantic telegraph service in 
1907. 

The systems thus far traced in this brief consideration were for tele
graphic communication only. Radio telephony is based on the work of 
Fessenden, who in 1902 developed a system of modulating radio fre
quencies with the voice. In 1915 engineers of the Bell System suc
ceeded in telephoning from Arlington to Hawaii, and from Arlington 
to Paris. 25 In 1920 the first commercial radio stations were installed 
for connecting two land telephone systems. This was between the 
mainland and Santa Catalina Island off the coast of California. In 
1927 a transatlantic radio-telephone circuit was opened providing a 
connection between the telephone systems of Europe and America. 
Other radio links with important European centers followed. Similar 
telephone connections have been made from the United States to South 
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and Central America, to Bermuda, to Hawaii, and to the Orient. 
European countries have extensive commercial radio service with 
distant trade centers. 1Iany ships at sea are connected by radio for 
commercial two-way telephone service. Similar service is provided 
with certain trains. Experimental conversations have been held with 
aircraft in flight to determine the possibilities of establishing regular 
commercial telephone service. Radio-telephone connections arc pro
vided in certain areas between coastal and harbor craft and between 
motor vehicles and the telephone network. 

Radio broadcasting was inaugurated 29 by Conrad in 1920, using 
a system of amplitude-modulated waves. The so-called super
heterodyne radio-receiving set, so widely used since about 1930, was 
developed by Armstrong. He also perfected a system of frequency 
modulation:1° in about 1936. 

From the early dreams and investigations of Alexander Graham 
Bell and other communication pioneers has grown a vast international 
communication system, serving to bind together the scattered peoples 
of the world. This system may fulfil the vision of a distinguished 
telephone engineer, the late John J. Carty, who said: 

"I have the faith that we shall some day build up a great world 
telephone system making necessary to all nations the use of a common 
language which will join all the peoples of the earth into one brother
hood." 
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CHAPTER 2 

FUNDAMENTALS OF ACOUSTICS 

Introduction. In both wire and radio telephony speech, music, and 
hearing are involved. The speech sounds containing the information 
to be transmitted often originate in enclosed spaces such as rooms, 
telephone booths, and radio studios. The acoustical characteristics of 
these enclosed spaces may influence greatly the speech sounds that 
operate a telephone transmitter or a radio microphone. 

Transmitters and microphones must create electric signals that vary 
in accordance with the sounds to be transmitted. At the distant 
receiving station, the electric signals are reconverted to sound waves. 
Before transmitters, microphones, receivers, and loudspeakers can be 
considered, acoustics and the nature of the process of speaking and 
hearing must be understood. 

The Nature of Sound. 1 · 2 The science of sound is termed acous
tics. Objectively, sound is a physical phenomenon consisting of a 
wave motion in air or other sound-transmitting media. Subjectively, 
sound is a sensation produced by an outside stimulation and occurring 
in the organs of hearing. For the purpose of this book, sounds will 
be grouped into speech sounds, musical sounds, and noises. 

From the physical standpoint, sound consists of a series of condensa
tions and rarefactions produced in the transmitting medium by a 
vibrating body. A vibrating body such as a tuning fork or a column 
of air is required to produce the waves, and some elastic medium such 
as air is necessary for the transmission of the sound waves. It is 
sometimes desirable to consider sound waves as traveling only through 
air. In the broadest sense, sound waves consist of a series of con
densations and rarefactions existing in any medium. 

Sound waves serve to transfer a portion of the energy of the vibrating 
body to the telephone transmitter, the radio microphone, or the ear. 
As the vibrating object moves, it displaces the air particles and causes 
condensations and rarefactions in the air. These particles transfer the 
condensations and rarefactions from one part of the air to another. 

The vibrations of the air particles are very small, and are quoted 1 

by one author to be from 0.00000005 inch for barely audible sounds to 
0.004 inch for loud sounds. The to-and-fro motion of the air particles 
from their position of rest occurs in a direction parallel to the progress 

17 
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of the sound wave. Sound waves are therefore longitudinal as dis
tinguished from transverse waves in which the displacement is at 
right angles to the direction of wave propagation. This motion is 
continued as long as the sound continues, that is, until the energy 
imparted by the vibrating body to the air particles is dissipated as 
heat or is transmitted away. 

Simple sounds such as those produced by tuning forks arc sinusoidal 
in nature. Steady-state complex (or non-sinusoidal) sounds can be 
analyzed into a fundamental and a series of harmonics. This is 
accomplished by having the sound wave actuate a high-quality micro
phone that in turn drives an oscillograph from which a photograph 
can be made and analyzed by the Fourier series methods. Or, the 
microphone can be connected to a wave analyzer, and the analysis 
made electrically. Panoramic viewing of a complex steady-state sound 
wave also is possible with special apparatus. 

The Transmission of Sound. The sound energy that reaches and 
actuates the ear, a telephone transmitter, or a radio microphone is 
usually transferred from the vibrating source through the intervening 
air. There is, therefore, a certain (small) amount of energy in the 
air in the form of sound waves at any instant. If a sound source is 
in the open and continues to vibrate, energy is continually emitted by 
it. The sound waves travel outward until this energy is spread out 
and dissipated; then the sound becomes inaudible. Some of the energy 
is dissipated by heating the air. 

If, however, the waves in traveling from the source strike an ob
struction in their path such as an ordinary wall, most of the sound 
energy is reflected. ,vhen the sound waves generated in a room strike 
the rigid plastered walls, about 95 per cent of the sound energy will 
be reflected back into the room. 

If the wall is massive and not set vibrating as a whole, part of the 
energy which is not reflected is absorbed by the surface layers of 
the wall. The portion not reflected or absorbed is transmitted as a 
very feeble waye motion in the material of the wall itself. These 
phenomena are shown in Fig. 1. If the source of sound is in air and not 
in rigid mechanical contact with the walls or floor of a room and if the 
walls are massive so that they will not be set in flexural vibration by 
the sound waves, then very little sound energy will be transmitted to 
other rooms in the building. If the vibrating body is in rigid contact 
with the walls or floor of the room, then vibrations will readily be trans
mitted to all parts of the building. These vibrations then will set up 
sound waves in the air in the adjoining rooms. 

When sound waves originate in air, they are transmitted through an 
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obstructing medium such as a partition in three ways. First, sound 
may pass through the air spaces of a porous material. Second, the 
sound waves in the air may produce corresponding condensations and 
rarefactions in the material of the 
obstruction. This wave, which is 
very feeble, then proceeds through Oncoming 

sound the material and produces sound 
Reflected 

sound 

waves in the air on the opposite 
side. Third, sound energy may 
be transmitted by setting the 
obstruction as a whole in motion. 
The vibrating obstruction then 
sets up sound waves on the oppo
site side. 

Sound absorption at the surface 
of a material is caused by the 
friction which occurs between vi
brating air particles and the walls 
of the interstices in the surface of 

Wall 

FIG. 1. Phenomena occurring when 
a sound wave strikes a rigid wall of 
some material having a velocity of 
transmission greater than air. The 
sound waves are shown as "rays" which 
represent the directions of travel of the 

wave fronts. 

the absorbing material. The friction converts the wave energy into 
heat energy. If a wall or partition is caused to vibrate by sound 
waYes, then internal friction between the fibers of the material will 
absorb sound energy. The transmission of sound through absorbing 
material varies according to the equation 

(1) 

where i represents the sound intensity transmitted, i0 the sound inten
sity which is impressed, a is a constant depending on the type of ma
terial, and x is the thickness of the material. ]\Ieasurements of the 
sound intensity sometimes are made with the Rayleigh disk resona
tor, 1• 3 but more often with a calibrated microphone (Chapter 4). 

Sound Insulation. The important principles in sound insulation 
are, first, isolating the studio ( or room) so that it is not in rigid me
chanical contact with other portions of the building; second, construct
ing the walls, ceiling, and floor of tight, rigid material which will not 
permit sound "leakage" and which will not readily vibrate; and third, 
lining the walls with sound-absorbing material so that any sound 
which is transmitted into the room will be absorbed. 

The isolation of machinery 4 and other noise-producing sources is 
important. Elaborate systems for isolating the walls and other bound
aries of rooms have been designed.5 
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Echoes, Interference, and Beats. An echo is produced when a 
sound wave strikes an obstruction and is reflected. For example, a 
listener may hear a sound from a source first by direct transmission, 
and an instant later he may hear the sound by reflection from the 
walls. An echo becomes apparent to the listener only when the 
distance to the reflecting surface is such that the interval of time be
tween the direct and the indirect receptions is about one-seventeenth of 
a second. Echoes may be very annoying in large auditoriums with 
curved reflecting surfaces which concentrate reflected sound. There 
are two methods of reducing echoes: first, by changing the form of the 
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Fm. 2. Two pure tones of the same 
amplitude but of different frequencies 
combine as shown. The beat note 

walls so that the reflected sound 
is scattered; and second, by cov
ering the walls with sound-ab
sorbing material so that the sound 
is absorbed and very little is 
reflected. 

Two or more sound waves from 
different sources tend either to 

which the ear "hears" is, however, increase or to decrease the sound 
created by the hearing mechanism itself. intensity at different points, de-

pending on whether the waves are 
related so as to add or to subtract at the point under consideration. 
Thus, if a steady tone of single frequency is sounded in a room, the 
waves directly from the source and those coming indirectly from 
reflecting surfaces such as walls will reinforce each other at certain 
points and will tend to neutralize each other at other points. At 
certain locations in the room, depending on the configuration of the 
room and the frequency of the sound, the sound will be intense, while 
at other points the sound will be weak. 

When two sounds of different frequencies are simultaneously pro
duced, the two waves combine instantaneously as in Fig. 2. It is 
often loosely stated that this phenomenon gives rise to a beat note. 
Such a beat note is created, but by the mechanism of hearing, and 
not in the air. The ear is a non-linear device, and such a device creates 
within itself new frequencies (in this instance the beat note) when two 
different frequencies are simultaneously impressed on it (page 414). 

This can be proved in the following manner: Connect two good 
loud speakers to separate oscillators of good wave form. Set one 
oscillator on, for instance, 1500 cycles, and the other on 2000 cycles. 
The ear should then "hear" a 500-cycle tone. Next, pick up the 
resultant sound with a microphone and analyze the output with a 
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wave analyzer. This device will show that only a 1500-cycle tone 
and a 2000-cyclc tone are present. If this is true, the 500-cycle 
"sound" must have been produced by the ear and brain, and not by 
the mere mixture or "beating together" of the two waves in the air. 

These statements are not exactly correct for very intense sounds 
(reference 6, also, Fig. 23, page 44) but they do hold for the ordinarily 
observed phenomenon of beat notes. 

Reverberation. If sound waves are produced in a room or other 
confined space, they remain audible after the source has ceased emitting 
until the energy in the waves is dissipated (largely in heat) and the 
level falls below that required for audibility. This prolonging of 
sound after the source has ceased emitting is termed reverberation. 
Both echoes and reverberation are caused by reflected sounds. They 
differ in that an echo is a "distinct" reflection often of an understand
able sound, but reverberation is merely an indistinct " jumble" of 
reflected sounds. Excessive reverberation is the most common acousti
cal fault encountered in rooms, studios, and auditoriums. The 
practicable method of reducing reverberation is to add additional 
sound-absorbing material to the room. 

In the past, many attempts have been made to correct the acoustic 
fault of excessive reverberation by the use of sounding boards and 
by stringing many feet of overhead wire supposedly to "break up" 
the sound waves and also to "carry" the sounds back to the rear of 
the auditorium. Although sounding boards can be used to advantage, 
there is no known scientific justification for the wires. Of course, 
what happens in many instances is that a large audience attends on 
the date of the "grand opening" to observe the effect of the wires, 
and their clothes absorb the sound, reducing the reverberation to a 
reasonable value. 

W . C. Sabine placed architectural acoustics on a scientific basis. 7 

He determined the sound-absorbing coefficients of a number of ma
terials . Sound from a constant source builds up in a room until a 
state of equilibrium is reached when the sound is absorbed as rapidly 
as it is produced. The sound intensity will then become constant 
unless the energy from the source is changed. When the source is 
suddenly discontinued, the sound remains audible for a given period, 
depending on the absorbing power of the room. 

Sabine, and later Jaeger, developed formulas 1, 7 , 8 for the growth and 
decay of sound in a room. In 1929, Shuster and Waetzmann pointed 
out that these formulas did not hold for all rooms. 9 The equations 
now generally used are based on the work9 of Eyring. These are, for 
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the growth of sound, 

( 

cS log, (1-a)t) 

p = Po 1 - E 4V ' (2) 

and, for the decay of sound, 

p = PoE 

In these expressions, 

cS log, (1 - a)t 
4V (3) 

p is the sound energy per unit volume in the room at any time t. 
Po is the sound energy per unit volume when the sound has reached 

a steady state. 
c is the velocity of sound in a room. 
S is the total interior surface of the room. 
a is the average value of the coefficient of absorption of the entire 

surface. 
V is the volume of the room. 

The sound energy in a room builds up and dies out according to the 
logarithmic curve of Fig. 3. 

Sabine assumed that an open window was a perfect absorber of 
sound energy and that the 
absorption coefficient of an 
open window one foot square 
was unity, or, as now some-

FIG.3. 

Time-

Sound Dies Out 

Threshold 
of 

Audibility 

Growth and decay of sound in a room. 

published by manufacturers should be 
found in handbooks. 5 

times stated, one sabine, 
Other materials and objects 
used in constructing and fur
nishing rooms ,vere rated 
with respect to an open 
window. In Table I a num
ber of the more common 
materials are listed. For 
further information data 

consulted; also, data will be 

It should be mentioned that the method of mounting affects the 
sound-absorbing properties of a material and that sound absorption 
is not entirely a surface phenomenon. If a material is mounted 
so that it is free to vibrate, under the influence of sound waves, internal 
friction between fibers of the material dissipates sound energy and 
hence affects the absorption coefficient. This fact is often over
looked.10 

This diaphragm-absorbing action undoubtedly occurs in many mate-
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SouND-ABSORPTION COEFFICIENTS OF TYPICAL 11ATERIALS AND OBJECTS 

(From Electrical Engineers' Handbook, Vol. 2, Electric Communication and 
Electronics, by H. Pender and K. :\Icllwain.) 

Brand or Make 

Sabanite (An acoustic 
plaster) 

Absorbex, type A (An 
acoustic tile cemented 
to plaster, two coats 
of oil paint sprayed 
on) 

Acousti-Celotex, type B 
(A perforated acous
tic tile, cemented to 
plaster board) 

Acousti-Celotex, type 
BBB (A perforated 
acoustic tile ce
mented to plaster 
board) 

Fir-Tex (An acoustic 
tile nailed to wood 
strips) 

Glass 
Concrete, painted 
Plaster 
Wood Floor 
Carpets, lined 
Draperies, velour 

draped to ½ area 
Chair, plywood 
Chair, heavily uphol

stered theatre 
Person, adult fully 

dressed 

Thickness Sound-absorption Coefficients in Sabines at 
Inches Various Frequencies in Cycles 

0.5 

1.0 

0.625 

1.25 

0.5 

0.75 
0.75 

128 

0.08 

0.07 

0.12 

0.19 

0.15 
0.035 
0.009 
0.038 
0.09 
0.10 

0 .14 

1.8 

256 

0.14 

0.22 

0.24 

0.41 

0 .41 

0.011 
0.049 

0.35 
0.19 

3.4 

512 

0.18 

0.51 

0.47 

0.91 

0.34 
0.027 
0.014 
0.060 
0.08 
0.25 

0.55 
0.24 

3.0 

4.2 

1024 2048 4096 

0.25 

0.91 

0.73 

0.92 

0.35 

0.016 
0.085 

0.72 
0.39 

3.3 

0.31 

0.77 

0.78 

0.92 

0.43 
0.02 
0.017 
0.043 
0.10 
0.40 

0.70 
0.38 

3.6 

5.5 

0.35 

0.48 

0.018 
0.056 

0.65 

rials, even those designed to absorb energy by offering a rough, porous 
surface to the sound waves. If this were not true, painting unper
forated acoustic material would reduce the absorbing characteristics to 
substantially those of painted wood. Tests and experience show that 
it definitely does not do so. 

Measurements of Reverberation Time. As defined, 11 the rever
beration time at a given frequency for an enclosure is the time re
quired for the average energy density, initially in a steady state, to 
decrease along any simple or complicated decay curve to one-millionth 
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of its value when the source is cut off. The unit is the second. A 
decay of one-millionth of its initial value is 60 db (page 86). 

Although the practice may not be satisfactory in all instances, it 
is common to regard reverberation time as the time it takes a sound 
which has reached maximum intensity in a room to decrease to inaudi
bility after the emitting source has been discontinued. This time may 
be approximately determined by loudly blowing some wind instru
ment such as a trombone or an organ pipe in a room and, after the 
sound has reached the maximum intensity, suddenly ceasing to blow 
and observing with a stopwatch the time it takes for the sound to 
become inaudible. Accurate instrumental methods of measuring re
verberation time have been devised.* 

Sabine early recognized that both the absorption coefficients of 
materials and the reverberation periods for rooms varied with the 
frequency used in performing the tests. The test frequency should 
accordingly be specified when such data are presented. 

Reverberation Time in "Live" Rooms. Sabine developed the 
following approximate equation, which, although used for many years, 
was later shown to apply only to "live" rooms: 

T = 0.05V. 
a 

(4) 

In this expression, T is the reverberation time in seconds, V is the 
volume of the room in cubic feet, and a is the total absorbing power of 
the surfaces exposed to the sound waves. 

To illustrate the use of this equation, a typical calculation will be 
made. Room dimensions and other factors are assumed. The coeffi
cients are from Table I at 512 cycles. A person seated, plus uncovered 
portion of the seat, is estimated at 5.0 units absorption. 

Volume 
Absorbing power 

Plaster 
Wood 
Vents 
Glass 
Upholstered seats 
Audience (seated) 

200,000 cu. ft. 

20,000 sq. ft. at 0.06 = 1200 units 
15,000 sq. ft. at 0.08 = 1200 units 

500 sq. ft. at 0.75 = 375 units 
1,000 sq. ft. at 0.027 = 27 units 

500 at 3.0 = 1500 units 
500 at 5.0 = 2500 units 

Total 6802 units 

0.05 X 200,000 
Reverberation T = ----- = 1.47 seconds. 

6802 

* For information on this subject and on other aspects of reverberation, the 
Journal of the Acoustical Society of America should be consulted. References 12 
and 13 also are recommended. 



ACOUSTICS OF AUDITORIUMS 25 

As will be shown later, 1.47 seconds is a satisfactory reverberation 
time for a room of this size when occupied. 

Reverberation Time in "Dead" Rooms. With the advent of radio 
and sound-picture studios, it was recognized that Sabine's formula 
applied only to "live" as distinguished from "dead" rooms. A live 
room may be considered as one having a reverberation time of more 
than one second, and a dead room as one having a reverberation time 
of less than one second. 

The reverberation time in any room is given 9 by the expression 

kV T = --------
S log. (1 - aa) 

(5) 

in which T is the reverberation time in seconds, k = 0.05 (approxi
mately, see reference 12) for a diffuse condition of the sound energy, 
V is the volume of the room in cubic feet, S is the total room surface in 
square feet, and °'a is the average absorbing coefficient. This average 
coefficient is found by the expression 

aa = 
S1a1 + S2a2 + S3a3 + · · · 

S1 + S2 + S3 + · · · 
'1;Sa 

=--· s (6) 

That is, °'a is found by adding the products of each different surface 
area and its corresponding absorption coefficient, and dividing this 
sum by the total room surface in square feet. 

A simple correction makes equation 4 applicable to "dead" rooms. 
If 0.027V /S is subtracted from the reverberation time as given by 
equation 4, the corrected reverberation time will be substantially as 
found by equation 5. In this correction, V and S are as previously 
considered. 1 0 

Acoustics of Auditoriums. The reverberation time of an audi
torium usually is the most important acoustical factor determining its 
suitability for both speech and music. The best reverberation time 
can be found from Fig. 4, which is based on curves given by several 
authorities. 1 o, 14, 15, 16 If the reverberation time is too long, then 
succeeding speech sounds will interfere and the ·words will tend to 
become indistinguishable. If the reverberation time is too short, then 
the speech sounds will be absorbed too quickly and the maximum 
intensity to which the sounds rise will be low. If an auditorium is to 
be used largely for music, a longer reverberation time is permissible 
than for speech, because music sounds best if the various tones are 
blended. 

The curves of Fig. 4 are for a frequency of 512 cycles; but, as 
Table I shows, sound-absorbing properties vary with frequency. For 
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this reason, the reverberation time will be different at various fre
quencies. It is often satisfactory to use 512 cycles for auditorium 
design purposes. Curves are avai1ab]e 15, 16 for determining the best 
reverberation time at other frequencies. 
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Frn. 4. Suitable reverberation times for rooms of various sizes and purposes. Fre
quency, 512 cycles. For instance, a small broadcast studio of about 1000 cubic feet 
should have a reverberation time of about 0.4 second. A large broadcast studio of 
100,000 cubic feet should have a reverberation time of about 0.9 second. However, 
an auditorium of the same size used mainly for speech may have a reverberation time 
of 1.3 seconds; if used chiefly for music, it should have a reverberation time of 

about 1.6 seconds. 

The practicable method of ensuring a correct reverberation time 
is to include sufficient sound-absorbing material. This should, of 
course, be installed when the auditorium is constructed, although it 
may be added later. For good results the shape of an auditorium 
should be more or less rectangular, without large curved surfaces. 

The person speaking may be unable to supply sufficient sound 
energy to be heard satisfactorily in all parts of the auditorium. 
Accordingly, sound-amplifying equipment is installed in large audi
toriums. Such equipment consists of a microphone, a vacuum-tube 
amplifier, and a system of loudspeakers. The acoustic output power 
requirements for such a system will depend on the size, reverberation 
time, extraneous noise level, and similar factors. 5 An appropriate 
idea of the acoustic power required in auditoriums of given size can be 
obtained from Fig. 5. If a sound-amplifying system is used it is 
permissible for an auditorium to have a lower reverberation time, and 
a lower reverberation time reduces acoustic feedback to the sound
amplifying system. 
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Acoustics of Studios. As indicated in Fig. 4, the reverberation 
time should be lower for studios than for auditoriums. It is advisable 
to design a studio so that the reverberation time will be correct over a 
frequency range from about 30 to 10,000 cycles. Such calculations 
necessitate a kno,Yledge of the desirable reverberation time 15, 16, 1 7 

and also a knowl edge of the sound-absorbing qualities of the various 
acoustic and building materials over this frequency band. 

Certain complex and intangible subj ective effects such as tonal 
"brillianre," "brightness," and "liveness'' must be considered in the 
design of broadcast and sound-recording studios, 1 5 , 16, 1 7 , 1 s Studios 
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FIG. 5. Acoustic power required for full reproduction of speech and music in rooms 
of various sizes. This assumes optimum reverberation time and average noise 

conditions (Reference 5). 

have been designed with " live" ends and "dead" ends. The live 
end contains little sound-absorbing material, and the musicians 
usually occupy this portion, so that the proper blending of the 
musical sounds is attained. The microph one is placed in the dead 
end, which is provided with much sound-absorbing material so that 
little reflection occurs. The modern tendency is not to concentrate 
the sound-absorbing material at a given area, but to spread it more or 
less throughout the room. Certain surfaces are often constructed of 
convex plywood "cylinders." These have absorbing properties at 
certain frequencies and also tend to vibrate and enhance certain fre
quencies.1 7 Also, curved and non-parallel surfaces tend to prevent 
multiple reflection of certain frequencies from surface to surface that 
might result in "flutter." 

Studios are usually approximately rectangular with the provision, 
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previously mentioned, that the surfaces are broken up with convex 
surfaces, or in other ways. To prevent the transmission of vibrations, 
and the entrance of sound from outside sources, studios are usually 
"floated" so that they are effectively isolated from the rest of the build
ing. 5 , 10 Air ducts for heating and ventilating must be carefully 
designed so that they do not convey sounds into the studio. 

Fm. 6. Illustrating the resonant cavities provided by the throat, mouth, and nasal 
cavity. (Courtesy Bell Telephone Laboratories and D. Van Kostrand Company.) 

The Production of Speech Sounds. All sounds of speech do not 
originate in the same manner. If the source of speech sounds is taken 
as a basic of classification, there are three different types: (1) those 
speech sounds produced by the vocal cords and the resonating air 
cavities of the head, (2) those produced by passing the air through 
small openings or over sharp edges in the mouth (for example, the 
teeth), and (3) the sounds produced by a combination of ( 1) and (2). 

The human vocal organs consist of three principal parts. The first 
of these is the lungs and respiratory muscles, which provide a flow of 
air. The second is the larynx, containing the vocal cords as shown in 
Fig. 6, which produce the modulation of the air stream. The third 
part consists of the throat, mouth, and nasal cavities, which vary 
the harmonic content of the sound waves set up by the vocal cords, and 
which also originate certain sounds as mentioned in (2) of the preced
ing paragraph. 
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The vocal cords act as the generator for most speech sounds. They 
are capable of varying the shape and the width of the narrow slit 
which they form across the air passage. 19 In this way they control 
the pitch of the fundamental sound emitted. Under the influence of 
the stream of air passing between them from the lungs, these cords 
vibrate, producing sound waves. These waves are rich in harmonics, 
or overtones, and pass up into the resonant chambers provided by 
the throat, mouth, and nasal cavities. These are illustrated by Fig. 6. 
The size and shape of the mouth are varied by the speaker largely 
through movements of the lips and tongue, and certain resonant cham
bers are accordingly controlled. Through this action the waves from 
the vocal cords are given the characteristics of speech. The vocal 
cords, therefore, produce basic sounds which carry most of the energy 
of the voice waves but do not give speech its intelligibility. This is 
largely provided by the throat, mouth, and nasal cavities. 

This explanation is substantiated by the artificial larynx. Through 
a surgical operation necessitated by disease, persons have had their 
larynges removed and have been left essentially speechless. The Bell 
T elephone Laboratories working in conjunction with surgeons devised 
an artificial larynx 20 which makes speech again possible for these 
unfortunate people. 

For engineering purposes, 21 it is considered that there are certain 
fundamental speech sounds in spoken English. These are: ( 1) the 
pure vowels, (2) the diphthongs, (3) the transitionals, (4) the 
semivowels, (5) the fricative consonants, and (6) the stop con
sonants. 

The Frequency Characteristics of Speech. 22 The fundamental 
pitch of the vowel sounds is subject to wide variations by changes in 
the vocal cords. The vowel sounds are characterized by resonant 
regions which are independent of the fundamental, and which determine 
the particular vowel sounded. Certain vowels, as shown in Fig. 7, 
are single-resonance vowels. Others have two regions of resonance, 
as Fig. 8 illustrates . The fundamental pitch in which the vowels are 
spoken has a decided influence on the spacing of these resonance 
points. 21 The characteristic frequencies of the semivowels and the 
nasal consonants are almost entirely below 3000 cycles. The stop 
and fricative consonants lie, for the most part, above 2000 cycles. 

The complicated nature of speech sound waves and the electro
magnetic waves used to transmit speech electrically can be seen from 
Fig. 9. 

Although the pitch of the voice in speaking the vowels varies for 
different individuals, it is as low as about 90 cycles per second for a 
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deep-voiced man, and as high as about 300 cycles for a shrill-voiced 
v.·oman. The harmonics, or overtones, go as high as about 6000 cycles. 

In singing, the fundamental frequencies of the voice cover an ap
proximate range from about 60 cycles for the lowest note of the bass 

~1.1.1..lliil.l.l IJ.I .. I.Jt++-1 111 
0 500 1000 l500 2000 2500 3000 3500 4000 4500 

. FREQUENCY 

FIG. 7. A frequency analysis of a typical vowel having a single resonance region. 

voice to 1300 cycles for the high notes of a soprano; the overtones go 
as high as about 10,000 cycles per second. 

Extensive tests (page 33) have shown that it is not necessary to 
transmit all the frequencies present in speech or music sound waves. 
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FIG. 8. A frequency analysis of a typical vowel having two resonance regions. 

Speech Power. A number of speech power values have been 
defined. 21 Only instantaneous and average speech powers will be con
sidered. Instantaneous speech power is the rate at which sound 
energy is being radiated at any instant, and average speech power 
is the total speech energy radiated over any period of time divided 
by the length of the period. 

The amount of power in speech sounds is very small. To quote one 
authority, 21 

By taking the average speech power for a number of individuals talking in 
their usual conversational manner, it has been found that the average speech 
power for American speech is approximately 10 microwatts. If the silent inter
vals during conversation are excluded, this average is increased approximately 
50 per cent. To carry this amount of power the air part icles near the mouth 
vibrate through a distance of the order of ½oo millimeter. When this amount 
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of sound energy is received directly into the ear, it seems rather large due to the 
large excitation it produces on the auditory sense. However, it is really very 
small in comparison with the other po\\·ers ordinarily encountered. For 
example, it takes power equivalent to that produced by more than one 
million voices to light an ordinary incandescent lamp. It is therefore evident 
that the electrical currents used to transmit speech are of a different order of 
magnitude than those used to transmit power for lighting and heating pur
poses. It is only in some of the larger broadcasting stations that electrical 
speech currents are comparable in size with those used in power work. 

When one talks about as loudly as possible the average speech power in
creases approximately to 1000 microwatts. When one talks in as weak a 
voice as possible without whispering it drops to 0.1 microwatt. A very soft 
whisper is about at 0.001 microwatt.* 

The vowels are the most powerful speech sounds, having an average 
power value of about 100 microwatts, with peak values of about 2000 

* RPprinted by permission of the publishers, from Speech and Hearin(], by 
Han·ey Fletcher, D. Van Kostrand Co. 
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microwatts. For any individual the ratio of the strongest to the 
weakest speech sounds is about 35 to 40 db (page 86). The energy 
distribution among the different frequencies 23 is shown in Fig. 10. 

It is of interest to note that speech can be produced entirely by 
artificial means using electro acoustic equipment. 2 4 Such a device, 
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called the Vader, was demonstrated at the 
1939 World's Fairs in New York and San 
Francisco. Equipment for translating speech 
into visible patterns25 has also been developed. 

Music. The production of sounds by mu
sical instruments depends on the action of the 
two principal parts of the instrument, the 
generator and the resonator. The function 
of the generator is to produce the tones. The 
resonator selects certain of these tones by 
resonant action and radiates them into the 
air. The vibrating string of a violin radiates 
very little sound directly. The amount radi

Fm. 10. Energy distri- ated by the body of the instrument with 
bution; composite curve 
for male and female 
voices. (I. B. Crandall, 
Bell System Tech. J., 

October, 1925.) 

which the string is in mechanical contact, 
however, is considerable. 

Musical instruments may be classified into 
two major groups: first, those employing 
vibrating strings; and second, those having 

vibrating air columns. The piano and violin are examples of vibrating 
string instruments, and organ pipes and horns are typical of the 
second class. A third possible class of musical instrument is the 
percussion type of which the snare drum and cymbals are examples. 

There are present, in any musical note, a large number of overtones, 
or harmonics. The frequency of the fundamental vibration determines 
the pitch; and the number, distribution, and relative intensity of the 
harmonics determine the quality of a note. It is this quality charac
teristic, depending as it does on the harmonics, which causes a note 
struck on a piano to be more pleasing and "richer" than a tone of the 
same fundamental frequency produced by a tuning fork or a vacuum
tube oscillator and loudspeaker. As an example, Fig. 11 shows both 
the wave form and the acoustic spectrum for a clarinet. The range 
of the fundamentals for musical instruments is as low as 16 cycles per 
second for an organ pipe, and as high as 4600 cycles for certain high
pitched instruments such as the piccolo. 

The values just given arc, as mentioned, for the fundamental fre
quencies only. The harmonics of musical instruments are of course 
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very much higher in frequency. Im·cstigations26 have shown that 
they go at least to 15,000 cycles (sec Fig. 12). 

In addition to a wide frequency range, music is characterized by 
wide changes in intensity. A 15-piccc orchestra may have sound 
variations as great as 100,000 to 1 (50 db, page 86), during the rendi-

1.0 

., 
0 
::, 
~o.~ 
..J .. 
~ 

0 

0 

I 
l000 

CLARINET c' 

I 

I I .I I 
1500 2000 2000 3000 

FREQUENCY 

Fm. 11. Wave form and acoustic spectrum for c' (clarinet). (Courtesy Bell Tele
phone Laboratories and D. Van Xostrand Company.) 

tion of a selection, and a very large orchestra will have even greater 
variations. 

An extensive study'.!G, 27 was made to determine the frequency band 
and volume range that should be provided in the cable circuits for inter
connecting radio broadcasting stations for musical programs. As a 
result of this investigation it was found that very little quality was 
lost if a band from 50 to 8000 cycles was transmitted, and if a volume 
range of 10,000 to 1 ( 40 db) was provided. In these tests the observers 
were trained musicians who noted when a change in the quality of the 
musical sounds was apparent. 

A very interesting study was reported 28 in 1945. The observers 
were average radio listeners, and they recorded their preference when 
listening to narrow-, medium- , and wide-frequency-band transmission. 
The narrow-band system transmitted from about 120 to 4000 cycles, 
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the medium-band system from about 60 to 6000 cycles, and the wide
band system from about 30 to 10,000 cycles. As a result of this study 
the conclusions were drawn 28 that (1) the listeners preferred either a 
narrow or medium tonal range, and (2) most listeners still preferred a 
narrow to a wide tonal range, even when informed that one condition 
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was low fidelity and that the other was high fidelity. This article 
has caused much discussion (Proc. I.R.E., October, 1946, p. 757). A 
study with "live" talent instead of music from loudspeakers indicates 
that listeners prefer wide-band music. (See "Frequency Range 
Preference for Speech and Music" by H. F. Olson, Electronics, August, 
1947.) 

Noise. In communication, noises are objectionable because of their 
interfering effect. Noise is defined 11 as any unwanted sound. Thus, 
radio music may be undesired by a person using a telephone and is 
thus an interfering noise. 
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Noise, such as shown in Fig. 13, is perhaps the worst enemy of com
munication engineers. In telephone work, room noise affects the con
versation in two ways. First, noises interfere with telephone conversa
tion by the leakage of sound around the receiver cap. Noise has 
little interfering influence on the free ear of the telephone user. 
Second, room noise will actuate the telephone transmitter, and this in 
turn may operate the local receiver through sidetone (page 352) and 
also affect the distant receiver. 

Frn. 13. Typical wave form of street noise and a pure tone of 500 cycles. 
(Courtesy Bell Telephone Laboratories and D. Van Nostrand Company.) 

If the amount of noise cannot be reduced, an alternative is to raise 
the power level of the speech or music being transmitted. For example, 
troublesome static can often be made less noticeable if the power output 
of the broadcasting station is increased. The static as received is 
then relatively weak compared to the level of the program, and after 
amplification in the set is still relatively weak. Similarly, it is neces
sary to supply the average telephone user much more power than 
would be needed if the line and room noises were eliminated. 

Hearing. The ear consists (Fig. 14) of the three following parts: 
The Outer Ear. The external portion, for diverting sound energy 

into the ear, and the auditory canal, for conducting this energy into 
the eardrum, comprise this part of the ear. 

The Middle Ear. The hammer is attached to the eardrum D and 
communicates to the anvil the motions imparted by the sound waves 
that strike the eardrum. These motions are then transferred by the 
anvil to the stirrup and through the foot plate to the oval window 0, 
and thus to the inner ear. 
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The Inner Ear. There are three principal parts to the inner ear: 
namely, the semicircular cana ls, which serve only in maintaining equi
librium; the w stibule or space just behind the oval window; and the 
cochlea S, which serves as a terminat ing system for t he mechanical 
sound vibrations, and in which these vibrations are converted into 
nerve impulses. 

The cochlea is filled with fluid and is divided lengthwise into three 
parts by the basilar membrane and the membrane of Reissner. There 
are thus three parallel spiral canals, a cross section of which is shown 

Fm. 14. Section of the human ear. 

in Fig. 15. The scala vestibuli terminates at one end on the oval 
window 0, and the scala tympani terminates on the round window E. 
These two canals are connected at the extreme end of the spiral. 

The membrane of Reissner is very thin, and any impulses t ransmitted 
to the fluid in the scala vestibuli by the foot of the stirrup at the om! 
window are readily transmitted through this membrane to the fluid of 
the canal of cochlea. The flexible basilar membrane extends toward 
the upper end of the cochlea , dividing it as shown. An impulse trans
mitted to the fluid of the scala vestibuli will readily pass to the canal 
of cochlea and will set the basilar membrane in motion. 

The organ of Corti containing the nerve terminals in the form of 
small hairs extending into the canal of cochlea is along one side of the 
basilar membrane. Lying over these small hairs is a soft, loose mem
brane called the tectorial membrane. 
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The process of hearing is as follows. 21 If a low-frequency note, 
below 20 cycles per second , impinges on the eardrum, this sound 
variation is transferred as a mechanical impulse to the fluid of the scala 
vestibuli. This fluid is in direct contact (at the far end) with that of 
the scala tympani, as previously mentioned. At this low frequency, 
the liquid offers little reactance, owing to its mass, and therefore the 
liquids in the two canals move bodily back and forth. The basilar 
membrane is not affected, and accordingly no sound sensation is pro
duced. 

If a 1000-cycle tone is impressed on the ear , however, the mass 
rcactance of the fluid is great enough so that the liquid does not mow 
back and forth, and the impulse is transmitted through the membrane 

COCHLEAR NERVE 
ANO GANGLION 

Fm. 15. (Courtesy Bell Telephone Laboratories and D. Van Nostrand Company.) 

of Reissner to the canal of cochlea. The basilar membrane is caused 
to vibrate, and at some one spot the vibration will be greatest. The 
relative motion between the t ectorial membrane and the basilar mem
brane then causes the small hairs to stimulate the nerve endings at 
their base, and this sends a sound sensation to the brain. 

If a tone of higher frequency is used, a different part of the basilar 
membrane will vibrate with greatest amplitude, and thus different 
nerve endings will respond. When the frequency reaches and exceeds 
about 20,000 cycles per second , the hammer, anvil, stirrup, and asso
ciated parts absorb most of the sound energy, and little is transmitted 
to the inner ear; thus, the upper limit of audition results. It can be 
shown 21 that these three small bones together with the membranes on 
which they terminate act as a transformer to match the low impedance 
of the air to the high impedance of the fluid of the inner ear. 
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The Field of Audition. The field of audition 1s illustrated by 
Fig. 16. The data were obtained from tests of a large number of 
people with normal hearing. The lower curve indicates the intensity 
level necessary to produce a just audible tone at the different fre-
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Fro. 16. Limits of audibility, or field of audition, of the human ear. Zero level 
represents a pure tone of 1000 cycles at an intensity of 10-15 watt per square centi
meter. Actually, this threshold of audibility is for observers listening in a prescribed 
manner. Under these conditions, the hearing of the "reference observer" is slightly 
better than the average of a large group of individuals. Sec Reference 29. From 
a purely practical standpoint it is satisfactory to assume that the threshold of audi
bility for the average normal ear is 10- 16 watt per square centimeter at 1000 cycles, 

although actually it is slightly higher. 

quencies shown . The upper curve shows the intensity level for the 
different frequencies above which the impinging tone ceases to become 
a sound sensation and changes to a sensation of feeling. 

A sound is audible if the frequency and intensity values lie within 
the area bounded by the curves. As is evident, the important hearing 
range for the average normal ear lies behveen about 20 and 20,000 
cycles per second. 

The Loudness of Sounds. The magnitude of the sensation pro
duced in the brain is termed the loudness of a sound . 21 Although the 
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loudness of a sound is related to the intensity, the two are not the same. 
A sound that is loud for one person may not be loud for another. Also, 
two different sounds which produce equal intensities at the ear may not 
sounq equally loud to the observer. 

These phenomena are illustrated by the loudness-level contours of 
Fig. 17. Experiments have shown that loudness depends on both the 
intensity and the frequency of the sound; that is, the hearing mecha
nism is not equally sensitive to all intensities and to all frequencies. 
Loudness is the magnitude of the sensation produced in the brain. It 
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FIG. 17. Variations in the frequency response of the human ear with sound intensity. 
(Reference 29.) 

is subjective, depending on the judgment of the individual. The loud
ness level of a sound, rather than the loudness, is accordingly measured. 
Before further study of Fig. 17 and the method of obtaining these 
curves, it is advisable to present several definitions largely summarized 
from reference 29. 

Sound Intensity. 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 normal to the direction at 
the point. The units for intensity commonly used are the erg per 
second per square centimeter or the watt per square centimeter. 

Reference Intensity. The reference intensity for intensity-level 
comparisons shall be 10~16 watt per square centimeter. 

Reference Tone. A plane or spherical sound wave having only a 
single frequency of 1000 cycles per second shall be used. 
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Intensity Level. The intensity level of a sound is the number of 
decibels above the reference level. 

Loudness Level. The loudness level of any sound shall be the in
tensity level of the equally loud reference tone at the position where 
the listener's ear is to be placed. 

Thus, in Fig. 17 the loudness levels of the various pure tones (rather 
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than the loudness) are shown. 
For obtaining these data, ob
servers, using special appa
ratus, 3 0 compared the sound 
to be measured with a 1000-
cycle reference tone and ad
justed the intensity level (in 
decibels above the chosen 
zero level of 10-16 watt per 
square centimeter) of the ref
erence tone until the two 
sounds were heard as equally 
loud. Then, the intensity 
level of the reference tone 
above the reference intensity 
is a measure of the loudness 
level of the tone under test. 

The curves of Fig. 17 arc 
the characteristic curves of the 
human ear, showing its sensi
tiveness to sounds of different 
intensities and frequencies. 
Thus, at 100 cycles, a sound 
must be about 36 db above 

the reference intensity value at 1000 cycles to be just audible, but, at 
10,000 cycles, it need be only about 8 db above the reference value to 
be audible. 

Studies of the ear2 1. 31 have shown that the increments of either 
energy or frequency that are necessary for the perception of differ
ences in either loudness or pitch are logarithmic. The ear approxi
mately follows the ,v eber-Fechner law of psychology, that sense 
perception varies as the logarithm of the stimulus. If the intensity 
level of the sound is changed 1 db (page 86), it will be found that this is 
about the smallest change that can be detected by the ear. The fact 
that equal perceptible changes in frequency are logarithmic is illus-
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trated by the musical scale. The octaves are sensed as equal changes, 
although, from the frequency standpoint, the note of one octave is 
twice the frequency of the corresponding note of the next lower octave, 
and four times the frequency of the corresponding note two octaves 
lower. 

The actual relation between loudness and loudness level is given 
by Fig. 18. This shows that the ear is not exactly logarithmic; if it 
were, the curve would be a straight line.3 0, 32 

Masking. Telephones are often operated in noisy locations. 33 A 
study of the interfering effect of all the complex noises would be a 
large undertaking. The present 
discussion will be limited to the 
masking effects of pure tones. 

In making these masking tests, 2 1 

the masking tone was held at a 
constant intensity level, and the 
intensity level of the masked tone 
was gradually increased until it 
was just perceptible. This level in 
decibels to which the masked tone 
must be raised over that necessary 
without the presence of the mask
ing tone is termed the threshold 
shift. Typical masking curves are 
shown in Fig. 19. 

Noise Measurements. Noise 
causes a masking effect and a shift 
in the threshold of audibility. 
Thus, the level of a noise can be 
measured directly with the ear by 
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determining the interfering effect. This is a subjective method. Or 
noise can be measured objectively by a suitably designed instrument. 3 4 

In the early noise surveys 3 5 , 36, 37 both methods were employed. 
F or the aural method, one arrangement of the apparatus is indicated 
in Fig. 20. The phonograph plays a special record producing a 
warbling or variable-frequency tone. The set is first calibrated in a 
sound-proof room for zero noise by adjusting the apparatus so that with 
no noise present the warble tone is just audible. Then, when the set 
is used to make noise measurements in a typical location, the attenu
ator is decreased until the warble tone is again just audible above the 
noise. The difference in the attenuator setting (measured in decibels) 
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is therefore equal to the deafening effect, or audibility threshold shift, 
of the noise. 

Because of its practical advantages, the objective method of meas
uring noise has been generally adopted. Acceptable instruments for 

Phono
graph 

Atten
uator 

Acoustical 
Noise 
Wave 

FIG. 20. Arrangement of apparatus for the aural method of measuring noise. 

this purpose are designed following rigid specifications38 based on the 
characteristics of the ear. A diagram of a typical sound- or noise
measuring instrument is shown in Fig. 21. 

A high-quality microphone is used to intercept the noise to be 
measured, and its output is impressed on the preamplifier. A variable 
attenuator providing the various ranges is then included, after which 

Pre
Amplifier 

Microphone ~--~ 

Variable 
Attenuator 

Frequency 
Weighting 
Network 

Final 
Amplifier 

FIG. 21. Schematic diagram of a sound-level or noise meter. 

the signal passes through a frequency-weighting network, a final 
amplifier, and to a suitable indicating instrument such as a vacuum
tube voltmeter.* Of course, provisions must be made for calibrating 
the circuit, either by using a standard tone, or by other means. 39 

The frequency-weighting network weights the various frequency 
components of a complex noise wave in accordance with the charac
teristics of the ear. The ear does not have the same characteristics 
at different loudness levels. Thus, for sounds of a level of 40 db, the 

* With sound-level meters used in the United States the sound level in decibels 
above a zero level of 10-16 watt per square centimeter is obtained. By interna
tional agreement (see Bell Laboratories R ecord, February, 1938, page 214), the 
decibel is to be used for sound-intensity-level measurements, and the phon is to be 
used for loudness-level measurements. Thus, it is proposed that, if loudness-level 
measurements are being made as explained on page 40 and if the intensity 
level of the reference tone is n decibels, then the unknown sound has a loud
ness le\'el of n phons. 
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ear has the characteristics given by the 40-db loudness-level contour 
of Fig. 17. For a 70-db sound, the characteristics are as given by 
curve 70, and for very intense sounds of about 100 db, the charac
teristics of the car are essentially flat. Noise meters are designed with 
three different characteristics: 38 first, with a weighting network giving 
the correct characteristics for measuring weak noises (curve 40, Fig. 
17) ; second, with a weighting network for noises of intermediate in-
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Fm. 22. Background noise correction for sound or noise-level measurements. 

tensity ( curve 70, Fig. 17) ; and third, a flat characteristic for intense 
noises and for general sound-measurement purposes. 

Background-Noise Correction. In industrial testing, and in other 
applications, the noise level of a machine or other device must be 
measured in the presence of background noises. Such noises would, 
of course, cause an error in the measurement, but these can be cor
rected very simply. 40 

The noise meter is placed in the test location, and the measurement 
is made of the background noise u:ithout the machine or device under 
test in operation. Then a measurement is made in the presence of the 
background noise with the machine under test operating. The correc
tion to be subtracted from the total noise level is then determined 
from Fig. 22. 

Noise Reduction. The sound-level, or noise, meter is useful for 
making quantitative studies of noise reduction. Noises produced 
within or transmitted into a room will remain audible until their 
sound energy is absorbed by the surfaces and objects within the 
room. In studying reverberation, it was shown that the intensity to 
which a sound ( or noise) increases within a room is determined in 
part by the total amount of sound absorption present and is inversely 
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sound was heard 3000 miles away. (Sirens and Bels, by J. 0 . Perrine, Sci. ilfonthly, 

February, 1943, Vol. LVI.) 
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proportional to it. If the sound output of the disturbing noise source 
remains constant, then doubling the absorption will halve the intensity, 
and so on. Thus, the noise level in a room can be reduced by the addi
tion of sound-absorbing material. 

The sound reduction in decibels is 10 

a2 
Reduction in decibels = 10 log10 - , 

a1 
(7) 

where a 1 is the total units, or sabines, of sound absorption present, 
before treatment, and a2 is the total amount after treatment. 

From Fig. 18 it appears that a reduction in the loudness level of 
the sound of 65 to 60 db reduces the relative loudness from about 
6000 to 4000, or to about two-thirds of its original amount. Thus, 
but a small reduction in the noise level in decibels causes a marked 
reduction in the interfering effect of the noise. Typical noise levels 
which have been found to exist are shown in Fig. 23. Useful informa
tion regarding noise and vibration studies is given in reference 41. 

Articulation and Intelligibility Tests. 42 The problem of telephone 
communication is to convey intelligence in the form of the spoken word 
from one point to another. T ests of the ability of a telephone system 
to do this may be of two general types: 4 3 articulation tests and 
intelligibility tests. According to the reference just given, an articu
lation test measures the comparative reception of sounds not conveying 
ideas, and an intelligibility test measures the comparative perfection in 
the reception of sounds conveying ideas. These tests are based upon 
the general method 21 • 4 4 of speaking into one end of the unit under 
test and having observers write out the sounds or sentences which 
they hear at the receiving end . 

As a result of articulation tests valuable facts have been determined. 
One of these is the relation between the intensity of speech sounds 
and the articulation, the results of this study being shown in Fig. 24. 
Zero on this scale is taken 21 as the intensity level existing at the ear 
when a speaker talks in ordinary conversa tional tone with his lips ½ 
inch from the listener 's ear. 

Articulation is independent of the intensity level over a wide range 
of variations. As the curve shows, the speech intensity may be 
increased 100 times (or 20 db) or decreased to about one one-millionth 
(60 db ) of the initial intensity without greatly affecting the articula
tion. 

A study was made to determine the relation between articulation 
and frequency by inserting electrical filters (page 164) into the circuits 
being used. These filters were of two types-high-pass and low-pass 
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filters. The high-pass filters were designed to pass only those fre
quencies of the speech currents above a certain cutoff frequency; and 
the low-pass filters were designed to pass only those frequencies below 
a certain cutoff frequency. By inserting into the circuits different 
filters having different cutoff points and by making articulation tests 
the curves of Fig. 25 were obtained. "Articulation L" and "Energy 
L" were obtained with low-pass filters; the "H" curves were obtained 
with high-pass filters. 
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Fm. 24. Relation between the intensity of speech and articulation. (Courtesy 
Bell Telephone Laboratories and D. Van Nostrand Company.) 

This figure shows that the lower frequencies carry most of the 
speech energy but that they contribute very little to the intelligibility. 
Also, these curves show that the high frequencies contain very little 
speech energy but contribute greatly to the articulation. If only those 
frequencies above 1000 cycles are allowed to pass through a circuit, 
the articulation is about 86 per cent perfect but the energy content is 
decreased to about 17 per cent of the total. If only those frequencies 
below 1000 cycles per second are transmitted, then the curves show 
that about 83 per cent of the total speech energy is present but 
that the articulation is reduced to about 42 per cent. This can be 
summed up in the statement that the high frequencies contribute most 
to the intelligibility, and the low frequencies contain most of the 
energy. 

Commercial telephone service is provided if a band from about 250 
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to 2750 cycles is transmitted. 4 5 The frequency band has been widened 
to about 200 to 3500 cycles for many modern telephone circuits, giving 
better intelligibility and naturalness. 

---- ---
4000 

Fm. 25. The effects of eliminating certain frequency regions on the articulation 
and energy of speech. 

The band-width requirements for broadcast program networks were 
discussed on page 33. Further information will be found in refer
ences 46 and 47. For frequency-modul ation radio broadcast the band 
is arbitrarily set at 30 to 15,000 cycles. 
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REVIEW QUESTIONS 

1. Name several important reasons why the fundamentals of acoustics should be 
understood by communication engineers. 

2. Explain the differences between the objective and subjective interpretations of 
sound . 

3. Explain how a cont inuous complex sound can be analyzed. 
4. Discuss the phenomena that occur when a sound wave strikes a rigid wall. 

Repeat for a non-rigid wall that can vibrate . 
5. If two sounds of slightly different frequencies and moderate intensities are 

simultaneously produced in air, is a beat frequency note created in the air? 
Explain the phenomenon that does occur. 

6. What is meant by reverberation? What is the definition of reverberation 
time? How can a simple and approximate measurement of reverberation time 
be made? 

7. What contributions were made by W. C. Sabine? Define the uni t, sabine. 
8. Why does the method of mounting a material affect its sound-absorbing prop

erties? Does painting affect the sound-absorbing properties of a material? 
9. What is the practicable method of reducing reverberation time? Why may 

the reverberation time be longer for music than for speech? 
10. Enumerate the important considerations in the design of broadcast studios. 

Is a dead-air space between studio walls effective as sound insulation ? 
11. How are the sounds of speech produced? 
12. Discuss and compare the frequency characteristics of speech and of music. 
13. Discuss and compare the power in speech and musical sounds. 
14. What studies have been made of the band-width requirements for radio pro-

grams, and what conclusions have been drawn? 
15. D efine noise. Why is it objectionable ? 
16. Describe the human ear and the process of hearing. 
17. What is the field of audition, and what is its importance in communication? 
18. Define loudness, and explain how it differs from sound intensity. 
19. What is meant by a threshold shift? 
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20. Describe a sound-level meter. 
21. In making noise measurements, how do you correct for background noise? 
22. Discuss the theory of noise reduction. 
23. Explain the difference between articulation and intelligibility tests . 
24. What are the effects of removing the high-frequency components from 

speech, and from music? 
25. What are the effects of removing the low-frequency components from speech, 

and from music? 

PROBLEMS 

I. Prepare a paper on the methods of measuring the sound-absorption coeffi
cients of the various materials, furnishings, and objects used in radio studios. 

2. Calculate the reverberation time for the auditorium considered on page 24 
if plain plywood chairs a re used, and with the auditorium empty, with 250 
people, and with 500 people present. Would the auditorium be satisfactory 
for speech and music? If not, what would you recommend? 

3. An auditorium is 125 feet long, 40 feet high, and 75 feet wide. The walls, 
ceiling, and floor are of glass, plaster, and painted wood. Assume that the 
average sound-absorption coefficient of these surfaces is 0.05 at 512 cycles. 
There are 1800 plain chairs in the room. Calculate the reverberation time 
when the room is empty, and with 500, 1000, 1500, and 2000 people present. 
Plot a curve showing these relations. How many square feet of sound
absorbing material having a coefficient of 0.47 should be used to reduce the 
reverberation time to an acceptable value when 900 people are present? 
Where should this material be placed ? 

4. One motor is mounted in each wing of an airplane. Analyze the means by 
which sound can be transmitted into the cabin, and explain the steps that 
should be taken to ensure that the cabin is reasonably quiet. 

5. A room is 25 feet long, 15 feet wide, and 12 feet high. The walls and ceiling 
are plastered, and the floor is covered with linoleum. There are 10 desks, 10 
chairs, and 10 persons in the room. Two of the persons are supervisors, and 
the remainder are typists and clerks. The noise level is 78 db. What should 
be done to reduce the level 5 db? To reduce it 10 db? What effect will this 
haYe on private conversations between the two supervisors, whose desks are 
adjacent? 



CHAPTER 3 

ELECTRICAL 

FUNDAMENTALS 

OF COMMUNICATION 

Introduction. The currents, voltages, and powers used in commu
nication range from microamperes, microvolts, and microwatts to many 
amperes, thousands of volts, and hundreds of kilowatts. The frequency 
range extends to billions of cycles. Communication systems consist of 
a large number of separate units, grouped together into complex elec
trical networks. The lines employed between distant cities are long, 
and phenomena that are not considered in other electrical work are of 
extreme importance in communication. 

This chapter will be devoted to a brief consideration of those elec
trical phenomena that will later be of use in studying electrical 
communication. The material should be regarded as extremely essen
tial, as many points of fundamental importance in communication 
will be presented. 

Resistance. This is defined 1 as " the (scalar) property of an electric 
circuit or of any body that may be used as a part of an electric circuit 
which determines 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 conversion of energy." 

Effective R esistance. This is measured 1 as "the quotient of the 
average rate of dissipation of electric energy during a cycle divided by 
the square of the effective current." 

Resistance is given by the equation 

p 
R = -, 12 (1) 

where R is the resistance in ohms, P is the pO\ver in watts, and I is the 
current in amperes. 

When direct current is flowing in a circuit energy is dissipated in 
forcing the electrons through the wires. When alternating current is 
flowing through, there are additional losses. In communication cir-
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cuits and apparatus, such as inductors, or coils, and capacitors, or 
condensers, the most important alternating-current and voltage losses 
are as follows: 

Direct-Current Resistance Loss. One component of the alternating
current loss is the loss that would occur with direct current. 

Skin-Effect Loss. When an alternating current flows through a wire, 
the rapidly changing magnetic field causes the current in the wire to 
crowd to the surface. This phenomenon is called skin effect. This 
reduces the cross-sectional area of the wire that is effective in carrying 
current, and the effective resistance is therefore greater than the 
direct-current resistance because of the skin-effect loss. 

Magnetic Hysteresis Loss. Energy is required to reverse a magnetic 
field in a ferromagnetic material such as the core of a transformer. 
Thus, if an alternating current produces an alternating magnetic field 
in ferromagnetic material, a magnetic hysteresis loss occurs. The 
loss is directly proportional to the frequency. 

Eddy-Current Loss. An alternating magnetic field induces voltages 
in objects in the vicinity, and, if the objects are conducting, eddy 
currents flow. These eddy currents will dissipate energy in the 
resistances of their paths and will cause an eddy-current loss. 
For eddy-current flow in transformer-core laminations the loss 
varies as the squares of the frequency and the thickness of the 
laminations. 

Dielectric Hysteresis Loss. When an alternating voltage is im
pressed on a capacitor, an alternating electric field is established in 
the dielectric. Energy is dissipated in reversing this field. This is 
called a dielectric hysteresis loss. Such losses also occur in insulators, 
in the insulation of coils, and in all objects through which an alter
nating electric field passes. If the power loss per cycle is assumed 
to be constant, then the loss is directly proportional to the fre
quency. 

Radiation Loss. Some energy is radiated by electric circuits, par
ticularly at radio frequencies. 

The important losses that occur in devices such as resistors, in
ductors, and capacitors have been enumerated. It is these additional 
losses that occur with alternating currents and voltages that cause the 
effective resistance to be greater than the direct-current resistance. 
It is common practice to use the term resistance when effective resist
ance is meant. 

Self-Inductance. This is defined 1 as "the (scalar) property of an 
electric circuit which determines, for a giYen rate of change of current 
in the circuit, the electromotive force induced in the same circuit. 
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Thus 

di1 
e1 = - L

dt 
(2) 

where e1 and i1 are in the same circuit, and L is the coefficient of self
inductance." In this equation e1 is the instantaneous induced electro
motive force in volts, L is the self-inductance in henrys, and did dt is 
the instantaneous rate of change of current in amperes per second. 

The magnitude of the instantaneous induced electromotive force is 
e1 = N dcj,i/l0 8dt. If this is substituted in equation 2, the magnitude 
of the self-inductance becomes 

(3) 

Communication equipment such as coils and transformers often have 
closed cores of ferromagnetic material. Also, coils sometimes have 
direct-current and alternating-
current components flowing si
multaneously in the windings. 
The inductance of such units can 
be found by equation 3, assum
ing that the magnetic charac
teristics of the material are 
known. This is shown by Fig. 1 
which illustrates the way in 
which the magnetic flux cf, varies 
in a ferromagnetic core with the 
current i1 that produces it. 
Suppose that the value of the 
direct-current components is i' 1 

and that the alternating-current 
component is as shown by t!..i' 1 ; 

then, the corresponding flux 
change will be t!..cf,'. Hence, 
d<f, 1 I di1 of equation 3 will have 
a certain value, and the self
inductance L a certain magni
tude. Now suppose that the 
value of the direct-current com-

t 
X 
::, 

.;:: 

At/>" 

ii 
Current-

Fm. 1. Equal current changes t:,.i'1 and 
t:,.i"1 do not produce the same flux changes 
t.q,' and t.q," if different values of direct 
current i'1 and i"1 flow through a coil 
with a closed core of iron or other ferro
magnetic material. Thus, the incre
mental inductance depends on the value 

of the direct-current component. 

ponent i"1 is different from i'i, being larger as shown in Fig. 1. 
The same change in current t!..i" 1 now produces but a very small 
change in magnetic flux A<f,", and hence d<f,i/ di1 of equation 3 will 
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be very small and the inductance will be much less than when the 
direct-current component is at i' 1 . Because of these variations, the 
inductance of a coil on a ferromagnetic core is called the incremental 
self-inductance, or merely incremental inductance. This may be 
regarded as a non-linear self-inductance, 

For coils and transformers with air cores, or ferromagnetic cores 
containing large air gaps, the inductance can be found by equation 3, 
or by the simplified form 

L = .V <Pt • 
108 

i1 
(4) 

In such equipment the inductance is essentially independent of the 
magnitude of the current. The flux ct, 1 produced by current i1 is 
found by the usual methods. The self-inductance L will be in henrys 
when N is the number of turns , ct, 1 is in lines, and i1 is the current in 
amperes. This may be regarded as a linear self-inductance. 

Sometimes inductance is measured with ordinary alternating-current 
measuring instruments that indicate effective values. For steady-state 
sinusoidal conditions and effective values, equation 3 becomes 

EL 
L = --, and EL= 21rfLI, or EL= wLI. 

21rfl 
(5) 

In these equations EL is the magnitude of the effective value of the 
voltage drop in volts caused by the inductive reactance ( excluding that 
caused by the effective resistance), I is the magnitude of the effective 
value of current in amperes, and f is the frequency in cycles per second. 
Such a determination ,vould necessitate the use of a voltmeter, an 
ammeter, and a wattmeter to find the effective resistance or power
factor angle so that the reactive voltage drop EL could be separated 
from the t otal voltage drop across the circuit or coil. The voltage EL 
leads the current I by 90°. If the coil saturates and if the impressed 
voltage is sinusoidal, the current will be distorted and will contain 
harmonics (page 558). In this event, the ammeter will read the 
effective value of the current, and equation 5 will give effective self
inductance. A discussion of inductance when iron is present is given 
in reference 2. 

Mutual Inductance. This is defined 1 as "the common property 
of two associated electric circuits which determines, for a given rate of 
change of current in one of the circuits, the electromotive force induced 
in the other. Thus, 

and (6) 
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where e1 and i1 are in circuit 1, e2 and i2 are in circuit 2, arid .M is the 
coefficient of mutual inductance. " In these equations e is the in
stantaneous voltage in volts, Jf is the mutual inductance in henrys, 
and di/d t is the instantaneous rate of change of current in amperes 
per second. It is possible to write a form similar to that of equation 3. 

M = N2 d¢1, 
108 di1 

(7) 

F or steady-state sinusoidal conditions and effective values, it can 
be shown that 

Es 
M = -- , and Es = 21rfMip, or E. = wMip. (8) 

21rflp 

For convenience in applying to a transformer this equation has been 
written in terms of the effective value of the magnitude of the secondary 
voltage Es induced by the effective value of the primary current Iv· 
The units are volts, amperes, and cycles per second. If phase relations 
arc of importance a -j should be placed in front of the final expres
sions of equation 8. 

Capacitance. The definition of capacitance of most value in com
munication is 1 "the property of an electric system comprising insulated 
conductors and associated dielectrics which determines, for a given rate 
of change of potential differences between the conductors, the displace
ment currents in the system. Thus in a system of two conductors only 

i = C de' 
dt 

(9) 

" ·here C is the capacitance, i the displacement current, and e the 
potential difference between the conductors." The usual units are 
amperes, farads, and volts per second. 

Equation 9 is in terms of instantaneous values. For steady-state 
effective values this equation can be written 

and 
I 

Ee =--, 
21rfC 

or 
I 

Ee=-· 
wC 

(10) 

In these equations I is the magnitude of the effective value of the 
current in amperes, Ee is the magnitude of the effective value of voltage 
across the condenser in volts, and f is in cycles per second. The 
voltage Ee lags the current I by 90°. This equation assumes that 
capacitance only exists in the circuit. 

Resistor. This is defined 1 as "a device, the primary purpose of 
which is to introduce resistance into an electric circuit." Unfortu-
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nately, a resistor contains small amounts of "residual" inductance and 
capacitance. These unwanted properties become of extreme im
portance at radio frequencies. An equivalent circuit of a resistor is 
shown in Fig. 2. 

Wire-Wound Resistors. Such resistors arc used extensively in com
munication circuits, particularly where the fre
quency is low, where the current is relatively high, 
and where the resistors must be very stable and of 
the order of a few hundred thousand ohms and less. 

The methods of winding resistors to minimize 
inductance are such that the magnetic field pro
duced is kept to the minimum by winding the 
resistance wire on a thin card, or by arranging the 
wires so that the flux-producing tendency of one 
wire is canceled by that of an adjacent wire. 3 

Unwanted capacitances are minimized by reducing 
metallic areas and separating metallic portions be
tween which a potential difference will exist. 

Composition Resu; tors. This general heading 
includes several types of resistors. One is the so

pacitance a re un- called carbon resistor composed of a carbon com
desired. 

position formed into a short straight rod that is 

Fra. 2. An equiva
lent circuit of a 
resistor. The in
ductance and ca-

often encased in insulation. Another is the so-called metallized type 
consisting of a thin conducting film on an insulating rod, such as glass, 
and encased in insulation. 

Composition resistors are particularly suited for radio because they 
are readily made with very high resistances, and because the residual 
capacitance and inductance are very low. 

Inductor. This is defined 1 as "a device, the primary purpose of 
which is to introduce inductance into an electric circuit." There are 
self inductors and mutual inductors, but the dual wording is seldom 
used. An equivalent circuit of an inductor is shown in Fig. 3. The re
sistance shown is the effective resistance, and the capacitance is the 
distributed capacitance between turns. Inductors are often called 
inductance coils, choke coils, or merely coils and chokes. 

Inductors used in communication are of two general types, those 
using air cores, and those using ferromagnetic cores, such as silicon 
steel laminations. For very low frequencies and where the core losses 
( eddy-current and magnetic hysteresis losses) are not of extreme 
importance, cores of si licon steel are used. When the losses must be 
kept to the minimum and high-quality performance is desired, cores 
of compressed powdered Permalloy (page 58) are employed. As 
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explained on page 52, the core losses will become very great at radio 
frequencies, and for this reason air cores are often used. There is a 
growing tendency, however, to use cores of compressed powdered ferro
magnetic material such as iron at radio frequencies. 

What is called the energy storage factor Q of an inductor is usually 
defined as the ratio of the energy stored to the energy dissipated per 
cycle. Numerically, 

XL wL 
Q = - = -· 

R R 
(11) 

This is the ratio of the inductive reactance of a coil to its resistance. 
Capacitor. This is defined 1 as "a device, the primary purpose of 

which is to introduce capacitance into an electric circuit." The con

Fm. 3. An equiva
lent circuit of an 
inductor. The ca-
pacitance and re
sistance are unde

sired. 

necting leads and the metal foil and plates of a 
capacitor offer resistance and inductance to current 
flow; also, energy is dissipated in the dielectric. 
An equivalent circuit of a capacitor is as shown in 
Fig. 4. 

For direct-current, and at the 
lower communication frequen
cies and voltages, capacitors 
with metal-foil electrodes and 
wax or oil-impregnated paper 
dielectrics are used. Mica is 
used for the dielectric of capaci
tors where the losses must be 
kept low, or where high voltages 
are employed. Capacitors with 
ceramic dielectrics such as titan
ium dioxide and similar sub-

stances are used for small radio capacitors. Air is 

Fm. 4. An equiva
lent series circuit of 
a capacitor. The 
resistance and in-
ductance are un-

used as a dielectric for many radio capacitors, desired. 
particularly if they are to be variable, must have 
very low loss, or are to be operated at high voltages. Electrolytic 
capacitors are used at low frequencies where a polarizing direct voltage 
is available, as in filters for power supplies. 

What is called the energy dissipation factor D of a capacitor is 
usually defined as the ratio of the energy dissipated to the energy stored 
per cycle. Numerically, 

R 
D =Xe= wRC. (12) 
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This is the ratio of the equivalent series effective resistance to the 
capacitive rcactance. 

Magnetic Materials Used in Communication. The magnetic ma
terials used in early telephone apparatus were chiefly magnetic iron and 
silicon steel. Bundles of small iron wire early were used for cores. 
About 1915 cores of compressed powdered electrolytic iron were intro
duced. 
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FIG. 5. Magnetization curves for certain magnetic materia ls. 

Silicon-steel laminations are used in cores for power-supply trans
formers and for similar purposes. They are also used in some audio
frequency equipment. Special alloys haYe been developed for the 
specific requirements of telephone equipment, and certain of these have 
found use in radio. 

Permalloys. 4 • 5 This group of alloys contains varying amounts of 
nickel, iron, and chromium (Table I). The Permalloys have sev
eral characteristics of importance. First, they have high flux den
sities and permeabilities at the low currents encountered in com
munication apparatus (Figs. 5 and 6). Second, they have low 
hysteresis loss, as indicated by the small area of the hysteresis curve 
of Fig. 7. This keeps core losses low and also results in low non-linear 
distortion (pages 85 and 558) . Third, the resistivity of the Permal-
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loys is high (Table II), and hence the eddy-current losses are low. 
The eddy- current losses are minimized by making the cores of many 
devices of compressed powdered P ermalloy. Each particle is effec
tively insulated from each of the other particles by a suitable insulat ing 
and binding material. Very thin Permalloy tape also is used in 
transformers. The Pcrmalluys are used very extensively in the tele
phone industry. An improved Permalloy, called Supermalloy 
(su-pcrm'-alloy), has much higher initial and maximum permeabilities 
than the earlier Permalloys and has much less hysteresis loss. 6 
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Fm. 6. Permeability curves for Permalloys. (Reference 4.) 

Powdered Iron . 7 , 8 , 9 Special powdered iron cores have been used 
in radio-frequency coils and transformers since about 1935. Sub
stances commonly used are 7 hydrogen-reduced iron, carbonyl iron , 
and magnetic iron oxide, commonly known as magnetite (Table III ). 
These cores are usua lly molded "slugs" of finely divided iron, each 
particle of which is insulated and held by a suitable binder. In many 
radio coils and transformers the magnetic core is mounted on a scre,v 
so that the core may be moved inside the coil to vary the inductance. 
These coils are smaller, use less n·ire, have a higher Q, and are less 
expensive than comparable air-core coils. 

Materials for Permanent Magnets. 10 Steels of high carbon content 
were used extensively for permanent magnets for many years. Later, 
cobalt steel, having better characteristics, was developed. More re-
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cently, alloys (such as Alnico) of aluminum, nickel, iron, and other 
elements, such as cobalt, have been used for permanent magnets. 

TABLE I 

DESIGNATIONS AN!l Cos!POSITIONS OF SOME COMMUNICATION l\IAGNETIC ALWYS 

(From reference 4.) 

Designation Composition, Per Cent 

Ni Fe Co Cr Mo V 
78.5 Permalloy 78.5 21.5 
80 Permalloy 80 20 
45 Permalloy 45 55 
3.8-78.5 Cr-Permalloy 78.5 17.7 3.8 
3.8-78.5 ~do-Permalloy 78.5 17.7 3.8 
2-80 :\fa-Permalloy 80 18 2 
45-25 Perminvar 45 30 25 
7-45-25 :\fo-Perminvar 45 23 25 7 
Permendur 50 50 
1.7 V-Permendur 49.15 49.15 1.7 

Ni = nickel; Fe = iron; Co = cobalt; Cr = chromium; :\Io = molybdenum; 
V = vanadium. 

A material called Vicalloy composed of vanadium, iron, and cobalt 
was announced 11 in 1940. The characteristics of certain of these 
materials are shown in Fig. 8. 
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TABLE II 
MAGNETIC CONSTANTS FOR Cm,!MCNICATION l\fAGNETIC ALLOYS 

(From reference 4.) 

Material µo µ,n WH~"' Br He (B - H)H~"' p 

"Armco" iron 250 7,000 5,000 13,000 1.0 22,000 11 
4% silicon-steel 600 6,000 3,500 12,000 0.5 20,000 50 
78.5 Permalloy, quenched 10,000 105,000 200 6,000 0.05 10,700 16 
45 Permalloy 2,700 23,000 1,200 8,000 0.3 16,000 45 
3.8-78.5 Cr-Permalloy 12,000 62,000 200 4,500 0.05 8,000 65 
3.8-78.5 '.\lo-Permalloy 20,000 75,000 200 5,000 0.05 8,500 55 
45-25 Perminvar, baked 400 2,000 2,500 3,000 1.2 15,500 19 
7-45-25 Mo-Perminvar, 

baked 550 3,700 2,600 4,300 0.65 10,300 80 
Permendur 700 7,900 6,000 14,000 1.0 24,000 6 

Here µ 0 andµ., are the initial and maximum permeabilities. respectively; WH~"' 
is the hysteresis loss in ergs per cubic centimeter per cycle for saturation value of 
flux density; B, is the residual induction in gausses; H, is the coercive force in oersteds; 
(B - H)H-"' is the saturation value of the intrinsic induction in gausses; pis the 
resistivity in microhms-centimeter. 

TABLE III 
CHARACTERISTICS OF CORE '.\iATERIALS USED IN RADIO COILS 

(From reference 9.) 

Core 

"70" 
"55" 
"40" 
"40-L"* 
"40-H"t 
"16.5-E"t 

Quantities 
µa 

a 
µC 

C 

µe 

e 

Hysteresis Loss Residual Loss 
Coefficient Coefficient 

,---.-,-~ ,-------'---~ 

µa a µC C 

0.99 14.1 1. 6 23 
0 86 15.6 1.8 33 
0.89 22.2 1.3 33 
1. 45 37.2 2.7 69 
1.04 24.8 2.3 55 
0.20 12 0.1 6 

Units 
10--a ohms/henry, cps, gauss 

Eddy-Current 
Loss 

Coefficient 
,---.-"---

µe e 

7.0 10.0 
0.73 1. 3 
0.66 1. 6 
1.00 2.5 
1. 69 4.0 
0 08 0.49 

10----6 ohms/henry, cps, gauss and per unit permeability 
10-2 ohms/henry, cps 
10-5 ohms/henry, cps and per unit permeability 
10-7 ohms/henry, cps2 

10-9 ohms/henry, cps2 and per unit permeability 

* 40-L is a core made of Carbonyl iron, type L with a permeability of 39. 
t 40-H is a core made of one of the best grades of commercial hydrogen-reduced 

iron, with a permeability of 42. 
t Carbonyl iron type E with a permeability of 16.5. 
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111 isceUaneous 111agnetic 11J ate rials. Several other interesting mag
netic materials have been developed for telephone purposes. Among 
these is Perminvar12 listed in Table I. The permeability of this 
material is constant over a wide range of low flux densities, and the 
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Fm. 8. Characteristics of certain permanent magnet materials. A large demag
netizing force required to reduce the flux to zero indicates a superior material. 

(Data from Reference 10.) 

A. Xickel-aluminum-iron alloy. C. 35% Cobalt-steel alloy. 
B. Cobalt-molybdenum-iron alloy. D. Cobalt-tungsten-iron alloy. 

E. Chromium-steel alloy. 

hysteresis loss is -very low, e-ven compared with Permalloy. Another 
group of alloys, known as Permendurs, have high permeability over 
a wide range of high flux densities. 

Dielectric Materials Used in Communication. Materials used 
for insulators and dielectrics in communication apparatus are many 
and varied. A few of the common materials are listed in Table IV. 

The power factors in Table IV indicate the dielectric losses in the 
materials. For paper dielectrics the dielectric constants range from 
about 3 to 5, and the power factors vary from about 0.1 to 0.5 per cent, 
depending on the nature of the paper-impregnating substance. Ce
ramic dielectrics such as titanium dioxide are used in radio circuits 
where constancy of capacitance with temperature change is desired 
and where the capacitors must be physically small. 
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TABLE IV 

63 

ELECTRICAL CHARACTERISTICS OF :\IATERIALS USED FOR I NSULATORS 
A:-ID DIELECTRICS 

(From references 3 and 13.) 

Dielectric Power Factor - Per Cent Machine-
Material Constant 60 cycles 1000 cycles 106 cycles ability 

Cellulose acetate 6-8 7 3-6 Very good 
Cellulose nitrate 4-7 5-9 5 5 Very good 
Fiber 4-5 6-9 5 5 Very good 
Glass, Pyrex 4.5 0 .5 0 .2 Very poor 
Mica, clear India 7-7 .3 0.03 0 .02 0.02 
Bakelite, "low loss" 5.3 2.5 1.4 0.7 Poor 
Porcelain, "wet process" 6.2-7.5 2 1 0.7 Very poor 
Rubber, hard 2-3 1 1 0 .5-0.9 Fair 
Steatite 6.1 1 0 .4 0.3 Very poor 
Styrene (polymerized) 2.4-2 .9 0.02 0.02 0 .03 Good 
Titanium dioxide 90-170 0.1 0 .06 

Frequencies Used in Communication. An interesting charac
teristic of communication is the wide range of frequencies used. All 
designations have not been standardized. 

Audio Frequencies . As explained on page 38, the average human 
ear functions on frequencies from about 20 to 20,000 cycles. The fre
quencies used in ordinary telegraphy, including teletypewriter opera
tion, are below a few hundred cycles. The audio frequencies for 
ordinary commercial telephony extend from about 200 to 3000 cycles. 
For amplitude-modulation radio broadcasting the audio-frequency 
band usually extends from about 100 to 5000 cycles when network 
programs are used, and from perhaps 50 to 8000 cycles for local pro
grams. For frequency-modulation broadcasting the audio band may 
extend from about 30 to 15,000 cycles. 

Carrier Frequencies. In wire telephony and telegraphy the low
frequency signals are used to modulate a high-frequency carrier wave. 
This translates, or shifts, the information to be transmitted to the 
vicinity of the carrier frequency (page 412). Carrier frequencies 
range from about 4000 to 150,000 cycles, but in special systems fre
quencies as high as 500,000 cycles are used. 

Radio Frequencies. Early radio systems operated at frequencies 
as low as about 10,000 cycles. The radio-frequency band extends 
from 10,000 cycles to many billions of cycles. The upper limit is 
being advanced as progress is made in radio. Radio frequencies are 
classified on page 442. 

Series (Phase) Resonance. This is defined 1 as "the steady-state 
condition which exists in a circuit comprising inductance and ca-
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pacitance connected in series, when the current in the circuit is in phase 
with the voltage across the circuit." From this definition the input 
impedance of the circuit at resonance is equivalent to pure resistance. 
This is often called series resonance, or merely resonance. The 
term voltage resonance is sometimes used, a term applicable only if 
the effective resistance is negligible. 

Resonance occurs in a series circuit when the inductive 
XL = 21rf L equals the capacitive reactance Xe = 1/ (21rfC). 

reactance 
Thus, 

1 
and f = . 

1
_, 

21rv LC 
(13) 

where f is the (phase) resonant frequency in cycles per second when L 
is the inductance in henrys and C is the capacitance in farads. For the 
practical case a series circuit is composed of an inductor having effec-

t t 

FIG. 9. Showing the variations in the resist
ance, reactances, and impedance of a series
resonant circuit. Note that at resonance the 
impedance equals the resistance. For a circuit 
of lower resistance (and higher Q) the imped
ance would fall to a lower value and the circuit 

would be more sharply tuned. 

tive resistance R and a ca
pacitor having negligible 
loss. The resistance does 
not affect the frequency of 
resonance. The way in 
which the input impedance 
varies with frequency is 
shown in Fig. 9. Note that 
the input impedance is low 
at resonance. 

At resonance the current 
in a series-resonant circuit is 
limited only by the effective 
resistance of the coil. If 
the coil has a low effective 
resistance (a high Q), the 
current may rise to a high 
value, and large reactive 
voltages (Ex = IXc = IXL 
approximately) will exist 
across the capacitor and in
ductor. This principle is 
used to increase signal volt-
ages. 

Parallel (Phase) Resonance. This is defined 1 as "the steady-state 
condition which exists in a circuit comprising inductance and capaci
tance connected in parallel, when the current entering the circuit from 
the supply line is in phase with the voltage across the circuit. " From 
this definition the input impedance of the circuit at resonance is 
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equivalen t to pure resistance. This is often called parallel resonance. 
The term antiresonance is sometimes used to designate parallel 
resonance. The term current resonance is also used, a term cor
rectly app licable only if the effective resistance is negligible. 

Resonance (phase) occurs in a parallel circuit composed of an in
ductor and capacitor when the inductive susceptance BL = XdZL 2 

equals the capacitive susceptance Ba = X 0 / Z0
2 , and the reactive com-

t t 
Cl) Cl) 
0 O 
C C 

"'"' "CJ -Cl)-~ 

a. "' E"' _o::: 

t 

Frequency-

Fm. 10. Equivalent input impedance of a parallel-resonant circuit. Note that at 
resonance the impedance rises rapidly and becomes a large value of pure resistance. 
For a circuit with Jess Joss (and higher Q) the curves rise to higher values and the cir-

cuit would be more sharply tuned. 

ponent of the current through the inductor equals the reactive 
component of the current through the capacitor. For the practical 
case of a parallel circuit composed of an inductor having effective 
resistance R and a capacitor having negligible loss, the inductive sus
ceptance is BL = X d( R1, 2 + XL 2 ) and the capacitive susceptance is 
Be = l / X 0 . The resonant frequency is 

1 ✓L - CRL
2 

and f = - ----, 
· 21r CL2 (14) 

where f is the (phase) resonant frequency in cycles per second when L 
is the inductance in henrys, C is th e capacitance in farads, and RL is 
the effective resistance of the inductor in ohms. For many parallel 
circuits equation 13 is satisfactory. The way the input impedance 
of a parallel circuit varies with frequency is shown in Fig. 10. Note 
that the input impedance is high at resonance. 

The voltage across a parallel circuit at resonance is E = IR ,, where 
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Re is the equivalent parallel resistance. From the familiar equation for 
equivalent impedance of any parallel circuit, 

Z1Z2 z = ~---, 
e Z1 + Z2 

(15) 

the equivalent parallel impedance of the inductor and capacitor pre
viously considered is approximately 

z = (RL+jXL)(-jXc) 
e (RL + }XL) + ( -}Xe) 

= wLQ = Re, 

(RL +jXL)(-jXc) 

RL 
(16) 

This last expression applies at radio frequencies where RL is small 
compared with XL, where RL is neglected in the numerator, where 

l 

E 

2 

E 

2 (wM) 2 

Z,et = Zar 

'I' R • s 
L, 
z. 

XL= Xe, and where Q = wL/RL, 
The voltage at resonance across the 
parallel inductor and capacitor is 
E = IZe = lwLQ. Because the input 

ZL impedance is greatest at resonance, 
the voltage across a tuned parallel 
circuit to which the current input I 
is constant also is greatest at reso
nance, and this property is made use 
of in practice to obtain a high signal 
voltage. At resonance the current 
through the inductor and capacitor 
are h = E/ZL and le= E/Xe, re
spectively, and may be quite large at 
resonance; this property also is 
utilized in practice. 

FIG. ll. The effect of a closed Inductively Coupled Circuits. 
secondary circuit is to reflect an im- The current in the primary of a 
pedance Zret into the primary circuit. coil will induce a voltage in the 

secondary of the coil. If the sec
ondary is open and no appreciable current flows through the secondary 
distributed capacitance, the effect of the secondary may be neglected. 
If the secondary is closed through some load impedance ZL so that 
current does flow, then the effect of this current is felt in the primary, 
and the primary current is altered. Since the effect of a load connected 
to the secondary is to alter the current in the primary, the effect of 
the load is like connecting some impedance into the primary. This 
value of impedance is called a reflected impedance and is indicated 
in Fig. 11. 
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The magnitude and angle of the reflected impedance can be found 
as follows: Referring to equation 8, page 55, the voltage induced in 
the secondary will lag 90° behind the current in the primary, or 
E 8 = -jw1'fl11 , and this must equal l sZst, where Z,t is the total secondary 
impedance, including the impedance of the secondary of the coil and 
the load. Equating these two expressions, and solving for ls gives 

-jwMI 11 l s = - --
Z.i 

(17) 

The voltage E must equal the sum of the voltage drop across the coil 
and voltage induced in the primary by the secondary, because this 
induced voltage must oppose flow of primary current. Thus, 

. . ( -jwMlp) 
E = IpZp + JwMl s = lpZp + JwM z 

st 

(18 ) 

_ I Z (wM)2IP. - pp+-----'-
Zst 

This equation can be written 

E = Ip [zp + (wM)2] z., (19) 

which states that the effect of the closed secondary is to couple a load 
of impedance (wM) 2 / Zst into the primary. All solutions must consid er 
both the magnitudes and angles. To find the current flow in the 
secondary of Fig. 11 the steps are as follows : 

l. Find the reflected impedance (wJ1) 2 /Z,,, where w = 21rf, M is the mutual 
inductance in henrys. and Z, , is the total secondary impedance. 

2. Find the total impedance between points 1-2, by adding the reflected im
pedance to the impedance of the primary of the coi l. 

3. Find the primary current by d ividing the impressed voltage E (which may 
well be taken as the reference vector) by the total impedance between points 1-2. 

4. Find the voltage induced in the secondary by the expression E , = -jwMI, . 
5. Find the secondary current by dividing this induced voltage by the total 

secondary impedance. 

Closely Coupled Circuits. When the primary and secondary of 
an inductively coupled circuit are on a closed ferromagnetic core a 
closely coupled transformer, or transformer, exists. In commu
nication, transformers are often regarded as impedance changers, a 
viewpoint that will now be discussed. 

Assume that a transformer, or repeating coil, as it is often called in 
telephony, has a closed core of Permalloy and that all the magnetic 
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flux cf, produced by the primary winding N v links with the secondary 
turns Ns; also, assume that the losses in the transformer are negligible. 
The magnitude of the back voltage induced in the primary is given by 
the fundamental expression ev = Nv dcj,/ (10 8 dt), and this will ap
proximately equal the impressed voltage. The magnitude of the 
voltage induced in the secondary will be es = Ns def,/ (10 8 dt). Divid
ing the second equation by the first, and in terms of effective instead 
of instantaneous values, gives 

Ns =-, 
Np 

and hence Is = NP · 
Ip Ns 

(20) 

To determine the approximate impedance transforming equations, 
suppose that the transformer secondary is delivering power to a load. 
The magnitude of the load impedance will be ZL = Es/Is, and the im
pedance measured across the primary terminals will be Zv = Evllv. 
From equation 20, Ev = EsNv!Ns, and Iv = IsN.,/Np, and, when these 
are substituted in the equation for the primary impedance, 

This equation shows that the transformer acts like an impedance 
changer because the impedance Zv measured at the primary will be 
(Nv!Ns) 2 times the impedance connected as a load to the secondary. 

Maximum Power Transfer. A power system operates at constant 
voltage, but a communication circuit does not. The internal impedance 
of communication apparatus is often quite high, with the result that 
the output or terminal voltage varies greatly with the magnitude of the 
current taken by a connected load. The amount of electric signal 
power available from communication equipment (such as a telephone 
transmitter) is often very small, and maximum power transfer from 
one device or circuit to another, rather than efficiency of power transfer, 
is the criterion of good design. 

The principle of maximum power transfer can be illustrated by a 
simple example. Suppose that a battery of constant open-circuit 
voltage E 0 c and internal resistance R; is connected directly to a load 
resistor RL. It is desired to find the value of Rr, such that the 
maximum power is transferred from the battery to the load. 

The current flowing will be 

I= Eoc 
R; + RL 

(22) 
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and the power PL delivered to the load resistor RL will be 

p = /2 R = Eo/ R L 1 
L L (R; + RL)2 

(23) 

where PL will be in watts, when the other units are amperes, volts, and 
ohms. 

If equations 22 and 23 are examined, the power PL delivered to the 
load will be seen to approach zero if Rr, approaches either zero or 
infinity in value. There is, accordingly, some intermediate point 
where the power transferred is maximum. This can be found by 
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Fm. 12. Per cent of short-circuited power E 0 c2/R; and efficiency for different 
values of RL/Ri-

differentiating equation 23 and equating to zero, or by plotting a curve 
of equation 23. By either method it is found that maximum power is 
trans/ erred from the battery to the load when the load resistance equals 
the internal resistance of the battery. 

The relations just discussed are plotted in Fig. 12. The maximum 
power that can be developed by the battery is that produced when it is 
short circuited. The per cent of this delivered to the load is plotted 
against the ratio of the load resistance Rr, to the battery internal 
resistance R;, and maximum power transfer occurs when RL = Ri. 
The efficiency of power transfer is 

power delivered 12RL RL 
Efficiency = ------ -c-----=--- ----, (24) 

power generated 12R; + 12RL R; + RL 

and, when RL =R;, the efficiency is 50 per cent; that is, half of the 
power generated is lost in the battery, and half is delivered to the load. 
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In alternating-current circuits the power transferred from a generator 
of open-circuit voltage Eoc and internal impedance Zu to a load of 
impedance ZL will be P = J2RL, where 

(25) 

If the reactance X1, of the load is equa l in magnitude and opposite in 
sign to the internal rcactancc X u of the generator, then the reactanccs 
cancel, and the relations previously considered apply; that is, maximum 
power transfer occurs when RL = R 9 , and the efficiency is 50 per cent. 
Impedances, which have equal resistance components and reactance 
components equal in magnitude but opposite in sign, are defined 1 as 
conjugate impedances. For conj ugate impedances the maximwn 
power transferred becomes 

p = J2R = Eoc
2
RL Eo/RL E0 / 

L (Ru + RL) 2 = 4RL2 = 4RL • 
(26) 

If the generator internal impedance and the load impedance are not 
conjugates, the power transferred is P = J2 RL, where I is as given by 
equation 25. Thus, the power transferred is 

p = Eo/RL 
(Ro+ RL) 2 + (X0 + XL) 2 

When Z9 and ZL are equal both in magnitude and angle 
Ru = RL, and X 9 = XL), then equation 27 may be written 

Eoc2RL Ea/Ro 
p = 4(RL2 + XL2 )' or p = 4(R/ + X/) 

(27) 

(that is, 

(28) 

In communication circuits t he following problem is often en
countered: a load of impedance Zr, is to be connected to a generator 
of internal impedance Z9 • It is not possible to obtain a condition of 
conjugate impedances. Instead, the generator and load must be 
connected through a transformer that can be used to alter the mag
nitude only of the impedance. If the magnitude, but not the angle of 
an impedance can be altered, the relations for maximum power can be 
determined by rewriting equation 27 as follows 

E 0 /ZL COS 0L 
P= 2 2

, (29) 
(R 0 + ZL cos 8 L) + (Xu+ ZL sin 0£) 
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and by differentiating this expression and equating to zero. 14 The 
solution shows that when the magnitude ZL but not the angle 8 L of a 
load impedance can be varied, maximum power will be trans/ erred from 
a generator of internal impedance Zu v.:hen the magnitude of ZL equals 
the magnitude of Zu. 

Impedance Transformations. The two preceding sections con
sidered methods of changing the magnitude (but not the angle) of a 
load impedance. Transformers are often used for this purpose. Such 
methods are used in audio-frequency circuits where the band width 
is great compared to the magnitude of the center frequency. In 
contrast, the band width occupied by the radio channel is such a 
small per cent of the carrier frequency that in much radio design work 
it can be assumed that a single frequency is to be transmitted. Hence, 
it becomes possible to change angles as ,veil as magnitudes in im
pedance matching. Such transformations will be treated in this 
section. The discussion applies to a single frequency, or to a rela
tively narrow band of frequencies. 

E E 

x. 

Frn. 13. Series and parallel circuits for studying impedance transformations. 

Equivalent Series and Parallel Circuits. A method of making 
impedance transformations is based on equivalent circuits. 15 Two 
circuits are equivalent if they draw identical currents when they have 
the same voltage impressed on them. The current taken by the series 
circuit of Fig. 13 is 18 = E/ (Rs + jXs), and by the parallel circuit 
IP= E/Rp + E/(jXp). If the circuits are equivalent, these two ex
pressions can be equated: 

1 1 1 
----=-+-• 
Rs+ jX. RP jXp 

(30) 

For equivalence, the two in-phase components of current must be 
equal, and the two out-of-phase components must be equal. Thus in 
equation 30 the real terms must be equated separately, and the reactive 
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terms must be equated separately. When this is done, 

( X.2) 2 Rp = Rs l + R.2 = Rs(l + Q. ), (31) 

and 

(32) 

These two equations are useful for finding the parallel circuit that is 
equivalent to a series circuit. In these equations Q. = X.!Rs and is 
the Q of the series circuit that is to be converted into a parallel circuit. 

Similarly, two equations can be written 

Rp 
R. = ------'--, 

1 + Q/ 
(33) 

and 

X = Xp 
8 

1 + 1/Q/ 
(34) 

These two equations are useful for finding the series circuit that is 
equivalent to a parallel circuit. In these equations Qp = RPI Xp and is 
the Q of the parallel circuit that is to be converted. Note that QP 
differs from Q •. 

Increasing an Impedance. Impedance transforming circuits are 
used extensively in radio. Usually the load to be matched contains 
both resistance and reactance. This reactance is often neutralized 
(and the phase angle of the load changed) by connecting an equal and 
opposite reactance in series. If this is done, then there remains only 
resistance to be transformed into a new value. A method of increasing 
a resistance will now be considered. 

The circuit of Fig. 14 (a) can be used to increase a resistance to a 
larger value. The resistance R may be a resistor or a circuit actually 
inserted in series with the inductor L, or it may be resistance reflected in 
series with the coil in accordance with coupled-circuit theory. Assume 
that R must appear as a larger value R' at the points indicated. The 
principle involved is to transform R to the desired value R' by connect
ing R in series with some inductor L. The equivalent inductance L' 
then is neutralized with capacitor C, leaving only the transformed value 
of R' effective between the terminals. 

As an illustration, suppose that it is desired to transform 100 ohms 
resistance to 500 ohms resistance at 5.0 megacycles. Using equation 31 

[ (
6.28 X 5 X 106 

X £)2
] 500 = 100 1 + 

100 
, and L = 6.35 X 10-5 henry. 
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This is the value of inductance to insert in series with the resistance to 
be transformed. It is now necessary to find what the reactance of L' 
of Fig. 14 (b) will appear to be. This can be found from equation 32, 
and is 

21rfL' = Xp = 6.28 X 5 X 106 X 6.35 

[ ( 
100 )

2

] 
X l0-6 l + 6.28 X 5 X 106 X 6.35 X 10-6 = 250 ohms. 

L 
R' 

C 
R' 

C 
L' R' 

R 

(a) (b) 

Fm. 14. Circuits for studying impedance transformations as used to increase a 
value of resistance R to a higher value R'. 

The reactance capacitor C must have must also equal 250 ohms so that 
it ,viii draw the correct leading current and neutralize the effect of the 
equivalent reactance of L'. Thus 1/ (21r/C) = 250, and C = 127 micro
microfarads. These calculations show that L of Fig. 14(a) should be 
6.35 X 10- 6 henry, and C of this figure should be 127 micromicrofarads 
to transform 100 ohms placed at R to 500 ohms as measured at R'. 

Decreasing an Impedance. As an illustration, suppose that it is 
desired to transform a 500-ohm resistance to a 100-ohm resistance at a 
frequency of 10.0 megacycles. For this purpose, the circuit of 
Fig. 15 (a) can be used. The method is to find the value of the in
ductor L that must be placed in parallel with the 500 ohms so that it 
will appear as 100 ohms at R'. Then it is necessary to find the equiva
lent series reactance of L and R so that this reactance can be neu
tralized with capacitor C, leaving only resistance R' between the input 
terminals. Using equation 33 

100= ( 500 )2' 
l + 6.28 X 107 X L 

500 
and L = 3.95 X 10-6 henry. 
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This is the value of the coil L to be connected in parallel with R to cause 
R' to equal 100 ohms. The equivalent series reactance of the L and R 
combination of Fig. 15(a) can be found by equation 34, and is 

6.28 X 107 X 3.95 X 10-6 

21rfL' = ------------- = 200 ohms. 

1 + ( _;0 )2 
6.28 X 107 : 3.95 X 10-6 

L' 

R R' 

R 

(a) (b) 

Fm. 15. Circuits for studying impedance transformations as used to decrease a 
value of resistance R to a lower value R'. 

The capacitor C of Fig. 15 required to neutralize this inductive re
actance is 200 = 1/ (21r/C), and C = 79.5 micromicrofarads. Then, 
the resistance R' measured at the terminals of Fig. 15 will be 100 ohms. 

Direct-Current Bridges. Measurements of direct-current resist
ance often are made with the Wheatstone bridge shown in Fig. 16. In 
operating, R 1 and R 2 are usually set on some convenient ratio, and 
resistor R 3 is then adjusted until the galvanometer does not deflect. 

Since the galvanometer does not deflect, the points across which it is 
connected are at the same potential. Then, 

/ 1 R 1 = / 2 R 2 and / 1 R 3 = 12 R,,. 

Hence, Ii/12 R 2 /R 1 , Ii/12 = R,./R 3 , and, when equated, 

Rx= (R2R3). 
R1 

(35) 

This bridge is used to find faults such as short circuits, crosses, or 
grounds on communication circuits. One method is the Murray loop 
shown in Fig. 17. The lower wire on which the accidental ground 
exists is connected at the distant end to a clear wire. The bridge is 
then balanced. 
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Suppose that the two wires have the same resistance r per foot and 
that the total loop length L is known. Then, if A, B, Y, and X cor
respond to R 1 , R 2 , R:1 , and Rx of Fig. 16 and equation 35, the distance 
X to the fault is 

Xr = _B_(L_-_X_)r 
A 

BL 
and X = (A + B) • 

Connecting 
wire 

(36) 

FIG. 16. The Wheatstone 
bridge. 

FIG. 17. The Murray loop. 

If the two wires have different resistances r 1 and r 2 per foot because a 
wire of the same size was not available for connection with the faulty 
wire, R,, = Xr 2 , and 

R3 = L;i + (~ - x)r2 . 

When these substitutions are made in equation 35, the distance is 

X = BL(r1 + r2). 
2r2 (A + B) 

(37) 

Another method of finding faults is the Varley loop of Fig. 18. This 
arrangement offers the possibility of throwing the switch up and meas
uring the loop resistance. Suppose that in this figure the two wires 
have the same resistance r per foot and that the total loop resistance 
RL has been measured. Then, when the switch is thrown down and the 
loop balanced, R 3 of equation 35 is RL - Xr, and R,, is R + Xr. 
Hence, from equation 35, 

B(Rr, - Xr) 
R+Xr=-----, 

A. 



'16 ELECTRICAL FUNDAMENTALS OF COMMUNICATION 

and the distance X to the fault is 

ERL -AR 
X = r(A + B) • (38) 

In this equation, RL is equal to the loop length L times the resistance 
per foot r. If the wires do not have the same resistance per foot, it is 

Fm. 18. The Varley loop. 

Connecting 
wire 

easily shown that equation 38 can be used to find the distance to the 
fault if r is the resistance per foot of the grounded wire. 

Alternating-Current Bridges.1 6 These are used for measuring the 
effective resistance and inductance of inductors, the effective resistance 

and reactance of capacitors, and 
the input impedance of lines 
and networks. The condition of 
bridge balance usually is deter
mined with a telephone receiver 

~12 if the test frequency is audible. 
Above the audible-frequency 
range the null detector often is 
an amplifier and a rectifier. At 
higher frequencies, a radio-re-

Frn. 19. An alternating-current bridge. ceiving set makes an excellent 
detector.1 7 · 18 

In the alternating-current bridge of Fig. 19 R 1 and R 2 are resistors 
with negligible reactance. Impedance Z., may be a standard inductor 
or capacitor, and Z,, is the unknown inductor or capacitor to be meas
ured. 

At balance, negligible current flows through the receiver, minimum 
tone is heard in the receiver, and the points across which the receiver 
is connected are at the same potential. Thus l 1 R 1 = I 2 R 2 in both 
magnitude and phase, and / 1Z. = l 2Zx in both magnitude and phase. 
Then, 

and (39) 
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When this equation is generalized, 

Rx+ jXx = ~: (R. + jX.) · 

77 

(39a) 

Because resistances and reactances produce different effects, in 
balancing an alternating-current bridge, first one quantity, and then 
the other, is varied, until minimum tone of the test frequency is heard. 
The in-phase and out-of-phase terms of equation 39a must be separated 
as follows: RxR1 + jXxRi = R 2R. + jX.R2, RxR1 = R 2R., and 
XxRi = X.R2. Solving for the unknown terms gives 

R2 
and X = -X, 

X R1 s 
(40) 

where Rx is the effective resistance and X.,, is the reactance of the un
known. \Vhcn a standard inductor is used to measure an unknown 
inductor, equation 40 becomes 

(41) 

When a standard capacitor is used to measure an unknown capacitor, 
equation 40 becomes 

and (42) 

in which the ratio Ri/ R 2 is opposite from equation 41. In the pre
ceding equations the units are ohms, henrys, farads, and cycles per 
second. 

Bridge with Standard Inductor. The unknown inductor or capacitor 
of Fig. 20 is measured in terms of the standard inductor L. and 
standard resistor R.. The effective resistance of the standard inductor 
necessitates a correction. If Fig. 20(a) is used, then R. of equation 40 
equals Rs of Fig. 20(a) plus the effective resistance of the standard 
inductor. If Fig. 20 ( b) is used, then the effective resistance of the 
unknown capacitor is R.,, of equation 40 minus the effective resistance 
of the standard inductor. 

Often, in bridges, such as Figs. 20(a) and (b), R 1 and R 2 each equal 
some value, such as 1000 ohms, and are fixed. Also, a resistor, equal 
to the effective resistance of the standard inductor, is connected in the 
arm opposite the standard variable inductor. The bridge of Fig. 20 (a) 

then becomes direct reading; at balance the setting of R. gives the 
effective resistance of the unknown inductor, and the setting of L8 

gives the inductance of the unknown. 
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(b) 

Inductor 
being 

measured 

Capacitor 
being 

measured 

Frn. 20. An alternating-current bridge using standard inductor L,. 

(a) 

(b) 

Inductor 
being 

measured 

Capacitor 
being 

measured 

Frn. 21. An alternating-current bridge using standard capacitor C,. 
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The bridge of Fig. 20 ( b) is adjusted until the inductive reactancc 
21rf L. equals the capacitive reactance 1/ (21r/C). For this condition, 

1 
C,, = (21rf) 2 L. (43) 

As will be noted, the frequency must be known. 
Bridge u·ith Standard Capacitor. For many purposes the standard 

capacitor of Fig. 21 has negligible effective resistance and no resistance 
corrections are necessary. For the circuit of Fig. 21 (a) , when reso
nance is obtained the value of the unknown inductor is 

1 
L =--• 

x (21rf)2C, 
(44) 

If the circuit of Fig. 21 ( b )' is used, then the capacitance of the unknown 
is given by equation 42. 

Bridge Af easurements of Mutual Inductance. The circuits of Figs. 
20(a) and 21 (a) are used for measuring 
mutual inductance. Suppose that the 
two coils of Fig. 22 arc connected aiding 
so that the magnetic effects add; then, 
because of the mutual inductance between 
the coils, the back voltage between ter
minals 1 and 4 may be considered as 
composed of four components: ( 1) the 
back voltage caused by the self-inductance 
of coil A, (2) the voltage induced in coil 
A by the current in coil B and the mutual 
inductance between B and A, (3) the back 
voltage caused by the self-inductance of 

1 

4 

( a) Coils aiding 

3 

( b) Coils opposing 

coil B, and (4) the voltage induced in Fm. 22. Connections for de
coil B by the current in coil A and the termining mutual inductance. 
mutual inductance between A and B. 
This total back voltage appears as an inductive effect at the terminals, 
and hence the equivalent self-inductance as measured by a bridge is 

(45) 

But if the coils are connected opposing so that the magnetic effects 
subtract, then the induced voltages caused by the mutual inductances 
subtract from those caused by the self-inductances, and 

(45a) 
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Subtracting equation 45a from equation 45 gives 

Li-4 - L1-a = 4M. (46) 

The mutual inductance between two coils is, accordingly, one-fourth 
the difference in the inductance measured with the two coils aiding 
and the two coils opposing. 

Fm. 23. Circuit for measuring the incremental inductance Lx and the effective 
resistance Rx of a coil with a core of iron or other ferromagnetic material. 

Bridge Measurements of Incremental Inductance. The magnitudes 
of the incremental inductance and effective resistance of an inductor 
with a ferromagnetic core will vary with the magnitude of both the 
direct and the alternating currents through the coil (page 53). The 
bridge of Fig. 23 provides both direct current and alternating cur
rent. The direct current from the battery is regulated by resistance r 
and measured with the milliammeter. It is difficult to measure directly 
the magnitude of the alternating-current component, although it can 
be done. A high-impedance vacuum-tube voltmeter connected as indi
cated can be used to maintain constant the alternating voltage drop 
across the inductor. This is accomplished by varying the voltage 
divider R. Both the direct current and the alternating voltage must 
be kept constant as the bridge is balanced. 

If the inductor has many turns (a filter choke for instance), then a 
low frequency of about 100 cycles must be used to avoid the effects 
of the distributed capacitance. For this reason, null detector D is 
often a tunable vacuum-tube amplifier and detector, or some similar 
device. It should be noted that resistor S must pass the direct-current 
component. At balance, 16 

Lx=ASCB, Rx=ABS,iCB2 and Q= l (approximately), (47) 
(BwCB) 

where all values are in henrys, farads, and ohms, and w equals 2,r times 
the frequency. 
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Thermocouples. Alternating-current and voltage measurements 
are made with thermocouples and associated galvanometers. Each 
thermocouple of Fig. 24 consists essentially of two wires (A, B) of 
dissimilar metal fastened to-
gether at the thermocouple 
junction. When the junction 
is heated with the alternating 
current to be measured, a 
direct voltage is produced 
across the galvanometer. 
This voltage is proportional 
to the heat dissipated, and 
hence to J2R, where I is ef
fective value of the alternat
ing current flowing and R is 
the effective resistance of the 
thermocouple heater. 

The mutual type is not 

Mutual 
type 

H 
Separate 

heater 
type 
Load 

Fm. 24. Illustrating three types of thermo
couples and how they would be connected to 
measure the current taken by a load. The 
dissimilar metals forming the thermocouple 

are A and B. The heater is marked H. 

very satisfactory. The alternating current to be measured divides, 
part passing through the galvanometer and part through the load. 
Since the impedance of these two parallel paths varies with frequency, 
the current division also varies, and a shunting error is introduced. 
Furthermore, a reversal error exists, causing a different thermocouple 
output for each direction of current flow. 

In the contact type of thermocouple the shunting error is neg
ligible, and the reversal error is very small and may usually be 
neglected. The calibration may readily be made with direct current 
and is independent of frequency except at very high frequencies where 
skin effect alters the effective resistance and the stray capacitance 
shunts current out of the heater. 

The separate-heater type has no reversal error and is especially 
suitable for high-frequency measurements where the capacitance of 
the galvanometer to ground would be obj ectionable. Maximum sen
sitivity is obtained by binding the thermocouple junction and the 
heater together with a bead of heat-conducting but electrical insulating 
material. 

At low frequencies , such as over the audio range, about the only 
effect of inserting a thermocouple in a circuit is to add resistance to 
the circuit. At radio frequencies, however, the equivalent circuit! 9 for 
a separate-heater type thermocouple is as shown in Fig. 25. Because 
of the stray inductances and capacitances, a calibration made with 
direct current, or with low frequencies, does not hold at extremely high 
frequencies. 
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For measuring an alternating current, the thermocouple is inserted 
in the circuit as in Fig. 24. For measuring an alternating voltage, the 
thermocouple and a series resistance are connected as in Fig. 26. The 
voltage between the line wires is E = I (R + r), where R is the protec-

Fm. 25. The high-frequency equivalent circuit of a thermocouple of the sep
arate-heater type. A and B are the thermocouple wires, and H is the heater. L1 

and Li are the inductances of the connecting leads and the heater. C1 is the 
capacitance between connecting leads. C2 is the capacitance between heater and 
thermocouple. Ca is the capacitance of the insulating bead between the thermo
junction and heater. Mutual inductance (not shown) exists between the heater 

and thermocouple. (Adapted from Reference 19.) 

tive or current-limiting resistor, r is the resistance of the thermocouple 
heater (this should be accurately measured) and I is the current ob
tained from the calibration curve. These arrangements take power 

'v Load 

from the source and accordingly alter 
circuit conditions. There are instances 
when thermocouples cannot be used and 
when vacuum-tube measuring devices 
must be employed. 

Shielding. If instruments, or circuits 
such as bridges, are operated in weak 
constant electric or magnetic fields, dif
ficulties are seldom experienced. If 

Frn. 26. Methods of measuring these fields are strong, however, or if 
voltage with a thermocouple. they are alternating rather than constant, 

then serious troubles are experienced. 
A circuit or an instrument can be shielded from the effect of a constant 

(direct) electric field by enclosing the object to be shielded in a metal 
box. 2 0 Since the metal is electrically conducting, the lines of electric 
force do not penetrate to the interior but terminate on surface charges. 
An instrument or circuit can be shielded from the effects of a constant 
magnetic field by entirely enclosing the device in a thick case of good 
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magnetic material such as iron. The magnetic lines of force follow 
through the metal of the shield and penetrate less within. 

Although shielding against stray alternating-current fields is in 
reality a process of shielding against electromagnetic waves, it is 
convenient to consider the separate components. 21 There are, there
fore, two problems: first, shielding against stray alternating magnetic 
fields; and second, shielding against stray alternating electric fields. 

Shielding against stray alternating magnetic fields 22 is usually 
limited to wound apparatus such as transformers. Often the coils are 
wound on a closed core of some good magnetic material such as iron or 
Permalloy; then the flux will be confined almost entirely to the mag
netic core, and but little coupling to othe; circuits ·will be experienced. 
If such closed cores are not sufficient or are not used, there are two 
other methods of shielding. 

The first of these is to enclose the device in a case of magnetic ma
terial as previously explained. This shield will prevent the magnetic 
lines of force from leaving the vicinity of the coil being shielded, and 
from coupling with another unit. The second method of magnetic 
shielding is to enclose the device in a box of non-magnetic material, 
such as copper, having high electrical conductivity. Then the alter
nating magnetic field produces eddy currents in the copper, and the 
magnetic field produced by these currents reacts with, and largely 
neutralizes, the stray field from the device tending to cause interference. 
Such shields cause losses and change the electrical characteristics of 
the apparatus shielded. 

A metal box will shield against stray alternating electric fields. If 
it is desired to shield the individual pieces of equipment in a network 
(such as an impedance bridge) from the mutual effects of the other 
pieces, the problem becomes more difficult. Shielding against an 
electric field does not consist of preventing mutual coupling, but of 
controlling the coupling. Two problems are involved, depending on 
whether the units are in series or in parallel. 

To illustrate the action of a shield, consider the impedance unit of 
Fig. 27 (a). When an alternating electromotive force is applied be
tween A-B, in addition to the current from A to B through the 
impedance, current flows from A to B through the stray capaci
tances and the grounded path as shown by the arrow. These 
stray capacitances and the resulting currents vary for every different 
position of the impedance with respect to ground, and with respect to 
surrounding objects such as an observer. If, however, a conducting 
shield is placed completely around the impedance as in Fig. 27 ( b), the 
stray paths will be made definite, and the impedance between the 
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points A-B will be independent of the location of the unit. Stray 
capacitance will also exist as shown between the shield and ground, 
but, since all parts of the shield are at the same potential, no current 
will flow. 

Suppose that two elements are connected in series and that it is 
desired to shield these from each other, 
and also so that their impedances are 
independent of their position with re
spect to ground and surrounding ob
jects. It might at first appear that 
connecting them as in Fig. 28 (a) would 
be satisfactory. It is not,· however; 

A 
0 

A 
0 

z 

' VtA, ' I I 
I I 

_.l._ _L 
T Stray T 

I current I 
I I 

Ground 
(a) 

\,!, ~ +: 
1 

Shield 
_1_ 
T 

I 

Ground 
(b) 

B 
0 

B 
0 

FIG. 27. Method of shielding a single 
element Z by the use of a conducting 
metallic shield. The impedance be
tween A-B is independent of position 
with respect to ground. Element Z is 
also shielded from high-frequency 

electromagnetic fields. 

~ 
Shiel~L L§,l_Shield 

A 

-r -T~ Stray 
1 1 current 

Ground 
(a) 

I 
_.J._ 

T 
I 

Ground 
(b) 

Ground 
(c) 

C 

FIG. 28. Incorrect method (a) 
of shielding elements from each 
other, and from the effects of 
ground and surrounding objects. 
Correct methods are shown in 

(b) and (c). 

the two shields are at different potentials, and current will flow as indi
cated by the arrow. The impedance between A-C will therefore be 
variable. If, however, the shield is extended as shown in Fig. 28(b), 
then the stray capacitances between the two shields, indicated by the 
dotted condenser C., will be constant, and the impedance between A-C 
will be independent of location. This arrangement can be extended to 
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include any number of elements, three elements being shielded in 
Fig. 28(c) . 

Attention is called to the fact that, although shielding tends to make 
a unit independent of position, it increases the impedance variations 
with frequency. Thus, if the unit of Fig. 27(a) is a resistor, the actual 
circuit between the terminals A-B consists of 
resistance and capacitance in parallel. This 
assumes, of course, that the inductance of 
the resistor is negligible. When the shield is 
placed in position, the capacitance is in
creased. Even at voice frequencies the 
circuit A-B would not be strictly pure re-
sistance, and the higher the frequency, the 
greater is the deviation from this ideal. 

Frn. 29. Methods of shield-
ing parallel elements. 

Shielding, therefore, does not prevent stray fields and capacitive 
coupling, but controls these, making them independent of position. 

Units connected in parallel should be individually shielded, and all 
the shields connected to some common point which is then usually 
grounded. This method is illustrated by Fig. 29. 

Distortion. This is defined 1 as a "change in wave form." Three 
types of distortion are as follows: 

Frequency Dis tortion. This is defined 1 as "that form of distortion 
in which the change is in the relative magnitudes of the different fre
quency components of a wave, provided that the change is not caused 
by non-linear distortion." Thus, if the transmitting efficiency of a 
circuit or piece of equipment is different at various frequencies, fre
quency distortion results. This is sometimes called amplitude dis
tortion. 

Non-Linear Distortion. This is defined 1 as "that form of distor
tion which occurs when the ratio of voltage to current, using root-mean
square values (or analogous quantities in other fields), is a function of 
the magnitude of either." Non-linear distortion causes harmonics to 
be created (see page 558). If a pure sine-wave voltage is impressed 
on a circuit (such as an iron-cored transformer) having a non-linear 
impedance (ratio of voltage to current as just defined), the current 
that flows will not be a pure sine wave, but will contain harmonics and 
will be irregular in shape. Non-linear circuits have many useful ap
plications in communication, such as modulation (page 420), demodula
tion (page 421), and the generation of carrier frequencies (page 425). 

Delay Distortion. This is defined 1 as "that form of distortion which 
occurs when the phase angle of the transfer impedance (page 423) with 
respect to two chosen pairs of terminals is not linear with frequency 
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within a desired range, thus making the time of transmission or delay 
vary with frequency in that range." Delay distortion is the type 
of distortion that occurs when the velocity of propagation or speed of 
transmission of a wave through a circuit varies with the frequency of 
the wave. Considerable delay distortion is tolerable in the transmis
sion of speech and music but is very objectionable in picture and 
television transmission. 

The Decibel. The bel is defined 1 as "the fundamental division of 
a logarithmic scale for expressing the ratio of two amounts of power, 
the number of bels denoting such a ratio being the logarithm to the 
base 10 of this ratio." If P 1 and P 2 designate two amounts of power, 
and if N is the number of bels denoting their ratio, 

P1 
N=log10-• 

P2 
(48) 

The decibel is defined 1 as "one-tenth of a be!, the number of decibels 
denoting the ratio of two amounts of power being 10 times the 
logarithm to the base 10 of this ratio." The abbreviation db is used 
extensively. If P 1 and P2 designate two amounts of power, and if n 
is the number of decibels denoting their ratio, 

and (49) 

Power is seldom measured di

Network 
zl- under 

test 
Z2- Load 

rectly in communication circuits. 
It is usually determined indi
rectly from current measure
ments made with thermocouples, 
or from voltage measurements 
made with vacuum-tube volt
meters. Because of these indi
rect measurements of power, 

FIG. 30. Circuit for illustrating the 
meaning of the term decibel. 

confusion has resulted in the use of the decibel, and the reasons will 
now be explained. 

It is desired to determine the power loss in decibels of the network 
of Fig. 30. This is to be clone from the ratio of the input current / 1 

and the output current 12 . Since power is J2R, equation 49 can be 
written 

l1 2R1 I1 R1 
n = IO log1 0 I/ R

2 
= 20 log10 I 

2 
+ 10 log1 0 R

2 
• (50) 

If Rd R 2 = 1.0, then the last term equals zero, and under these special 
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conditions, in which the resistance components of the input impedance 
equals the resistance component of the load impedance, the power 
ratio and the loss in decibels is 

11 11 
n = 20 log10 I2' and I2 = 100.osxn. (51) 

Similarly, if the power loss is to be determined from voltage readings, 
where E 1 is the voltage impressed across the network and E 2 is the 
voltage across the load, since power = EI cos 8, equation 49 can be 
written 

(52) 

E1 Zz cos 8 1 
20 log10 E- + 10 log10 - + 10 log10 --· 

2 Z1 cos 82 

If it happens that Z1 equals Z2 in both magnitude and phase, then the 
last two terms become zero, and under these special conditions the 
power ratio and the loss in decibels is 

and E1 = l0o.osxn 
E2 • (53) 

The confusion mentioned previously resulted from using equa
tions 51 and 53 to determine power ratios in decibels in circuits that 
were not rnatched and did not meet the special conditions explained. 
Most telephone lines and apparatus are matched for maximum power 
transfer, and thus the impedance relations are such that equations 51 
and 52 can be used without error. However, many circuits and much 
equipment are not matched for maximum power transfer, and hence 
these equations do not apply. 

It is common practice to use equations 51 and 53 in circuits in which 
the impedances are not matched, but when so used these equations do 
not give power ratios in decibels but instead express current or voltage 
ratios in decibels. This is in accordance with the Standards, 1 but the 
usage should be accompanied by a statement of the specific applica
tion. 

Gains in decibels as well as losses are expressed by equations 49, 51, 
and 53. In all instances the larger number is divided by the smaller, 
and the terminology "gain" or "loss" is used. 

Equations 49, 51, and 53 can be plotted as in Fig. 31. With these 
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FIG. 31. Curves for gain or Joss in decibels, from current, voltage, or power ratios. 

curves, the gain or loss in decibels can be found. Also, gains or losses 
can be determined from Table V. 

TABLE V 

RELATIONS BETWEEN DECIBELS AND FRACTIONAL Loss OR GAIN 
IN POWER 

Decibels Loss-Power Ratio Gain-Power Ratio 

1 0.794 1.26 
2 0.631 1.58 
3 0.501 2.00 
4 0.398 2.51 
5 0.316 3.16 
6 0.251 3.98 
7 0.200 5.01 
8 0.158 6.31 
9 0.126 7.94 

10 0.100 10.00 
20 0.010 100.00 
30 0 001 1,000.00 
40 0.0001 10,000.00 
50 0.00001 100,000.00 

Transmission losses are sometimes expressed in nepers. From equa
tions 51 and 53, the loss in decibels is 

or 
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If the natural or Napierian base for the logarithms is used, 

, 1 /1 n = og -, 
• 12 

Ei 
or n' = log, E

2 
, 

89 

(54) 

where n' is the loss (or gain) in nepers. The relation between the 
natural and common logarithms is logE x = 2.3026 log10 x. There
fore, from equation 54, n' = 2.3026 log10 li/12 . From equation 51, 
n/ 20 = log1 o Ii/12 , and 

Loss in nepers = 0.11513 times loss in decibels.1 
Loss in decibels = 8.686 times loss in nepers. f (55) 

Power Level and Volume. If a given reference value is chosen, 
the power level, or power being transmitted past any point in a 
system,1 may be expressed as so many decibels above or below the 
selected reference. For several years the reference point or zero level 
chosen was approximately 0.006 watt, or 6 milliwatts. On this basis, 
if a circuit were delivering 60 milliwatts, it ,vas operating at a "plus 
10 db power level." Or, if operating at a "minus 10 db level," the 
power at that point would be 0.6 milliwatt. A zero level of 0.001 watt 
1s common. 

It is also common practice to select some strategic point in the 
circuit as a reference point and express the power level in decibels in 
other parts with respect to this arbitrary point. Thus, care must be 
exercised in interpreting data because of the different zero levels used. 
Because of this, there is a growing tendency to use the designation dbm 
when the zero level is 1.0 milliwatt (or 0.001 watt). 

Power levels are used in circuit tests where steady-state sine-wave 
currents are employed. Such factors as the ballistic characteristics of 
the measuring instrument do not, therefore, affect the measured values. 
For measuring program levels on circuits transmitting speech and 
music, where the currents are of transient nature, the characteristics 
of the instrument do affect the measured value. 

The volume at any point in a telephone circuit is a measure of the 
power of a voice-frequency wave at that point.1 Volume is expressed 
in decibels with respect to some arbitrary reference standard. A spe
cial volume-level indicator or VI has been developed 2 3 for measure
men ts in program circuits. This reference specifies (a) the charac
teristics and method of use of the volume-indicator instrument, and 
(b) that the steady-state reference power is 1.0 milliwatt in a circuit 
of 600-ohms characteristic impedance (see page 202). The term 
volume units (abbreviated vu) is used on the scale of the volume in
dicator, one volume unit denoting that the program volume level is 
one decibel above zero reference volume. 
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REVIEW QUESTIONS 

1. Define effective resistance. In alternating-current work, why should the old 
"Ohm's law" definition of resistance be avoided? 

2. Explain why the effective resistance of a circuit may differ from the direct
current resistance. 
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3. A coil has a laminated silicon-steel core. Would you expect the permeability 
of the core to be exactly the same at 50 cycles as at 10,000 cycles, a ll other 
factors being comparable? Explain why. 

4. Discuss the nature of the inductance of a coil with a ferromagnetic core . 
5. What is the effect of a small air gap on the incremental inductance of a coil 

with a ferromagnetic core? 
6. When phase relations are of importance, why should - j be written before 

equation 8? 
7. On page 53 a somewhat detailed explanation was given of the inductive effects 

in coi ls with ferromagnetic cores. What parts of t his discussion apply to the 
mutual inductance of coils with such cores? 

8. Would you attempt to use a 10,000-ohm wire-wound resistor at a frequ ency of 
1.0 megacycle? Why? If your answer is negative, what type would you use? 

9. In telephone equipment non-inductive resistors are often made by winding the 
resistance wire on a thin card. Fully explain why this reduces the inductance. 
What are other advantages of a resistor of this type? 

10. Discuss the types of cores used in communication inductors and transformers. 
11. Discuss the types of dielectrics used in communication capacitors. 
12. What is meant by the "Q" of an inductor and "D" of a capacitor? Are these 

two terms related? 
13. Briefly discuss the magnetic materials used in communication. 
14. Briefly discuss the dielectric materials used in communication. 
15. Enumerate and briefly discuss the various frequency bands used in communi

cation. 
16. On pages 64 and 65, phase resonances were discussed, the 

used to pre,·ent confusion with other types of resonance. 
sible types of steady-state electrical resonances are there? 
antiresonance sometimes used? 

term phase being 
What other pos
Why is the term 

17. In solving an inductively coupled circui t as explained on page 67, the effect 
of the secondary reflected into th e primary is considered. Explain why it is 
not necessary to consider the effect of the primary reflected into the secondary. 

18. What are the conditions for maximum power transfer in an alternating-current 
circuit? Why is maximum power transfer and not efficiency often of greatest 
importance in communication? 

19. Why are impedance transformations often made in communication? Name 
several methods of transforming impedances. 

20. In deriving the equations for an alternating-current bridge, why are the in
phase and out-of-phase terms separated? . 

21. A device called an Inductometer or Variometer is constructed on the principle 
of the circuit of Fig. 18(a). It is used to furnish the variable inductance for 
bridge standards. Explain how such a device should be constructed to give 
variable inductance and constant effective resistance. Could the device have 
zero inductance'/ 

22. In making bridge measurements of incremental inductance why should a 
thermocouple not be placed directly in series with the coil under test? 

23. In discussing t hermocouples, it was stated that the separate-heater type was 
used for high-frequency measurements. Explain why on the basis of the 
theory on page 139. 

24. Explain why a copper or aluminum shield is effective against a high-frequency 
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magnetic field. Will such a shield affect the resistance and inductance of 
an air-cored coil? If so, how? 

25. Under what conditions can power ratios in decibels be found from current 
and voltage ratios? Is the decibel used for purposes other than measuring 
power ratios? Name several. 

PROBLEMS 

1. An air-core coil has a self-inductance of 0.056 henry, and a resistance of 
9.2 ohms. Calculate the Q at 100, 1000, 10,000, 1,000,000, and 10,000,000 cycles. 
Plot as a curve. "\Vould measured values agree with calculated values? Why? 

2. If the coil just considered is connected in series with a 0.5-microfarad capac
itor, what will be the resonant frequency? What will be the impedance at 
resonance, and at 10 per cent above and below resonance ? 

3. Repeat Problem 2 for the inductor and capacitor in parallel. Use both equa
tions 15 and 16, and compare. 

4. An oscillator has an open-circuit voltage of 39 volts at 1000 cycles and an 
internal impedance of 0.003 henry inductance and 447 ohms resistance. It is 
connected to the primary of a coil having an inductance of 0.052 henry and 
a resistance of 56 ohms. The mutual inductance between the primary and 
the secondary is 0.0536 henry. The secondary has an inductance of 0.061 
henry, a resistance of 61 ohms, and is connected to a 500-ohm load resistor. 
Calculate the current that will flow through this resistor. 

5. If the combination of Problem 2 is connected across 50 volts at the resonant 
frequency, what will be the line current, and the voltage across the inductor 
and across the capacitor? 

6. If the combination of Problem 3 is connected in parallel and across 50 volts 
at the resonant frequency, what will be the line current , and the current 
through the inductor and capacitor? 

7. Prm·e mathematically that the statement in italics preceding equation 24 is 
correct. 

8. Prove mathematically that the statement in italics following equation 29 is 
correct. 

9. Repeat the problems starting on page 72 for increasing and decreasing im
pedances, but with frequencies of 2.0 megacycles instead of 5.0 megacycles, 
and at 7.5 instead of 10.0 megacycles. 

10. The heater of a thermocouple has a constant resistance of 610 ohms. For 
a current of 0.002 ampere through the heater, the deflection of the associated 
microammeter is 10 microamperes. The thermocouple heater is placed in 
series with 9390 ohms, and placed across an unknown voltage . The microam
meter reads 100 microamperes. What is the value of the unknown voltage 
in volts ? 



CHAPTER 4 

ELECTROACOUSTIC 

DEVICES 

Introduction. If the spoken word or a program of music is to be 
transmitted electrically, some electroacoustic device must either convert 
the sound waves into electric energy or permit the sound waves to 
control the electric power supplied by a source such as a battery. Such 
an electroacoustic device is defined 1 as a telephone transmitter, "a 
device whereby sound waves produce substantially equivalent electric 
waves." The familiar word microphone is 1 "a term frequently used 
as a synonym for telephone transmitter, particularly in radio and 
sound picture fields." 

A telephone transmitter (or microphone) is a special form of electro
acoustic transducer, defined 1 as "a transducer by which power may 
flow from an electric system to an acoustic system or vice versa." 
The term transducer is defined 1 as "a device by means of which energy 
may flow from one or more transmission systems to one or more other 
transmission systems." There are two types of transducers, a passive 
transducer, containing no source of power, and an active transducer, 
containing a source, or sources, of power. 1 Accordingly, telephone 
transmitters (or microphones) that contain no source of power but 
which convert acoustic energy into electric energy are passive or 
generator-type transmitters and sometimes are called passive electro
acoustic transducers. 2 Similarly, telephone transmitters that use 
sound waves to control the flow of power from a battery are active 
or modifier-type transmitters and are sometimes called active electro
acoustic transducers. 3 

Passive or Generator-Type Telephone Transmitters. In these 
transmitters ( or microphones) all the electric power output must come 
from the acoustic power in the sound waves. The passive transmitters 
are, therefore, essentially electric generators with internal impedance 
and an open-circuit output voltage that is a replica of the sound waves. 
Passive or generator-type transmitters can be grouped in two classes: 
the magnetic microphone, defined 1 as "a microphone the electric 
output of which is generated by the relative motion of a magnetic field 
and a coil or conductor located within the magnetic field," and the 
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crystal microphone, which is a microphone that operates by virtue of 
the piezoelectric effect. These devices will be considered in detail later 
in this chapter. 

The electric power output of a passive or generator-type transmitter 
is very low, because the electric power output comes entirely from the 
acoustic power of about 10 microwatts actuating the transmitter, and 
because the efficiency of transforming from acoustic to electric power 
is a few per cent. 

Active or .Modifier-Type Telephone Transmitters. In active 
telephone transmitters the sound waves control an external source of 
power. For example, in the telephone set, the transmitter modifies the 
current flowing from a battery. Such transmitters arc also amplifiers. 
The common telephone transmitter may deliver an electric power out
put 1000 times the magnitude of the acoustic power from the voice of 
the speaker. 4 The power output of most modifier transmitters is ac
cordingly many times greater than that of the generator type. 

Many types of modifier transmitters have been developed, 5 including 
liquid transmitters, 5 flame transmittcrs, 5 glow transmitters, 6 the ther
mophonc,5 carbon-granule transmitters, and condenser transmitters. 
The last two are of much practical interest and will be discussed in 
detail. 

The Single-Button Carbon-Granule Telephone Transmitter. 
Many types of telephone transmitters have been developed, 7 one being 
shown in Fig. 1. This consists of a circular brass cup partly filled with 
carefully selected carbon granules. The inside edge of the cup is 
insulated with a paper ring. In the bottom is placed a highly polished, 
circular, carbon electrode which is fastened to the cup and serves for 
a contact with the carbon granules. The opening or top of the cup is 
partly filled with another circular electrode fastened to a metal plunger 
which in turn is attached to the diaphragm. 

The path of the current is through the insulated terminal fastened 
to the steel bridge, through the damping spring, through the front 
movable disk, through the carbon granules, and thence out through the 
fixed carbon disk to a second insulated binding post on the steel bridge. 
The damping spring is provided to reduce resonance effects in the 
mechanical portions. The resistance of the transmitter at a current 
of about 0.1 ampere is about 50 ohms when it is not excited by sound 
waves. 

The Functioning of the Carbon Granules. It is thought that 
microphonic action is the result of variations of contact area with 
deformation of the contact material. 8 • 9 The carbon granules act 
like elastic spheres which flatten out as they are pressed together. 
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The resistance decreases with an increase of the area of the contact. 
It is also thought that mechanical forces on the granules establish new 
contacts as well as change the areas of those a lready formed. 

A special type of carbon is used for the granules, and these must be 
specially selected as to size and quality. They must be free from cor
rosion and of high resistance, and their contact resistance must be 
sensitive to pressure changes. If the granules are not of good quality 

iNSULATED TERMINAL 
(CONNECTING TO BACK 

OF BUTTON) 

INSULATED TERMINAL 
(CONNECTING TO FRONT 

OF SUTTON) 

ALUMINUM DIAPHRAGM 

FIG. 1. Cross section of a Western Electric carbon-granule transmitter. Although 
this type will gradually be replaced by those of later design, many transmitters of 

this general type will remain in useful service for years. 

or if they are not carefully selected, they readily become packed and 
the transmitter becomes insensitive. Packing may also be caused by 
the entrance of moisture, by overheating, or by other misuses. Slightly 
jarring the transmitter will usually remedy this condition. 

If the transmitter of Fig. 1 is held at an angle, the granules tend to 
fall away from the electrodes, and this may completely open the 
circuit. It is important that the transmitter be held close to the 
speaker's lips when it is being used. One advantage of the modern 
handset telephone is that, if the receiver is in position for hearing, the 
transmitter is in the correct position for talking. 

When the current through the carbon transmitter is increased be
yond a certain Yalue, the points where the currents enter and leave the 
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granules will become hot and arcing will take place. A hissing or 
frying sound 10 will be heard, and the so-called frying or burning point 
of the transmitter has then been reached. The normal current taken 
by telephone transmitters is about 0.1 ampere. In certain water
cooled carbon-granule transmitters of historical interest 15 amperes 
have been carried continuously. 7 

Transmitters for Telephone Handsets. The telephone handset is 
defined 1 as a "combination of a telephone transmitter and a telephone 

(a) 

Carbon 
granules 

Clamping ring 

Diaphragm shield 

Diaphragm 

Acoustic shield 

',~?n"!HI-- Felt ring 

Granular carbon 

Silk washer for 
carbon chamber closure 

Acoustic 
leak hole 

(b) 

FIG. 2. Construction of typical telephone handset transmitters. (a. Courtesy 
Western Electric Co.; b. courtesy Kellogg Switchboard and Supply Co.) 

receiver mounted on a handle." The transmitter electrodes and the 
carbon-granule cup must be constructed so that the granules cannot 
fall away from the electrodes and open the circuit for any position in 
which the handset is held; that is, the transmitter must be non
positionaL 

Typical methods of construction are shown in Fig. 2. In each of 
these the diaphragm is formed and placed so that it acts as the front 
electrode. The other electrode is at the back of the carbon-granule 
cup or container. The cups are not filled entirdy with granules 
because space must be left for expansion of the granules when the 
temperature rises. The diaphragm of Fig. 2(a) is cone shaped and 
ribbed so that it will be stiff and will move in and out somewhat like a 
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piston. The diaphragm of Fig. 2(b) is damped acoustically so that it 
does not vibrate excessively at certain resonant frequencies. 

A second type of handset transmitter is shO\rn in Fig. 3 (a). The 
diaphragm consists of two thin aluminum-alloy cones. The two 
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Fm. 3. Construction (a) and frequency response (b) of a typical telephone handset 
transmitter. For the meaning of the word bar, see Fig. 9. (Courtesy Automatic 

Electric Co.) 

electrodes are separated by paper bellows. The frequency-response 
curve is shown in Fig. 3 ( b). 

The telephone t ransmitters of Figs. 2 and 3 arc known as " capsule 
types" because they are made as a unit and cannot be adj usted in the 
fi eld. The characteristics of the handset telephone transmitters are 
superior to those of the transmitter of Fig. 1. 
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Telephone Transmitter Operation in Resistive Circuits. In this 
section the theory of a single-button, carbon-granule transmitter in a 
circuit containing resistance only will be discussed. It is assumed 
that the transmitter diaphragm is excited by a pure tone; also, that 
the diaphragm of the transmitter and the resistance of the carbon 
granules vary harmonically. 

The total resistance at any instant of the circuit of Fig. 4 is 

R = (R e + Ri) - r sin wt. (1) 

In this expression , Rt is the steady-state transmitter resistance, R e 
is the resistance of the remaining portion of the circuit, and r is the 
maximum variation in transmitter resistance from Rt. When the 

Fm. 4. Telephone 
transmitter in re

sistive circuit. 

Time 

Fm. 5. Line A represents direct
current component or current 
flow when diaphragm is at rest. 
Line B represents current flow
ing when diaphragm is excited 

by a pure tone. 

sound-wave pressure is maximum, the diaphragm will be pressed in 
and the circuit resistance will be (R e + R 1) - r. When the sound
wave pressure is least, the transmitter diaphragm will be bent out and 
the circuit resistance will be increased to the value (R 0 + Ri) + r. 

The current through the transmitter at any instant will be similar 
to that shown by Fig. 5. It. consists of direct and alternating com
ponents and is given by the relation 

E 
It = -------

(Re + R 1) - r sin wt 

E 

This equation is in the form of the series 

1 

1 - X 
1 + x + x2 + x3 

• • • + xn. 

(2) 

(3) 
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Equation 2 may be expanded according to this series, becoming 

E ( r r
2 

) 
It = (Re + Rt) 1 + (Re + Rt) sin wt+ (Re + Rt)2 sin2 wt+ . . . • 
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(4) 

This equation indicates that, in addition to current variations having 

the same frequency as the impinging sound waves ( r sin wt), 
(Re+ Rt) 

harmonics, such as obtained when CRe : Rt )2 sin2 wt) is expanded, 

are produced. These harmonics were not present in the original varia
tions assumed, and thus distortion has been produced, although it is 
usually not serious. In fact, all terms higher than the first may usually 
be neglected, and the total instantaneous transmitter current can be 
written 

(5) 

or 

(6) 

where / 0 is the normal or steady-state current flowing when the dia
phragm is at rest. This equation becomes 

(7) 

From a telephone standpoint, interest is in the largest value that the 

1 . h h t . . h . I or a ternatmg component may ave, t a 1s, m t e port10n (R • 
C + Rt) 

Since I O = ( E ) , the maximum value of the alternating com-
R e +Rt 

ponent becomes, from equation 7, 

Er 
I -----• 

max - (Re + R1) 2 (8) 

To illustrate the application of this equation, suppose that a number of 
transmitters of different normal resistance Rt are available for connec
tion to a circuit of resistance R e, and also assume that for each one the 
ratio r/ R 1 = p is a constant value. That is, the percentage change of 
resistance r when excited by the same source is the same. Then, equa-



100 ELECTROACOUSTIC DEVICES 

tion 8 becomes 

EpRt 
J max = (Re + Rt)2 (9) 

Now let it be assumed that all the factors in this equation are constant 
except Rt and that the expression is differentiated with respect to R 1• 

Then, 

dlmax = Ep(Re + R1) 2 
- EpR1(2Re + 2Rt) 

dRt (Re + Rt) 4 (10) 

The greatest value of the a lternating component Imax will be obtained 
if equation 10 is equated to zero. Thus, 

Ep(Re + R1)2 - EpR1(2Re + 2Rt) = 0, 
and 

Rt = Re. (11) 

For the maximum useful a lternating (speech) component of current in 
a circuit the steady-state resistance of the transmitter Ri should equal 
the resistance of the external circuit. If these relations are obtained, 
the useful output can be increased by substituting a transmitter having 
a greater change in resistance r. 

Distortion Produced by Telephone Transmitters. The single
button carbon-granule telephone transmitters do not have the high 
quality of radio microphones, but they do have what is much more 
important-greater power outputs. In a telephone system much dis
tortion can be tolerated, provided that the intelligibility is satisfactory 
and too much unnaturalness does not result. 

It was shown by equation 4 that distortion resulted from normal 
transmitter action. For transmitters of given resistance R 1 in circuits 
of resistance Re, the least sensitive transmitters will produce the least 
distortion since they have the smallest total resistance change r. It 
follows that a given transmitter in different circuits will produce the 
least distortion in high-resistance circuits. In such circuits a given 
transmitter will, of course, produce less useful output. 

Much distortion is caused by the diaphragm which is mechanically 
resonant at certain frequ encies. At these frequenci es the diaphragm 
motion and the electric output ·will be greater than for sounds of the 
same intensity but different frequency. In modern transmitters the 
diaphragms are ribbed or otherwise stiffened so that fl exure is reduced 
and piston motion is approximated. The resonant cavities caused by 
the air spaces around the diaphragm and by the mouthpiece also cause 
distortion unless these cavities are designed properly. 
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A small amount of distortion is caused by the unequal travel of the 
diaphragm. When moving inward it meets an increasing opposition as 
it tends to compress the carbon granules, but this opposition does not 
occur when the diaphragm moves outward. This is an important 
factor leading to the use of the double-
button carbon-granule microphone to 
be considered later. 

The Magnetic "Sound-Powered" 
Telephone Transmitter. The sound
powered transmitter is of the genera
tor type. Acoustic power from the 
sound waves is converted into electric 
power; hence the wording "sound
powered." As explained on page 94, 
the electric power output is very low, 
and such transmitters are used only in 
special telephone systems where the 
talking distances are small and the 
transmission losses are low. 

A schematic diagram of a sound
powered magnetic telephone is shown 
in Fig. 6. Sound waves striking the 
diaphragm cause it to move, and this 
motion is imparted to the small soft
iron armature which conducts mag
netic lines of force between the 

Permanent 
magnet Diaphragm 

Frn. 6. Schematic diaphragm of 
a sound-powered telephone trans
mitter. The internal impedance is 
900 ohms at 1000 cycles. For very 
loud talking the generated voltage 
is about 50 millivolts. This device 
may also be used as a receiver. 

soft-iron pole pieces. As this arma- (Courtesy Automatic Electric Co.) 
ture moves in accordance with the 
speech sounds, the magnetic lines of force linking the coil are caused 
to vary, and this induces in the coil an electromotive force that is a 
good replica of the sound waves. This transmitter can be used also 
as a telephone receiver. 

The Double-Button Carbon-Granule Microphone. This micro
phone has been extensively used in radio-broadcast and sound-ampli
fying systems. It is still used where high output is important. A 
cross section of a typical microphone is shown in Fig. 7. 

The diaphragm of this microphone 11 is of Duralumin, 0.0017 inch 
thick, and is clamped securely at the outer edge to prevent slipping. 
The portions of the diaphragm in contact with the carbon granules are 
covered with a film of gold to ensure a low-resistance contact. The 
buttons are cylindrical and provided with a paper seal to prevent 
carbon leakage. 
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Connections for a microphone of the double-button type are shown in 
Fig. 8. The current pas~es through the two buttons in series, each of 
which has a resistance of about 200 ohms, giYing an output impedance 
of 400 ohms resistance. When no sound waves excite the diaphragm, 
the resistance is constant, and, since the primary currents arc equal 

INITIAL 
STRETCHING 

RING 

GRANULAR 
CARBON 

DIAPHRAGM 
FINAL 

STRETCHING 
RING 

• 
DAMPING 

PLATE GROOVE 

FIG. 7. Cross-sectional view of a Western Electric, double-button,· carbon-granule 
microphone. (Court.esy Bell Telephone System.) 

and in opposite directions, no magnetization is produced in the core of 
the transformer. When sound wa\·cs strike the diaphragm, however, 
the current is increased in one button and dccrcagcd in the other and a 
Yoltage is induced in the transformer secondary. 

The diaphragm is stretched tightly and ha8 a high natural frequency. 
Furthermore, as Fig. 7 indicates, the diaphragm is very close to a 
grooved metal plate which proYides an air-damping chamber. This 
construction tends to make the output independent of frequency 
(Fig. 9), but this high quality is obtained at a sacrifice of sensitiYeness. 
It has been stated 12 that the output of microphones of this type is 
about 10- s watt and that this is of the same order as the speech power 
picked up QY the microphone. In other words, the microphone does not 
amplify the speech power received by it from the sound waves like the 
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transmitter used in regular telephone service. The output is, neverthe
less, much greater than that of any other of the microphones to be 
considered in the following pages. This is 
a decided advantage in many instances. 

Typical current values are 25 milliam
peres per button. The current should 
always be reduced to about zero value 
before opening the battery circuit. If 
this is not done, the high voltage induced 
in the transformer windings when the 
switch is opened may cause the carbon 

·-

granules to arc across and thus injure the Fw. s. Circuit for a double
microphone. A filter system consisting of button carbon-granule micro-
a 0.0014-henry choke coil in series ·with phone. 

each line wire and a 0.02-microfarad con-
denser directly across each of the two transformer primary windings 
is sometimes used to reduce arcing. 

The Condenser Microphone. This consists essentially of a fixed 
plate and a thin, tightly stretched diaphragm, the two being insulated 
and separated by about 0.001 inch. The basic circuit is shown in 
Fig. 10. When sound waves strike the diaphragm it moves and the 
capacitance varies causing an electric current corresponding to the 
sound waves to flow through the high resistance. The resulting voltage 
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Frn. 9. Pressure calibration for the Western Electric microphone of Fig. 7. One 
bar is sound pressure of one dyne per square centimeter. For usual speech, the 
average pressure is about 0.4 bar, and for music it often is much higher, depending 

on the musical selection, etc. 

drop is then amplified. The direct polarizing voltage is about 200 
volts. The action of condenser transmitters and receivers was 
studied 11 by Dolbear in 1881. These microphones became of practical 
importance because of the improvements made by W cnte and the de
velopment of vacuum-tube amplifiers. 13, 14 It has been stated15 

that modern acoustics began with the development, by Wente, of this 
microphone. 
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A condenser microphone is made small to minimize distortion of the 
sound waves; the diaphragm is about 1 inch in diameter. The capaci
tance is about 50 micromicrofarads. This requires (a) that very short 
leads must be useq between the microphone and the amplifier and 
( b) that the input or grid resistor of the amplifier must be of high 

resistance. In a typical amplifier this is 100 
Stretched diaphragm megohms. Free-field response curves of the 

Fixed plate microphone and amplifier arc shown in Fig. 11. 

1----1~ 

Pressure calibration curves (page 110) are also 
available. 16 The output impedances of the 
amplifier commonly arc 25 to 50 and 150 to 
250 ohms. 

The Moving-Coil or Electrodynamic ( Dy
namic) Microphone. In 1877 it was sug

FIG. 10. The basic cir- gested 1 7 that the performance of Bell's 
cuit of a condenser 
microphone. Although 
this microphone has a 
source of voltage in 
series, its output is very 

low. 

magnetic transmitter could be improved by 
making the diaphragm of non-magnetic mate
rial and attaching to this diaphragm a light 
coil of wire which would vibrate in a magnetic 
field and generate a voltage in accordance with 
the sounds striking the diaphragm. Such a 

microphone was impracticable until amplifiers were available. Mov
ing-coil microphones became commercially available about 1930. 

Cross-sectional views of a moving-coil microphone are shown in 
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Fm. 11. Free-field response curves of a typical condenser microphone and associated 
amplifier. Arrows indicate direction of arrival of sound waves. (Courtesy Western 

Electric Co.) 

Fig. 12. The diaphragm is made of Duralumin and is dome shaped to 
stiffen the center and ensure that the diaphragm moves with piston 
action. The moving coil fastened to the diaphragm consists of an 
aluminum ribbon wound on edge. The strong radial magnetic field 
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across the air gap in which the coil is located is produced by a perma
nent magnet. 

As indicated by the arrows in Fig. 12 there are two major air cham
bers in this microphone. These chambers and the narrow connecting 
air slits improve the frequency response of the microphone.18, 19 

POLE PIECE SLOT 

FIG. 12. Cross sections of a moving-coil or dynamic microphone. (Courtesy 
Western Electric Co.) 

The shape of the housing is important in determining the directional 
characteristics. To obtain a non-directional microphone, a spherical 
housing was used in one type. 2 ° Frequency response curves of a 
typical dynamic microphone 21 are shown in Fig. 13. 
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Fro. 13. Free-field response curve for a typical dynamic microphone. 0 decibels 
1 volt per dyne per square centimeter (open-circuit voltage across output impedance 

of 20 ohms). (Courtesy Western Electric Co.) 

Several hundred feet of cable may be used between the moving-coil 
microphone and the associated amplifier because the impedance of 
the microphone is only about 20 to 40 ohms. The condenser micro-
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phone element is, relatin•ly :-:peaking, a high-Yollagc low-current 
device of high int<'rnal impedance. The dynamic microphone clement 
is (again speaking rclatiYcly) a low-,·oltage high-current clc\·ice of 

F10. 14. A ribbon, or velocity, micro
phone. Output imp(..'<lance from sec
ondary of transform('r, 50, 250, and 
15,000 ohms. Output voltage 1-125 X 
10-6 volt open circuit across 250-ohm 
transformer taps with sound prcs:;ure 
of 10 dyncs per square centinwter. 
(Courtesy Radio Corporation of 

America.) 

Jow internal impedance. , hunt
ing a condcnsC'r microphone• with 
apprC'riable rnblc capacitance is 
objl'rtionable but is rermis:,ible 
with dynamic microphonrs. 

T lie Rihbon o r Velocity 
Iicrophone. The minophone:, 

considered previously arc some
timrs r lassified as press11 rt•-oper
ated microphones bccau,-c'they 
arc enclosed in a housing and haYe 
a diaphragm, only one ,-ide of 
which is expo 'Cd to the ~ound 
wave:-. When sound wa\'C'S ~trike 
the diaphragm, the difference in 
air pre;;sure between the rxpo;:;ed 
and lhe enclo~cd sides rauses the 
diaphragm to moYe. l n the rib
bon, or Ye!ocity, microphone there 
i,- no diaphraizm; also the micro
phone housing i~ open to sound 
waves. 

The ribbon of Fig. 14 is of thin. 
rorrugated aluminum alloy and is 
loosrly held b<'tween thr poles of 
a strong prrmanent magnet. 
Soun<! wa\'C.'S approaching from 
the front, in a direction at right 
angles to the plane of the ribbon, 
can reach the back of the ribbon 
by flowing through the small slits 

between each side of the ribbon and the adjacent pole piece, or by 
flowing around the pole pieces to the back t-i<le. 

The l'ibbon is moved by a difTcrcncc in prC'~surC', or pressure r,rarlient. 
The diff(•rcncc in prr,-.,ure bl'l\\"N•n the two ~ides of thl' ribbon i~ <•au,e<l 
by a cliff<•rencc in pha,c of the ,ound W:t\"C" on the two siclt', of the 
ribbon. 1 r. Thc~c pha~e differences arc cau~cct by tlw differcnr<• in the 
length of the acou~tic path from one RidC' of the ribbon lo thC' olher 
~ide. Because the operation of the ribbon microphone depend" on 
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air-particle motion and velocity, it is often called a velocity-operated 
microphone. 

Fm. 15. Directional characteristics of a typical ribbon, or velocity, microphone. 
Front and back refer to the microphone which is assumed to be at the center of the 

figure. (Courtesy Radio Corporation of America.) 

The motion of the ribbon in the magnetic field causes a signal voltage 
to be induced in the ribbon. Both the voltage and the internal im
pedance are low. These are increased by a transformer located be
neath the pole pieces. Transformer output impedances are either 50 
or 250 ohms. 
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T he ribbon or velocity microphone is directional, as shown in Fig. 15. 
A sound coming parallel to the p lane of the ribbon will produce no 
pressure diITcrence on the t,Yo sides and accordingly no molion. This 
directional characteristic may be Yery useful for certain work such as 
sound pickup in highly renrberant rooms or in the presence of noise, 
especially i f it is localized. By suitably enclosing one side of the 
r ibbon microphone, it can be made directional. 

FrG. 16. Parts of a diaphragm-type crystal microphone, and assembled microphone 
at lower right. The ou tpu t is about -50 decibels, where 0 decibels is 1.0 volt per 
dyne per square cenlimeter. This microphone works into a 5-megohm load resistance. 

(Courtesy Brush Development Co.) 

The Crysta l Microphone. Certain substances, such as crystals of 
quartz or crystals of R ochelle salt, develop a potential difference 
between opposite surfaces when the crystals arc deformed by me
chanical forces. This is kno,Yn as a piezoelec tdc effect. 

Rochelle salt crystals are used in crystal microphones utilizing the 
piezoelectric effect. These crystals produce a larger potential differ
ence than quartz. T he Rochelle ~alt crystals are cut into thin slabs. 
Suitable metallic electrodes are proYidcd on the faces of a slab. "\Vire 
leads are attached, and the clement is scaled to prevent the entrance 
of moisture. 

T wo principles are used in making crystal microphones. One type 
makes use of the fact that, if sound waves strike the crystal element, 
these feeble "·ayes are of sufficient strength to deform the crystal, thus 
producing a potential difference that corresponds to the impinging 
sound waves. This is the "sound cell" type. The "diaphragm type" 
of crystal microphone uses a diaphragm to intercept the sound waves, 
and the motion of the diaphragm is transmitted to the crystal which is 
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mounted so that motion of the diaphragm bends the crystal element 
(Fig. 16). Sound-cell crystal microphones have been built in which a 
number of crystals connected in series are employed, and sometimes 
they were connected in series-parallel combinations to give both 
increased output and low internal impedance. 

With microphones and other devices using Rochelle salt crystals, the 
operating temperatures recommended by the manufacturer should not 
be exceeded or the crystal may be damaged permanently. 
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FIG. 17. Illustrating the principles of operation of the Cardioid microphone. 
(Courtesy Western Electric Co.) 

Combined Pressure and Velocity Microphone. With the pres
sure-operated microphone, a sound wave coming from the front will 
force the diaphragm in . Similarly, a sound wave coming from the 
back of the microphone will fl ow around to the front with but little 
distortion and will also force the diaphragm in. These relations are 
shown in Fig. 17. 

For the velocity microphone, however, sound waves from one direc
tion cause a motion of the ribbon in one direction, and corresponding 
sound impulses from the opposite direction cause a mot ion in the op
posite direction. The pressure or diaphragm-type microphone and the 
velocity or ribbon-type microphone can be used together to produce a 
highly directional sound pickup combination, as will now be ex
plained. 22 

If the coil of wire attached to the diaphragm shown in Fig. 17 is 
properly connected in series with the ribbon of this same illustration, 
then, for sound approaching from the front, the voltage outputs of 
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the two generating elements will add, but, for sound coming from the 
back, the two generated voltages will subtract. The result is a direc
tional sensitivity pattern that is heart shaped. 

Microphone Calibrations. High-quality microphones, often of the 
condenser type, are used to measure the intensity of sound waves. 
Various methods of calibrating microphones have been summarized in 
references 15, 23, and 24. 

There are two types of calibration, the constant-pressure or pres
sure calibration, and the constant-field or field calibration. The 
difference between the two is this: The microphone itself by reason 
of its presence in the sound field causes a distortion of the oncoming 
sound waves, although this effect is small for some types. Accord
ingly, a calibration made where the pressure is uniform over the 
diaphragm and measured at the diaphragm will not agree (espe
cially at the higher frequencies) with a calibration made where the 
sound is picked up in an unobstructed space some distance from the 
source. 

A thermophone sometimes is used in pressure calibrating micro
phones. It consists essentially of an enclosed chamber which can be 
tightly sealed against the face of the microphone to be calibrated. 
There are two very thin gold-leaf thermal elements near the bottom 
of the chamber. These are kept heated by a constant current, upon 
which an alternating current of the frequency at which the calibration 
is desired is superimposed. Gold leaf has low thermal capacity, and 
accordingly the impressed alternating current produces relatively large 
temperature Yariations. These in turn cause expansion and contrac
tion of the surrounding gas, which constitute sound waves of deter
minable pressure. Calculations for determining this pressure can be 
made from the constants and operating data. 11 

Telephone Receivers and Loudspeakers. A telephone receiver 
is defined 1 as "a device whereby electric wayes produce substantially 
equivalent sound waYes." A loudspeaker is defined 1 as "a telephone 
receiver designed to effectinly radiate acoustic power for reception at 
a distance." 

Any electroacoustic transducer consists of an electric portion and an 
acoustic portion, although in some instances these two portions may be 
common. For instance, in some crystal microphones the sound waves 
strike the crystal (acoustic portion) and the crystal ( electric portion) 
generates electric signals. Somewhat similarly, the received electric 
signals cause the iron diaphragm ( electric portion) of the common 
telephone receiYer to moYe back and forth, and this iron diaphragm 
(acoustic portion) thereby radiates sound waves. 
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The electric portion is the motor element, defined 1 as "that portion 
of a telephone receiver which receives power from the electric system 
and converts it into mechanical power." The acoustic portion is the 
acoustic radiator, defined 1 as "that portion of an electroacoustic 
transducer which initiates the radiation of sound vibrations." A tele
phone receiver or loudspeaker is a reciprocating electric motor loaded 
with an acoustic radiating system. 

Types of Motor Elements. ::VIany motor elements have been de
veloped, and most of them can be classified under the following 
headings. 

Condenser Jt1otor Element. 25 As is well known, mechanical forces 
exist between the plates of a charged capacitor. Thus, if a special 
capacitor is constructed with one or more movable plates, if these 
plates arc arranged so that they will radiate sound effectively, and, if 
speech or program electric voltage waves arc impressed on the device, 
sound waves will be radiated. 

Condenser receivers and condenser loudspeakers have not been 
used extensively. They are more delicate and more expensive, and 
they require higher voltages than other types. Also, condenser driving 
elements require a polarizing direct voltage to prevent the radiation 
of sounds of twice the frequency of the received electric signals. 

Piezoelectric Motor Element. Electric signals impressed on the 
crystal electrodes cause the dimensions of the crystal to change in 
accordance. The crystal may radiate the sound waves directly or may 
be coupled mechanically to an acoustic radiator, such as a diaphragm 
or a paper cone. 

Crystal telephone receivers are rugged, light in weight, sensitive, and 
have an excellent frequency response. The input impedance of one 
type is about 80,000 ohms at any frequency, and the sensitivity is 1.5 
bars per volt at 1000 cycles.* Piezoelectric motor elements have been 
used to a limited extent in small loudspeakers. 26 

Magnetic Motor Element. This classification includes most of the 
motor elements used in modern telephone receivers and loudspeakers. 
Largely of historical interest are the induction magnetic motor ele
ment27 and the magnetostriction motor element. Of practical 
importance is the magnetic-armature motor element, a device the 
operation of which involves vibration in some part of the ferromagnetic 
circuit. 1 Also of practical importance is the moving-coil motor 
element in which the mechanical forces are developed by the inter
action of the field set up by the currents in the conductor and the 
polarizing field surrounding it. 1 

* Advertising literature of the Brush Development Company. 
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Magnetic-Armature Motor Element. From the general nature of 
the definition previously given, it follows that many magnetic
armature motor elements are possible. One type that was used early 
in radio is shown in Fig. 18. The armature is of soft iron and is held 
at the center so that it can move by flexing the support that holds it. 
The coil carrying the signal currents does not move. 

Voice 
Frequency 

Coil 

FIG. 18. Cross section of a balanced
armature cone loudspeaker. 

D-c 
magnetizing 

coil 

Voice
frequency 

coil 

FIG. 19. Cross section of a 
moving-coil, or dynamic, loud
speaker. The magnetic field is 
often furnished by a permanent 

magnet. 

Suppose that at a given instant the alternating signal current has 
the direction indicated. The soft-iron armature will then have the 
polarity shown, and the top of the armature will move to the right and 
the bottom to the left. On the next half cycle the current and the 
motion will be reversed. Because of this mode of operation, the device 
is often called a balanced-armature motor element. 

In an early radio loudspeaker known as the cone loudspeaker the 
motion of the armature was transmitted to a large double cone, only 
a portion of the front cone being shown in Fig. 18. 

Moving-Coil (Electrodynamic or Dynamic) Motor Element. 
This motor element is used almost universally in loudspeakers. A cross 
section of a dynamic loudspeaker using such a motor element is shown 
in Fig. 19. It has been pointed out 2 8 that a loudspeaker of this type 
was invented by Lodge in 1898. 

The moving-coil motor element consists of a voice coil of a few 
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turns of wire suspended in a very strong, constant magnetic field. 
The coil is free to move back and forth axially. It is attached to a 
suitable acoustic radiator, such as a paper cone as in the radio dynamic 
loudspeaker, or a metal diaphragm, as in the driving unit used with 
large horn-type loudspeakers. The signal current variations in the 
voice coil react with the constant magnetic field and cause the coil and 
acoustic radiator to move and radiate sounds. 

The strong constant magnetic field is produced by an electromagnet 
as shown in Fig. 19, or by a permanent magnet. If an electromagnet 
produces the field, the coil is sometimes made of a few turns of fairly 
heavy wire, and the direct current i.s furnished by a storage battery 
or by rectifiers. Or the coil can be made of a large number of turns 
of fine wire, and the exciting current is furnished by a rectifier supply
ing, perhaps, 50 milliamperes at several hundred volts. In many 
radio receiving sets the loudspeaker field coil also serves as the 
inductor, or "choke," in the filter of the power supply. 

The impedance of the voice coil in a moving-coil driving unit is very 
low, a typical value being Z = 8.8 /+25° ohms at 1000 cycles, and a 
direct-current resistance of 5 ohms. Many moving-coil loudspeakers 
have an impedance-matching transformer (page 68) mounted on 
them to increase their impedance so that they will match amplifiers 
with high-impedance outputs. When the impedance of the voice coil 
was measured through an inexpensive transformer of thi-s type, it was 
found to be Z = 2400 / +30° ohms. The difference in these phase 
angles is caused largely by the transformer. 

As mentioned earlier in this section, the moving coil of a motor 
element used to drive a large horn is connected to a small metal dia
phragm. A motor element of this type is shown in Fig. 20. The 
design of the diaphragm, air chamber, throat, and other details of a 
moving-coil motor element of this type is a specialized subject of much 
importance. 

Types of Acoustic Radiators. The acoustic radiator is the por
tion of a telephone receiver or loudspeaker that initiates the radiation 
of sound vibrations. 1 Two types are commonly used: the small dia
phragm and the cone. Fundamentally, they are the same, but prac
tically they are quite different, particularly in size. 

Diaphragms. Diaphragms are used in the receivers of common 
telephone sets and will be considered on page 119. Diaphragms are 
also used in the moving-coil motor elements for horn-type loudspeakers 
considered on page 114. 

Cones. A double cone, with the driving element inside, was used 
with the type shown in Fig. 18. The cone used with the element of 
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Fig. 19 moves back and forth, even at the outer edge and is sometimes 
called a free-edge cone. These cones have been made of various 

Fm. 20. Cross section of a driving unit for a 
horn-type loudspeaker. The impedance is about 
15 ohms at 1000 cycles, and is largely resistance, 
a 15° lagging angle being typical. This unit, 
when coupled to a horn may be driven with ap
proximately 20 watts. The efficiency is about 

35 per cent. (Courtesy Racon Electric Co.) 

substances, particularly pa
per and similar materials, 
and sometimes metal. 2 9 

Surprisingly wide and uni
form frequency response is 
obtained with a loud
speaker of this type, as 
indicated in Fig. 21. 

Dynamic Loudspeakers. 
This type is used almost 
exclusively in radio. It 
consists essentially of a 
moving-coil motor element 
driYing a free-edge cone. 
The cones used are of var
ious types and shapes and 
are made so that they move 
approximately with piston 
action. 

A dynamic loudspeaker 
should be mounted in a 

cabinet or in a baffle if it is to operate satisfactorily, particularly at 
low frequencies. \Vhen the cone moves out, a condensation is produced 
on the front side and a rarefaction occurs on the rear side. The air 
accordingly flmvs around the edge, neutralizing the pressure difference 
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Fm. 21. Response curve of a moving-coil loudspeaker with a thin metal cone 
radiator. (Reference 29.) 

and hence largely preventing sound radiation at that frequency. The 
baffle corrects this by providing a long path from the front of the 
diaphragm around to the back, thus preventing neutralization until 
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after considerable sound has been radiated. The dimensions of the 
baffle should be such that the shortest air path between the front and 
the back of the cone is at least one-fourth the ffa,·elength of the lo\\'est 
note to be reproduced. Thus, for a 50-cycle note the wavelength 
would be approximately (1125 X 12) / 50 = 270 inches . One-fourth 
of this is 67.5 inches or about 5.6 feet for the distance from the front 
around the baffle to the back of the cone. 

From the standpoint of frequency response alone, a dynamic loud
speaker mounted in the center of a large wall would be ideal. How
ever, since much sound is radiated from the back of the cone, this 
would result in low efficiency. Dynamic speakers are often mounted in 
a cabinet, the back of which is left open. The cabinet then acts as a 
baffle and greatly influences the radiated sound. When it is necessary 
to enclose the back of the cone entirely, the box should be as large as 
possible and should be lined with hair fe lt or other sound-absorbing 
material to prevent the box from causing serious distortion. Distortion 
is caused in two ways: First, the reflected waves from the unlined walls 
strike the cone and interfere with the proper operation of the speaker, 
thus impairing its output. Second, the box is mechanically resonant 
for certain frequencies and if unlined is more likely to be set in 
undesired resonant vibration. 

Horn-Type Loudspeakers. Horn-type loudspeakers are used ex
tensively where large audiences are to be served, as in a large audi
torium or in a st adium. These loudspeakers usually consist of a horn 
attached to a moving-coil driving unit such as is shown in Fig. 20. 
The function of the horn is interesting as the followin g quotation:io 
indicates. 

Contrary to the prevalent conception, the horn does not merely gather up 
the sound energy from the receiver and concentrate it in certain directions. Its 
relation to the diaphragm is much more intimate. It causes an ac tual increase 
in the load on the diaphragm, making it advance against a greater air pressure, 
and withdra"· from a greater opposing rarefaction. An)·one can assure himself 
that the averagr sound energy in a room is greatly reduced on removing the 
horn from a good loud speaker. And frequently when the horn is removed the 
amplitude of vibration of the diaphragm becomes so great thnt it st rikes against 
the pole pieces . A receiver element without a horn is analogous to a motor 
,Yithout a connected load; or better yet, a receiver element without a horn is 
like a closed oscillation circuit from which little radiation takrs place ( radia
tion resistance zero) ; while with a horn it is like an open oscillation circuit with 
an antenna ( radiation resistance considerable). The horn is the antenna of 
the loud speaker.* 

* Reprinted by permission, courtesy C. R. Hanna, J. Slepian, and the American 
Institute of Electrical Engineers. 
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The Air Chamber. The horn itself is connected acoustically to the 
diaphragm by the throat and air chamber as indicated by Fig. 20. 
This air chamber acts as an acoustic transformer for, owing to the 
differences between the area of the diaphragm and the area of the 
throat, a small diaphragm velocity gives the air in the horn a greater 
velocity and much higher air pressure. 3 o 

To explain further the theory of the air chamber and the throat, 
assume that the volume of the chamber is so small that as the dia
phragm is moved forward all the air is forced out instead of being com
pressed. If the area of the throat is now reduced, it is apparent that, 
as this area becomes smaller, the mechanical load on the diaphragm 
grows larger. Thus, if the throat is closed, the diaphragm will be 
damped (page 123), and substantially no motion will be possible when 
the coil is energized. The size of the area of the throat is made such 
that the diaphragm is effectively coupled to the air, and the opposition 
to motion is then almost a pure mechanical resistance. 1 For good fre
quency response, th\s resistance relation should hold over the entire 
frequency range. The area of the throat should not be made too 
small or air friction will be excessive. 

Size of the Horn Mouth. If the area of the horn mouth is not cor
rect, sound waves of the lower frequencies will not be effectively ra
diated from the horn but will be reflected back down the horn. 30 As 
the sound waves suddenly leave the mouth of a horn, the waves greatly 
increase in volume and decrease in pressure. If the air pressure out
side the mouth is lower than that immediately within, the air velocity 
just within the mouth will be increased. This in turn will cause the 
pressure just behind to decrease and the velocity to increase. By this 
action, therefore, sound waves are propagated back down the tube to 
the diaphragm. 

These reflected sound waves represent acoustic power which is not 
radiated into the air. Also, these reflected waves either aid or oppose 
the action of the diaphragm, depending on the phase relations they 
have upon reaching the diaphragm, and hence on their wavelength. 
This action will result in distortion. Hanna stated 31 that such reflec
tions will not be objectionable if the diameter of the horn mouth is 
greater than one-fourth of the wavelength of the lowest frequency that 
it is desired to radiate. In horn design, the mouth is given an area ap
proximately equal to the area of a circle having a diameter equal to 
one-quarter the length of the wave of lowest frequency to be radiated; 
this applies approximately for rectangular openings. 

Rate of Taper. From the preceding discussions it is seen that the 
area of the throat must be small to load the diaphragm properly, and 



HORN-TYPE LOUDSPEAKERS 117 

that the mouth of the horn must be large to radiate the lower frequen
cies into the air effectively. The next consideration is the shape and 
length of the horn to connect these two extremities properly. 

Wave reflection will occur at any discontinuity. If reflection along 
the horn is to be minimized, the relative increase in cross-section area 
should be uniform. Thus, the exponential horn, "whose sectional 
area varies exponentially with its length," 1 is used. This horn is 
defined 1 by the following relations: 

(12) 

where S is the area of plane section of the horn normal to the axis at a 
distance x from the throat of the horn; S 0 is the area of plane section of 
the horn normal to the axis at the throat; and T is a constant which 
determines the rate of taper of the horn. 

The effectiveness with which an exponential horn transmits sound 
energy to the mouth is determined by the frequency of the sound wave 
in relation to the rate of taper, or rate at which the horn opens out, 
that is, to T. It can be shown 30 that, for frequencies below about 
f = 4000T, the transmission is poor, and, if the frequency is further 
reduced, a cutoff frequency is soon reached. At high audio frequencies 
the propagation along an exponential horn is excellent. In the past, 
conical horns having poor characteristics were used. 

Hanna gave a simple rule for laying out exponential horns. 31 In 
such horns the area doubles at equal intervals along the length. Since 
the cutoff frequency is a function of the rate of expansion, the cutoff 
is also a function of the length between two circles having a ratio of 2 
to 1. As he pointed out, if the area doubles every 3 inches, the cutoff 
frequency will be 256 cycles; if it doubles in 6 inches, it will be ap
proximately 128 cycles; and if every 12 inches, it will be 64 cycles. 

Since the throat area must be small and the mouth opening large, 
and furthermore since good frequency characteristics demand that the 
rate of taper be not too large, the exponential horn must be compara
tively long. In the open, or where space is not limited, a trumpet horn 
is sometimes used, the maximum length of such horns being about 6 feet. 
Where space requirements are important, horns are sometimes coiled, 
lengths as great as 12 feet having been obtained in this way. At 
present a folded-horn construction is usually employed. The material 
used in constructing a horn should be such that portions of the horn do 
not vibrate or rattle. 

Short Exponential H orns. 15 The diaphragm of the driving unit of 
Fig. 20 sends sound waves toward the open mouth of the horn. The 
air pressure is high at the narrow throat and decreases in intensity as 
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the wave travels toward the mouth. If a short section of an exponen
tial horn is coupled to a loudspeaker with a large diaphragm, such as 
Fig. 19 and if this large diaphragm produces the same acoustic pressure 
at a given point in the short horn as the driving unit of Fig. 20 produces 
at a corresponding point in a long horn, the performance should be 
similar. 

Short exponential horns with loudspeakers of the general type of 
Fig. 19 having diaphragms about 6 inches or more in diameter are used 

SHELL AND CAP 
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Fm. 22. Cross section of a Western Electric telephone receiver. This is used with 
the transmitter on page 95. This receiver, like the transmitter there described, 
will gradually be replaced by those of later design, but many of this older type will 

remain in service for years. 

as just described. From the discussion given for the long exponential 
horn with a small throat, it is apparent that the efficiency would not be 
so high. The frequency response, hO\vever, may be excellent, and the 
directional characteristics are good. 

In some instances the horn used with a loudspeaker such as Fig. 19 
is very short, often merely a flared system of boards of a variety of 
shapes. Such arrangements are commonly called directional baffles. 
They increase the efficiency and directivity but little over that obtained 
with a flat baffle. 

Hand and Head Receivers. A hand receiver is 1 a "telephone 
receiver designed to be held to the ear by the hand," and a head 
receiver is 1 a "telephone receiver designed to be held to the ear by 
a headband." Because their fundamental principle of operation is 
the same, no further distinction will be made between them. They 
will be referred to as telephone receivers or receivers in this chapter. 
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For illustrating the theory of operation, the old-style telephone receiver 
will be used because of its simplicity. 

The permanent magnet of the receiver of Fig. 22 provides a constant 
magnetic field which passes from the north pole, through the magnetic 
(soft-iron) pole piece, across the air gap, through the soft-iron dia
phragm, across the air gap, through the pole piece, and to the south 
magnetic pole. The coils through which the speech currents flow are 
placed on the soft-iron pole pieces and are connected in series so that 
they aid. 

The necessity for the constant pull on the diaphragm is made clear 
by Fig. 23. Suppose that one cycle of alternating current passes 
through the coil in (a). As the current increases from zero to a posi
tive maximum, the diaphragm is pulled in to the dotted position. The 
adjacent air particles on the right of the diaphragm D will flow in, thus 
causing a rarefaction. Now as the current dies out to zero, the dia
phragm will return to a posi-
tion of the zero displacement, 
and in so doing the air particles 
on the right will be compressed 
and a condensation will be : 000) 
produced. YVhen the current o-----------' 
builds up in the negative direc
ti9n the diaphragm will be 
again drawn in, producing 
another rarefaction; and, when 
it again dies out to zero, the 
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sound waves are set up. Thus, 
if a constant pull is not exerted 
on a diaphragm, the repro
duced sound waves will be 
twice the frequency of the 
speech currents. 

Signal current 
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Fm. 23. Illustrating how a double-fre
quency tone is produced by a receiver not 
having a constant pull on the diaphragm. 

If the windings are placed on a permanent magnet as in ( b), the 
diaphragm is bowed in when no current flows, as shown by the full 
line D. YVhen the current increases from zero to a positive maximum, 
the diaphragm is pulled in further to the dotted position, producing 
one half of a rarefaction. When the current dies out to zero the dia-
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phragm returns momentarily to the position shown by the full line 
producing one half of a condensation. As the current builds up in the 
opposite direction the flux due to this current neutralizes part of the 
flux from the permanent magnet and the diaphragm moves to the out
ward dotted position, thus causing the other half of the condensation. 
As the current dies out to zero, the diaphragm returns momentarily to 
the full-line position, causing the other half of the rarefaction. With 
a constant pull on the diaphragm, therefore, one cycle of current causes 
one cycle of sound wave, and thus the frequency of the sound is the 
same as that of the exciting current. 

Theory of Telephone Receiver Operation. 32 , 33 The total mag
netic flux <t, crossing the air gaps between the pole pieces and the 
iron diaphragm is composed of the constant flux <j,0 produced by the 
magnets, and the variable flux <j,; caused by the voice currents passing 
through the coils on the soft-iron pole pieces. That is, 

<p = 'Po + 'Pi• (13) 

The air gaps tend to keep the total reluctance of the magnetic path 
independent of the current intensity, and it can therefore be assumed 
that the flux <j,; produced by a sine-,vave test current is proportional to 
the current intensity, or 

<Pi = Kl"' sin wt. (14) 

Combining equations 13 and 14, 

</> = <p 0 + Kl"' sin wt. (15) 

As shown in most textbooks presenting magnetic theory, the force 
of attraction between two portions of a magnetic circuit separated by 
an air gap varies as the flux squared, and it can therefore be written 
that the force F acting on the diaphragm is 

(16) 

When this expression is squared it becomes 

F = K 1,p0
2 + 2K1K<t, 0lm sin wt + K1K 2lm 2 sin 2 wt. (17) 

Since from trigonometry sin2 wt= (1 - cos 2wt)/2, equation 17 can 
be written 

(18) 

Equation 18 is of importance as it indicates the forces acting on the 
receiver diaphragm. These are: (1) a steady pull K 1 ¢ 0

2 produced by 
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the permanent magnets; (2) a force 2K1 Kq, 0I,,, sin wt proportional to 
the product of the strength of the permanent magnets and the value 
of the instantaneous current fl.my; (3) a force (K1 K2/m 2)/2 
which is constant; and (4) a force (K1 K 2/ 111

2 cos 2wt)/2 which has a 
frequency (2wt) tu·ice that of the impressed current. Thus, part 4 
produces a double-frequency sound, causing distortion. An examina
tion of parts 2 and 4 will show that, for good quality, the flux q, 0 from 
the permanent magnet should be made large so that the magnetic effect 
of the speech currents is small in comparison with that of the per
manent magnet. Then, part 2 will be large and the volume will be 
sufficient, but part 4 will be small and there will be little distortion. 

There is also a force acting due to the eddy currents induced in the 
diaphragm, The voice-frequency component of the flux passes through 
the diaphragm, and as this flux changes it induces eddy currents. It 
will now be shown that these eddy currents cause distortion. 

Assume that a sine-wave current i = Im sin wt flows through the 
coils of the receiver. There is little hysteresis owing to the large air 
gaps, and therefore the flux produced is in phase with the current. 
This varying flux will induce a voltage in the diaphragm proportional 
to the rate of change of flux, but lagging 90° behind it. The eddy 
currents flowing in the diaphragm will be in phase with the voltage 
and will accordingly lag 90° behind the currents producing them. 
Thus, with respect to the useful current i = I,,, sin wt, there will be 
eddy currents having the value ie = Ie(ml sin (wt - 90). 

The distorting force acting on the diaphragm because of the reaction 
of the eddy currents and the useful voice currents is proportional to the 
product of the two equations just written. That is, 

Fe= K[ (1111 sin wt) Ue(m) sin (wt - 90))]. (19) 

This can be written in the form 

Fe= Klmldm) (sin wt) sm (b,t - 90). (20) 

Since from trigonometry (sin wt) (sin (wt - 90)) is equal to ½ sin 2wt, 
equation 20 becomes 

Fe= ½Kf,,,le(ml sin 2wt. (21) 

Therefore, since 2wt is twice the frequency of wt., the eddy currents in 
the diaphragm cause a double-frequency component and thus distort 
the original speech sounds. 

This double-frequency effect can be illustrated by Fig. 24. The 
curve i represents the voice currents in the receiver windings, and ie 
represents the induced eddy currents and the resulting flux cf>e in the 
receiver diaphragm, lagging by approximately 90°. Since the force on 
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the diaphragm is at any instant the product of the current and the 
flux, this force will be a double-frequency waYc as indicated by the 
heavy line. Diaphragms of high-resistance material tend to prennt 
large eddy currents and thus minimize this double-frequency dis
tortion. 

The degree of saturation of the receiYer diaphragm has an influence 
on distortion. Because of hysteresis, if the diaphragm is not operated 

Fm. 24. The eddy currents in 
the diaphragm reacting with 
the voice current in the wind
ings produce a double-frequency 

force F. 

fairly high on its magnetization curve, 
the increase and decrease of flux with 
current will not be proportional , and 
thus the diaphragm "·ill not follow the 
current variations. Since the diaphragm 
is thin, the desired magnetic operating 
point is easily reached. 

The air gaps between the pole pieces 
and the diaphragm tend to reduce dis
tortion by making the oYerall magnetiza
tion characteristics approach a straight 
line. Then, the rise and fall of flux in 

the magnetic path will closely follow current Yariations instead of 
following a hysteresis curve. 

Direct current passing through the windings of a receiver not de
signed for it may cause distortion by opposing the flux from the perma
nent magnet, and thus shifting the point of operation to a non-linear 
portion of the magnetization curve. Also, direct current in opposing 
the constant magnetic flux will weaken the field, making the receiver 
less sensitive. Furthermore, if the current is strong enough it may 
clamp the diaphragm against the pole pieces or even burn out the 
windings. 

Distortion is also caused by the mechanical resonance of the re
ceiver diaphragm. This causes a greater response at the resonant 
frequencies and causes the diaphragm to tend to continue to vibrate at 
these frequencies. The diaphragms of the new telephone receivers are 
designed to minimize these effects. 

Acoustic distortion of the radiated sound waves is produced by the 
effects of the air cavities of the receiver and of the listener 's ear. 

Input Impedance of Telephone Receivers. A receiver or a 
loudspeaker is an electric motor, and information regarding operation 
can be obtained from input impedance measurements. The data and 
the discussion in the following pages are for a small low-impedance 
head receiver. This receiver was resonant at about 840 cycles. 
Similar tests can be made on other telephone receivers and can also be 
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made on loudspeakers. The results would be somewhat different 
because some modern receivers and loudspeakers are less resonant. 

If a receiver is connected to an impedance bridge as in Fig. 25, if 
the test current indicated by the milliammeter is held constant by 
rheostat r, and if the resistance R and the inductance L required to 
balance the receiver impedance at different frequencies are measured, 
it will be fo und that these measured 
values vary greatly with test condi
tions. If the receiver is radiating 
sound energy into a small closed box 
the impedance will be greatly differ
ent from that if it is radiating into a 
large room. Or if the receiver is 
held to the ear the impedance will Fw. 25. Impedance bridge for meas-
be different from that measured if it uring receiver constants. 
is radiating into a room. The im-
pedance of a receiver or loudspeaker varies with the acoustic load on 
the diaphragm. 

The vector difference between the normal and the blocked impedance 
of an electroacoustic transducer such as a telephone receiver or a 
loudspeaker is defined as the motional impedance 1 of the device. 
This motional impedance is proportional to the back electromotive 
force induced in the receiver "·indings by the motion of the receiver 
diaphragm. The reluctance of the magnetic circuit of a receiver 
changes with the motion of the receiver diaphragm, and thus the flux 
linking the receiver coils vari es, inducing a back electromotive force 
in these coils. If the diaphragm is damped, the diaphragm motion is 
influenced, and thus the induced back electromotive force and therefore 
the impedance are changed. 

Receiver Characteristics with Diaphragm Blocked. The im
pedance is measured with the diaphragm held stationary in such a way 
that the normal magnetic field relations u·iU not be changed. That 
is , the diaphragm is held in the same position as when the receiver coils 
are not carrying current. Several methods 33 have been developed for 
blocking the diaphragm. One method employ.s air damping and is 
accomplished by closing the hole in the receiver cap with an air-tight 
plug of wood or wax. This last method was used in obtaining the 
data here included. 

Resistance and reactance curves obtained with the diaphragm of a 
telephone receiver blocked are as shown in Fig. 26. The test current 
for this figure and those that follow was LO milliampere. 

An impedance diagram corresponding to these readings is included in 
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Fig. 27. The line R 1 represents the direct-current resistance of the 
receiver windings. The line R 2 represents that part of the total 
effective resistance due to power consumed largely in hysteresis and 
eddy-current losses in the magnetic circuit. The line R 1 + R 2 is the 
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FIG. 26. Resistance and reactance curves wit h 
diaphragm blocked. 

Fm. 27. Impedance dia
gra m with diaphragm 

blocked. 

resistance component , the line x the reactive component, and z the 
impedance of the receiver with the diaphragm blocked . The corre
sponding vector diagram is given in Fig. 28. The vector E. represents 

the voltage across the receiver, leading the re
ceiver current I by an angle o:. The vector cf,; 

is the flux produced by the current I and lags 
I by the angle /3 because of the hysteresis and 
the skin effect in the magnetic circuit.33 

The reactance of Fig. 27 increases almost 
directly as the frequency. The alternating
current portion R 2 of the damped receiver re
sistance is largely composed of hyst eresis and 

Fm 28 Vector dia-
. · eddy-current losses. Because of these losses the gram for a receiver with 

diaphragm blocked. measured effective resistance varies as the fre-
quency to some power greater than uni ty (page 

52), and the point b of Fig. 27 will follow the approximate path a-b 
which bends cont inually to the r ight. This bending tendency is 
evident in Fig. 29, which represents the intersections of x and z (or 
the point b of Fig. 27) for a number of frequencies. 
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Receiver Characteristics with Diaphragm Free. The impedance 
characteristics with the diaphragm blocked are similar to those of a 
coil on an iron core containing an air gap. With the diaphragm free, 
however, the motional impedance and the mechanical resonance of 
the diaphragm greatly change the impedance characteristics. 
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The receiver diaphragm has a certain mass which through its iner
tia effect tends to prevent changes in diaphragm motion. This causes 
an effect analogous to inductive reactance. The diaphragm is of elas
tic material and thus possesses compliance ( displacement per unit 
force or reciprocal of stiffness 1 ) which causes an effect analogous to 
capacitive reactance. At certain frequencies these two mechanical 
reactances neutralize each other, and mechanical resonance of the dia
phragm occurs. 

When mechanical resonance is reached, the motion of the diaphragm 
is greatest and is in phase with the impelling force. Since the greatest 
motion means the greatest flux change, the largest value of back 
voltage will be induced in the receiver windings and thus the motional 
impedance will be greatest at this point (Fig. 30). 

The manner in which the total impedance changes with frequency 
is evident from Fig. 31. These curves show that at the resonant point 
the reactive component becomes very small and the resistive com
ponent becomes large, indicating that the diaphragm motion is in 
phase with the impressed electrical impulses. 



126 ELECTROACOUSTIC DEVICES 

220.---.---,------,,---,---,-----,------, 

(/) 

El401---I---I----Hl"--f---;r-tt--~-tt-------i .c 
0 

60'---L--L--L--'----'----'--~ 
400 500 600 700 800 900 1000 

Frequency - Cycles per Second 

Frn. 31. Resistance and reactance curves for a telephone receiver with 
diaphragm free. 
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When the resistance and reactance components measured with the 
diaphragm free arc plotted, the interesting curve of Fig. 32 ( cor
responding to Fig. 29) is obtained. Since Figs 29 and 32 are for the 
same receiver, they may be plotted together as in Fig. 33. The vector 
difference bebveen corresponding points on these two curves as shown 
in Fig. 33 is the motional impedance. 
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If each of these motional impedance lines is plotted from a common 
point the curve of Fig. 34 ,viii be produced. As is shown, the length 
of the motional impedance line at the resonant frequency fr determines 
the diameter of the circle. 

The vector diagram of a telephone receiver with the diaphragm free 
can now be drawn. As Fig. 35 indicates, this diagram is produced by 
adding the motional impedance circle of Fig. 34 to the impedance dia
gram of Fig. 27. This figure represents conditions at the resonant 
frequency, the line Z1 being the total measured impedance at this fre
quency. As the test frequency is varied the total impedance Z1 inter
sects the motional impedance circle at different points, and also the 
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FIG. 34. Motional impedance diagram of a telephone receiver. 

point b moves along the curve of Fig. 29. Thus, the curve of Fig. 32 
is produced. 

As indicated in Fig. 35 the motional impedance Zm at the resonant 
frequency lags behind a line parallel 
to the X axis by the angle 2/3, that 
is, by an angle twice as great as that 
by which the receiver flux in Fig. 27 
lags the current through the receiver 
windings. This can be explained by 
an analysis of receiver action. 33 

Although the discussion given in 
the preceding pages was for the 
old-type telephone receivers, which 
are highly resonant, attention again 
is called to the fact that the general 
theory applies also to the new-type 
receivers and to certain loudspeakers. 

FIG. 35. Impedance diagram for 
a telephone receiver at the resonant 

frequency. 

Impedance tests made on moving
coil loudspeakers with the diaphragm 
blocked, and free, and with and with

out the horn attached, and with different types of horns, provide 
interesting and useful data. Such tests can be performed by driving 
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the motor element with a good amplifier, and by measuring the current 
and voltage wi th t hermocoup les and vacuum-tube voltmeters, and the 
phase angle with a cathode-ray oscilloscope. 

Receivers for Telephone Handsets. The receivers considered in 
the preceding pages are becoming obsolete. A serious obj ection is the 
resonant diaphragm. This reso-
nance was desirable in early re- Sealed protective shell 

ceivers because it increased the 
sensitivity . This is no longer nec
essary because telephone circui ts 
arc better designed and vacuum
tube amplifiers are avail able fo r 
long-distance service. 

T he receivers used for modern 
handsets arc of the capsule type 
and are made so that they cannot 
be dismantled in the field. The 
basic prin ciple of operation is the 
same as fo r the receivers considered 
previously. Methods of construc
tion used and t he improvement in 
frequency response are shown in 
Figs. 36 and 37. 

A modern receiver has a small , 
yet powerful , permanent magnet 
which is often made of Alnico. 

F m. 36. Cross section of a typical 
telephone handset receiver. (Courtesy 

Automatic Electric Co.) 

The diaphragm is made of good flux- conducting material. Also, the 
diaphragm is constructed and acoustically damped so that resonances 
are minimized. 3 4 , 3 5 

The resonant diaphragms of the old receivers produced loud clicks 
when excited by transients such as those caused by switching. These 
clicks sometimes caused acoustic shocks that were bothersome and 
occasionally injurious. Such disturbances are not so pronounced with 
non-resonant receivers. 

Miscellaneous Receivers and Loudspeakers. In addition to the 
receivers and loudspeakers considered in the preceding sections, many 
other types have been developed.5, 3 2, 36 

Thermal R eceiver. The thermal receiver or thermophone is 
seldom used as a receiver , but it is employed to calibrate transmitters. 
A thermal receiver to be inserted into the ear for receiving tele
phone or radio messages was devised in 1906 by E ccles; 5 it is shown 
in Fig 38. 
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Pneumatic Loudspeakers. 1 A device called a Stcntorphone was 
invented by Gaydon. 5 An air YalYc controlled by the electric signals 
to be reproduced regulated the flmy of compressed air into a horn. A 
modern version is the Vocal-Aire loudspeaker,:n a highly successful 
device for producing very intense sounds. This has a good response 

30 
ti) 

]l ~25 
"iii ~20 
-0 .... 
.; <1> 15 
ti) > 
§ _g 10 C..,, 
:{l 
a: 

5 
0 

r 
J 

I 
I 

-.,-I"'-,.. / 
...... ....... r\ 

\ 
' II. 

\ 
0 500 1000 1500 2000 2500 3000 3500 

Frequency, cycles per second 

FIG. 37. Frequency response of the telephone receiver of Fig. 36. (Courtesy 
Automatic Electric Co.) 

from 250 to 5000 cycles, has an output of about 110 decibels at 30 feet. 
l::nder ideal conditions this loudspeaker has been audible at 10 miles, 
and it is well suited to airports, harbors, freight yards, stadiums, and 
similar uses. 

Frictional Loudspeakers. The J ohnsen-Rahbek loudspeaker 5 con
sisted of a small, revolving cylinder of agate attached to one side of the 

incoming line. The other input wire was 
connected to a thin metal strip bearing 
upon the revolving cylinder and attached 
to a diaphragm. The friction between 
the cylinder and wire is caused to vary 

FIG. 38. A thermal receiver. in accordance with the impressed electri

produced. A modification 
ing glass disk and a cork 
velopcd. 38 

cal impulses, and thus sound signals are 
of this historical device using a revolv
pad called a Frenophone has been de-

The Talking Arc. The talking or singing arc produces sound waves 
when electrical impulses are properly impressed across the arc. 

Receivers operating on the principle of the condenser motor element 
(page 111) and on the principle of the crystal motor element (page 111) 
have been used. Also, high-quality moving-coil receivers:l 9 and ribbon 
receivers 40 haYe been developed for special purposes. 

Acoustic Tests. It is difficult to make accurate tests of transmitters, 
microphones, receiYers, and loudspeakers unless special apparatus and 
acoustically treated rooms arc available. The transmitters and re-
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ceivers used in telephone systems are usually tested \\·ith equipment 
designed for that specific purposc. H Microphones are usually com
pared with a standardized microphone in a room that is sound proof 
and acoustically treated so that reflections are negligible. 

A telephone transmitter can be tested with some degree of reliability 
by placing the transmitter in a sound-proof box that is acoustically 
treated so that negligible reflection occurs from the inner walls. A 
smaJl loudspeaker and the microphone of a sound-level meter (page 
42) are also placed in the box. The microphone is placed adjacent to 
the transmitter under test and is used to measure the sound level as 
the sound frequency is varied, so that the level can be maintained 
constant. The transmitter under test is prcwided with normal direct 
current, and the signal output is measured with a vacuum-tube volt
meter, or by other suitable means. 

A telephone receiver can be tested with a fair degree of reliability 
in a similar box. In this instance the receiver and the microphone of 
the sound-level meter are placed in the box, and the receiver is driven 
with an oscillator operating at suitable level. The sound-level meter 
gives an indication of the output at various frequencies. An oscillo
scope and a wave analyzer also are useful in studying the performance 
of a transmitter or a receiver. 

If a special acoustic laboratory is not available, the frequency 
response of a loudspeaker can be measured out-of-doors in a location 
free from reflecting objects. A simple method is to measure the 
intensity of the radiated sound with a sound-level meter. F or such 
tests a beat-frequency oscillator pro,·ides an excellent source because 
the frequency is continuously variable and the loudspeaker can there
fore be studied for any decided resonant points which often exist and 
might be missed if a point-to-point test were made. If measurements 
must be made in an untreated room, the reflected waves ·will cause 
points of maximum and minimum intensity to exist within the room; 
also, the location of these points will vary with frequency. 

Power Output and Efficiency of Receivers and Loudspeakers. 
For the telephone receiver, if each of the values of Fig. 35 is multiplied 
by [2 (the effective value of the testing current squared), a power 
diagram will be obtained. The value J2Z1 is the apparent power input; 
the value J2R 1 is the power dissipated in the ohmic resistance of the 
wire; [2 R 2 is the power dissipated electrically in skin-effect, eddy
current, and hysteresis losses, and J2Rrl is the total power delivered to 
the diaphragm. The various other terms may also be analyzed. 33 

Of the total effective power input to the diaphragm J2Rd, little is 
radiated in the form of sound waves. For some telephone receivers, 
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the average ratio of the acoustic pO\Yer output to the electrical power 
input is below 1 per cent. 4 2 Thus, if the input current of the receiver 
tested is 0.0025 ampere (a large input), the power input will be 
12R = 0.0025 2 X 210 = 0.00131 watt, or 1310 microwatts. The value 
210 ohms was obtained from Fig. 32 for a frequency of 820 cycles. 
Using an efficiency of 1 per cent, the power output in speech sounds 
would be 13.1 microwatts. This is a much larger output than under 
actual operating conditions. (Only about 10 microwatts of power is 
given out by the average voice in talking, page 30.) 

A dynamic (moving-coil) loudspeaker will handle a continuous 
power input of about 5 watts. Auditorium dynamic loudspeakers will 
handle about 20 watts. T echnical literature 4 :1• 4 4 contains widely 
differing figures for the efficiency of dynamic loudspeakers; the varia
tion is not surprising because of the many types available, the various 
uses, and the difficulty in measuring efficiencies. Based on references 
43 and 44, and other sources of information, it is estimated that a 
dynamic loudspeaker in a baffle or cabinet has an efficiency of 2.5 to 
10 per cent, that a dynamic loudspeaker in a directional baffle has an 
efficiency of 5 to 15 per cent, and that a dynamic loudspeaker in a 
short exponential horn has an effi ciency of about 15 to 25 per cent. 
For the moving-coil dynamic unit driving a long exponential horn, the 
efficiency is estimated to be about 20 to 40 per cent. These units can 
handle a continuous power input of about 20 watts. It is emphasized 
that these are average estimated figures and that many exceptions 
exist. Standard methods have been devised 2 for determining the 
efficiency of loudspeakers. 

In the design of sound systems for a theater43 or an auditorium, 44 

the acoustic power required must be known. The acoustic power 
requirements of auditoriums are given 44 as follows : 50,000 cubic 
feet, 1.2 watts; 100,000 cubic feet, 2.0 watts; 250,000 cubic feet , 4.0 
watts; and 600,000 cubic feet, 8.0 watts. This same reference gives 
the equation 

VI 
Acoustic power (watts) = 11.6 T, (22) 

where V is the volume of the auditorium in cubic feet, I is the sound 
intensity in watts per square centimeter, and T is the reverberation 
time in seconds. Also, this reference states that for orchestral 
reproduction the level should be + 100 decibels (l0- 6 watt per ,:quare 
centimeter) , based on the zero level of page 39, and that for speech the 
level should be + 80 decibels (l0- 8 watt per square centimeter) . 
These data assume average noise conditions. 
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• REVIEW QUESTIONS 

1. From a technical and a historical viewpoint, what is the distinction between 
the t erms microphone and transmitter ? 

2. ·what is meant by the terms transducer, electroacoustic transducer, passive 
elect roacoustic transducer, and actfre electroacoust ic transducer? 

3. What are the types of passive telephone transmitters'? Of active transmitters? 
\Vhich ones are used in practice? 

4. How do the carbon granules function in a telephone transmitter? 
5. ,vhat features are incorporated into handset transmitters so that they will 

be essentially non-resonant and non-positional? 
6. What is meant by the term "capsule type" when applied to a telephone trans

mitter or receiver? 
7. Distinguish between the use of the terms transmitter and receiver in teleph

ony and radio. 
8. For maximum power transfer, what should be the relation between the re-
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sistance of a transmitter and the resistance of the circuit into which it is to 
work? 

9. Discuss the nature and reasons for the distortion caused by telephone trans
mitters. 

10. How does the so-called "sound-powered" telephone operate. \Viii it operate 
as both a transmitter and a receiver? Explain. 

11. What is an important advantage of the double-button carbon microphone? 
An important disadvantage? 

12. Discuss the condenser microphone. For what scientific purposes is it used? 
13. \Vhat features do the moving-coil and ribbon microphones have in common? 

In what respects do they differ greatly? 
14. Explain the operation of the crystal microphone. What important precaution 

must be taken in its use? 
15. Define the terms telephone receiver and loudspeaker. 
16. Name the two principal parts of a receiver or loudspeaker. 
17. What types of electroacoustic motor elements arc possible, and what types 

are in practical use? 
18. Discuss the receivers used in telephone sets. 
19. Why is a transformer commonly used with the radio dynamic loudspeaker? 
20. What types of acoustic radiators are used with loudspeakers? Discuss the 

principle of operation of each. 
21. For the horn-type loudspeaker, discuss the air chamber, the throat, the mouth, 

and the rate of taper. 
22. Discuss the nature and reasons for the distortion caused by telephone re

ceivers. 
23. Discuss the nature of the input impedance of a telephone receiver. If any 

peculiarities exist, explain the causes. 
24. What are some of the improvements incorporated in telephone receivers of 

the capsule type? 
25. Briefly discuss some of the miscellaneous receivers and loudspeakers that have 

been used. 
26. What important problems are encountered in making tests on electroacoustic 

devices? 
27. What are the approximate average power inputs to a telephone receiver, a 

radio-set dynamic loudspeaker, a large horn-type loudspeaker? 
28. Give the approximate efficiencies of each device in Question 27. 
29. The length of a loudspeaker horn sometimes is quite objectionable. What is 

a remedy if this general type of radiator must be used? Explain diagram
matically. 

30. What are several important factors that must be determined when a sound 
system is to be designed for an auditorium? 

PROBLEMS 

1. The resistance of a carbon-granule transmitter in the quiescent state is 70 
ohms. When it is actuated by sound waves, the change in resistance is 12 
per cent above and below this value. If a 3-volt battery and a 100-ohm 
resistor are connected in series with this transmitter, calculate the current 
that will flow and the power that will be delivered to the resistor. 

2. Assume that the pressure on the diaphragm of the microphone of Fig. 9 is 10 
bars and that the microphone is connected through an input transformer to 
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an amplifier. Calculate the approximate voltage amplification (both as a 
ratio and in decibels) that the amplifier must have to produce an output 
voltage of 25 volts. 

3. The internal capacitance of a condenser microphone is assumed to be 50 micro
microfarads. Make the calculations required to show that the input resistor 
of the associated amplifier should be about 100 megohms, and that the ampli
fier should be close to the microphone with negligible connecting leads. 

4. Use Fig. 11 as a basis, and at 500 cycles compute the dbm output at 0.1 , 1.0, 10, 
and 100 bars. 

5. Use the data accompanying F ig. 13, and calculate the open-circuit output 
voltage at 0.1 , 1.0, 10, and 100 bars. If the output impedance is assumed 
to be 50 ohms resistance and 100 feet of microphone cable having a capacitance 
of 20 micromicrofarads per foot is used be tween the microphone and a 50-ohm 
resistance load , calculate the effect of the cable capacitance on the voltage 
delivered the load at 50, 1000, and 8000 cycles. 

6. The output impedance of an amplifier is 15 ohms, and it is to be used to 
drive four loudspeakers with 15-ohm driving coils. How should the connec
tions be made? If each loudspeaker draws 15 watts and if they are 350 feet 
from the amplifier, what size wire would you recommend for the line feeding 
the four speakers? 

7. If the voice-coil current of the loudspeaker discussed on page 112 is 1.0 
ampere, make an estimate of the power radiated, and of the efficiency. Does 
this eompare with data gi\·en on page 132? 

8. The diameter of the throat of a horn is 0.75 inch. If it is to transmit up to 
7000 cycles, what should be the length of the horn and the diameter of the 
mouth, assumed to be circular . 

9. Use the data for a telephone receiver given in Figs. 26 to 34 and draw to 
scale a diagram similar to Fig. 35. For the frequency of resonance, calculate 
the power lost in the direct-current resistance of the windings, the power lost 
in the magnetic circuit exclusive of the diaphragm, and the power del ivered to 
the diaphragm. If this is assumed completely radiated, calculate the effi
ciency of the receiver. Compare this with the statement on page 132 and 
account for differences that may exist. Also compare wi th the calculations 
on page 132. 

10. What acoustic power would you recommend for a college auditorium that will 
seat 5000 people? Assuming that you used horn-type speakers, what power
handling capacity should the amplifier have? 



CHAPTER 5 

ELECTRIC NETWORKS 

An electric network is defined 1 as "a combination of any number of 
electric clements, the impedances of which may be either lumped or 
distributed or both, which are connected in any manner, conductively, 
inductively, or capacitively." 

Electric networks may be classified 1 as active electric networks 
(a network containing one or more sources of energy) or as passive 
electric networks (a network containing no source of energy). It is 
understood that a network is passive and contains no source of energy 
within itself unless the contrary is stated. 1 Passive lumped networks 
only will be considered in this chapter. 

Network Elements. Electric networks of lumped impedances are 
composed of elements such as resistors, capacitors, inductors and 
transformers. The characteristics of such circuit elements were treated 
in Chapter 3. In the pages that follow it will be assumed that the 
elements and the networks are linear; that is, have constants and trans
mission characteristics that do not vary with the magnitude of either 
the voltage impressed or the current flowing (page 85) . Any circuit 
containing coils with ferromagnetic cores will be non-linear, but this 
effect is assumed negligible. The elements and networks are con
sidered bilateral, passing current and signals equally well in both 
directions. Networks containing rectifying elements that are uni
lateral will not be considered. 

Voltage Dividers. Communication circuits are often composed 
of a "chain" of devices and networks that passes electric signals from 
one device or network to the next. In many instances all the output 
voltage from one network is not needed by the next, or it may be 
advisable to make provisions for varying the voltage. Voltage di
viders are used to select a fixed portion of an available voltage or to 
provide a variable voltage. These are often called potentiometers, a 
term erroneously used. 1 

An example of the use of a voltage divider is shown in Fig. 1. 
The voltage divider is a resistor with either fixed or movable con
tacts.1 In communication the driving circuit often can supply but 
little energy, and the driven circuit requires but little energy. In 
such instances the voltage divider would be a high resistance of perhaps 
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500,000 ohms. In some instances a voltage divider must be of low 
resistance (such as for terminating a transmission line, page 202). 

Electric Transducers. Many electric net,vorks, and particularly 
those considered in this chapter, are electric transducers, defined 1 

as "an electric network by means of which energy may flow from one 
or more transmission systems to one or more other transmission sys-

Driving 
circuit 

Voltage 
divider 

Driven 
circuits 

Fm. 1. A voltage divider is a resistor with fixed or movable contacts, 
often used as shown. 

terns." An electric transducer generally has four terminals-two input 
terminals and two output terminals. 1 As for any electric network, 
electric transducers may be either active or passive. Those considered 
in this chapter are passive; that is, they contain within themselves no 
source of energy. 

z. 

I • 
:-.,L.; Cg 
l Ground 

Z' B 

I 

:-.}.::c11 
I • 

Fm. 2. A balanced network. 

Balanced and Unbalanced Transducers. Most electric networks can 
be classified as two types on the basis of the arrangement of the imped
ance elements with respect to ground. The first type is the balanced 
network of Fig. 2. Assuming that the plane of the network is parallel 
to the ground plane, that the physical sizes of the Zs elements are the 
same and that the physical sizes of the Zs' elements are the same, the 
stray capacitances CO to ground will be the same. If, also, the imped
ances of the series elements z. are identical, and the impedances z,' are 
identical, currents I will be the same and the currents IL will be the 
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same. The series elements Zs and Zs' on each side of the circuit are 
paralleled by the stray capacitances to ground, and the current flowing 
through the load* is the sum of the currents IL and I cu arriving by the 
two paths. If the identities previously discussed are maintained then 
the series voltage drops IZ. will be the same; the series voltage drops 
I LZ.' will be the same; and the currents I cv will be the same. Then, 
the currents I in impedances Zs will be identical, and l!he currents IL in 
impedances Zs' will be identical. 

An unbalanced network is shown in Fig. 3; this is an extreme instance, 
the series impedances having been omitted in one side. The current 
that reaches Z L will be IL and I Cu much as before, but the current 
path back to the source has been altered. Thus, I and I' are not equal, 
and IL and I L1 are not equal. A circuit such as Fig. 2 (containing four 
series elements) will be unbalanced if corresponding series elements z. 
are not identical, if corresponding series elements Zs' are not identical, 
or if the plane of the circuit is not parallel to the ground plane. 

From the preceding discussion it fo llows that a balanced network 
is one in which the corresponding series impedance elements are 
identical, and one in which these elements are symmetrical (elec
trically) with respect to some reference (ground) potential. Un
balanced networks are those that do not fulfill these requirements. 

The ground plane referred to may be the surface of the earth (as for 
an open-wire transmission line), may be the metal chassis of an 
amplifier, or may be a metal sheet under the top of a laboratory test 
bench. If it is necessary to "ground" a balanced circuit such as Fig. 2, 
the ground wire should be attached at the center of the parallel im
pedance ZP; this maintains the balance to ground. An unbalanced 
circuit such as Fig. 3 is often grounded by attaching the ground wire to 
the side containing no series impedances. 

Whether a circuit should be balanced or unbalanced and whether it 
should be grounded or ungrounded depend on circumstances. The 
important points at present are that fundamentally they are different 
types of circuits and that in general balanced and unbalanced circuits 
must not be interconnected for test fog or for operation, unless the con
nection is made through a trans/ armer that has a grounded shield 
between the primary and the secondary. If this is not done, measure
ments and operation at communication frequencies (including audio 
frequencies) will probably be unsatisfactory. 

* By definition,1 the word load means the power that an apparatus or machine 
delivers. Hence , strictly speaking the word "loading impedance" should be used 
in Fig. 2 and elsewhere in this book. It. is accepted practice in rommunication to 
refer to the loading impedance as the load. 
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Because one side of the circuit contains essentially no impedance, it 
is possible to have one input and one output terminal common. Thus, 
Fig. 3 is sometimes referred to as a three-terminal network, and Fig. 2 
is sometimes referred to as a four-terminal network. This classifica
tion is of little (if any) fundamental importance, but whether or not 
a circuit is balanced or unbalanced is of great fundamental importance. 

z. z· • 
1 
c":::t= 
le+/ 

• I 

2 ;--}.:Cg - - 41 I I' 1i Cg:::~;; 
I 

I 
I I 

I 
I I 

I I 
Ground I I I • • 

FIG. 3. An unbalanced network. 

Symmetrical and Unsymmetrical Transducers. In discussing the 
network of Fig. 2 it was pointed out that for balance the two z. ele
ments must be identical, and the two Z.,' elements must be identical. 
For this network to be both balanced and symmetrical, each of the 
series elements must be identical. If this is true, then the network of 
Fig. 2 offers the same input impedance characteristics when considered 
from terminals 1-2 or terminals 3-4. 

A C B D 
I I I I 

Z1 Z1 jZ1 Z1 /Z1 ~~~:FrFltE----
1 I 

FIG. 4. A portion of an unbalanced network. 

A network may be unbalanced, yet symmetrical. Thus in Fig. 3, 
if z. is of the same impedance as Zs', then the unbalanced circuit will 
be symmetrical. The network (only) will offer the same input 
impedance characteristics when considered from terminals 1-2 or 
terminals 3-4 (see also page 154). 

Midseries and Midshunt Terminations. Often several networks 
are connected one after the other in a "chain," in "cascade," or in 
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"tandem." In such a transmission system, as far as the signal is 
concerned, the individual networks tend to lose their identity. It is 
advisable in network study first to investigate the system as a whole. 

Figure 4 shows an unbalanced 
network extending to infinity in 
both directions. It is desired to 
select a finite portion of this net
work to use as a transmission 
system. Suppose the portion 
A-B is selected by cutting the 
network at ½Z1 . This will give 
the network of Fig. 5a, and the 
network is said to have mid
series terminations, because it 
"starts" and "ends" in ½Z1 . 

Another possibility is to select 
the finite section C-D (Fig. 5b). 
This network is said to have mid
shunt terminations. The value 
2Z2 is specified because two such 
impedances in parallel give the 
impedance Z2 of Fig. 4. The 
infinite network could have been 

(a) 

(b) 

Fra. 5. The circuit of (a) is obtained by 
selecting the portion A-B of Fig. 4. The 
circuit of (b) is obtained by selecting the 

portion C-D of Fig. 4. 

cut into at any point; then fractional termination ,vould have re
sulted. 

T and 1r Sections. Assume that it is desired to construct a network 
such as Fig. 5(a). Because two series impedances ½Z1 add to give an 
impedance Z1 , the circuit of Fig. 5(a) can be formed of the two 
T sections of Fig. 6 (a). Also, a network such as Fig. 5 ( b) can be 
formed of the two .,.. sections of Fig. 6 ( b). 

Equivalence of T and 1r Sections. In communication circuits it 
sometimes is desired to find the 1r section that is equivalent to a T sec
tion, or vice versa. Two networks are of general equivalence 1 "if 
one network can replace another network in any system whatsoever 
without altering in any way the electrical operation of that portion of 
the system external to the network." Two networks are of limited 
equivalence 1 "if one network can replace another network only in 
some particular system without altering in any way the electrical 
operation of that portion of the system external to the networks." 
In the following discussion limited equivalence will be investigated. 
It is very important to note that networks often are constructed of 
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impedances that vary with frequency; usually, networks are equivalent 
only at a given frequency. 

In Fig. 7 are shown T and Tr networks. To derive the transforma
tion equations from which an equivalent 1r section can be designed if 

1r section 1 I 1r section 2 
(b) 

Fm. 6. T and ,,. sections. 

a T section is known (or vice versa) three equations will be written. 
For the T section, the impedance Z12 measured between terminals 

T section 1r section 

Fm. 7. Circuits for deriving network transformation equations. 

1-2 is Z 12 = Z 1 + Z 3 , and for the 1r section the impedance Z 1 2 

ZA(ZB + Zc)/(ZA + ZB + Zc). When these are equated, 

ZA(Zs+Zc) 

ZA +Zs+ Zc 
(1) 

The corresponding equations for impedances measured between ter
minals 3--4 arc 

Zc(ZA + ZB) 

ZA +Zs+ Zc 
(2) 
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The corresponding equations for impedances measured between ter
minals 1-3 are 

(3) 

These three equations can be solved simultaneously for Z1 , Z2 , and 
Z3 in terms of ZA, ZB, and Z0 . By adding equations 1 and 3, and sub
tracting equation 2, it is found that 

Z1 = ZAZs 
ZA +Zs+ Zc 

(4) 

Likewise, adding equations 2 and 3, and subtracting equation 1 gives 

z
2 

= ZsZc , 
Z A +Zs+ Zc 

(5) 

and add ing equations 1 and 2, and subtracting equation 3 gives 

Z 
_ Z,1Z c 

3 -
ZA +Zs+ Zc 

(6) 

These equations are for transformation from a ,,,. to a T network. 
To make transformations from T to a -rr network, the equations prove 
to be 2, 3 

and 

Z2 

Zs = Z1Z2 + Z2Za + Z1Za, 
Za 

Zc = Z1Z2 + Z2Za + Z1Za 
Z1 

(7) 

(8) 

(9) 

It is now desired to show that if the two networks are r elated 
according to these equations they are equivalent and can replace each 
other without altering the circuit operation. For this Fig. 8 will be 
used, in which the two circuits, related in accordance with the equations 
just given, are connected between identical sources of voltage Eg, and 
identical load impedances Z L· If it can be shown that in each circuit 
the identical generators supply currents I 1 that are exactly the same 
and that the identical load impedances ZL receive currents I 2 that 
are exactly the same, then the T and ,,,. sections are equivalent as far 
as terminals 1-2 and 3-4 are concerned. 
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For the T section of Fig. 8, 

Eu 
I• = ------------

Zu + Zi + (Z2 + ZL)Z3 
Z2 + Z3 + ZL 

(10) 

Because the voltage drops across two parallel branches must be equal, 

FIG. 8. Networks for studying conditions of limited equivalence. 

The next step is to substitute in these two equations the values of Z1 ,' 

Z2 , and Z3 given in equations 4, 5, and 6. Making these substitutions 
m equation 10 and simplifying the expression gives 

Eu Ii = ----=----..;;._ ______ _ 
Z + Z [ ZL(ZB + Z c) + ZBZc ] 

u A (ZA + ZB)(ZL + Zc) + ZLZc 

(12) 

Making these substitutions in equation 11 gives 

I 
_ I1ZAZc 

2 -
(ZA + ZB)(ZL + Z c) + ZLZc 

(13) 

It now remains to derive expressions for I 1 and I 2 for the 1r section 
of Fig. 8, in terms of ZA, Zn, and Zc and to ascertain if these expressions 
agree with equations 12 and 13. Thus, for the 1r section of Fig. 8, 

and simplifying, 

Eu 
I1 = --------------' 

z.4 (zB + z:~~J 
Zo + ZcZL 

ZA +Zs+ z z 
C + L 

I - Eu 
1 - z + z [ ZL(Zs + Z c) + ZsZc ] 

u A (ZA + Zs)(ZL + Zc) + ZLZc 

(14) 
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To find the current I 2 in the 1r section of Fig. 8 first it is necessary to 
find the current in impedance ZB, which can be determined from the 
relation 

and 

Similarly, 

Substituting the value of I zs in this expression gives 

I1ZAZc I2 = -------------
(ZA + ZB)(ZL + Zc) + ZLZc 

(15) 

It has been shown that equations 12 and 13 derived for the T section 
are identical to equations 14 and 15 derived for the 1r section. This 

!Lt 

ZL 

(a) (b) 

Id 
ZL Zg 

(c) (d) 

Fm. 9. Diagrams indicating the steps in simplifying circuits. 

proves that the sections will perform exactly alike when inserted 
between a source of voltage and a load impedance and that so far as 
terminals 1-2 and 3-4 are concerned T and 7r networks related by 
equations 4, 5, and 6, or 7, 8, and 9 are equivalent. 

Simplification of Networks. Communication networks are often 
complicated, and it sometimes is advantageous to reduce them to simple 
networks before a final solution is made. Thus, in Fig. 9(a) suppose 
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that it is desired to find the current h that the generator of voltage E9 

and of internal impedance Zu sends through the load impedance ZL. 
The combination ZA, Zn, and Zc can be treated as a 1r section, and 

the equivalent T section can be obtained from equations 4, 5, and 6. 
This gives the circuit of Fig. 9 (b). These new impedances are called 
Z1 , Z2 , and Z3 . 

The combination Zn, ZE, and ZF also can be treated as a 1r section, and 
the equivalent T section can be found from equations 4, 5, and 6, giving 

the circuit of Fig. 9 ( c) with the new 
impedances called Z4 , Z5 , and Z6 . 

All series impedances are then added, 
ZL giving Fig. 9 ( d), which can readily be 

solved for the desired current h 
through the load impedance ZL. 

(a) Equivalent Networks. In the pre-
ceding section the value of each im-

1 z
1 

z
2 

3 pedance of Fig. 9 (a) was known, and 
the reduction to the simple T network 

Z3 ZL was made by transformation equa-
4 tions. Sometimes a circuit or device .___,__ ____ --o-.....J 

(b) is in a "black box" (Fig. 10), the 

F values of the impedances are unknown, 
IG. 10. Unknown network (a), 

and equivalent network (b). and it is desired to determine the simple 
equivalent T or 1r network. 

For limited equivalence between the two sets of input terminals 1-2 
and the two sets of output terminals 3-4, the input currents I 1 to the 
two networks must be identical and the output currents I 2 to the loads 
ZL must be identical (in both magnitude and phase). Of course, this 
also implies that the voltage across terminals 1-2 must be identical, and 
the output voltages across terminals 3-4 must be identical when the 
networks are connected between the same generator and the same load 
impedance ZL. 

An investigation will show that if the input current I 1 does not equal 
the output current I 2 , there must be a shunt element such as Z 3 in an 
equivalent network (Fig. 9 or 10). Similarly, if the input voltage E 12 

does not equal the output voltage E 3 4 , there must be series elements 
such as Z1 and Z2 . Thus, three impedances are required in an equiv
alent network. These three impedances may be in a T configuration as 
in Fig. 10, or may be transformed into a 1r configuration. 

The individual elements within the black box of Fig. 10 in general 
cannot be determined. It is known, however, that, at a given fre
quency, some T network will be equivalent. The values of Z1, Z2, 
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and Z3 of this equivalent T network must be determined from measure
ments on the unknown network. Thus, if the input impedance between 
terminals 1-2 is measured ·with the output terminals 3-4 open cir
cuited and if this is called Z12oc, then 

(16) 

If the input impedance Z12,c is measured between input terminals 1-2 
with the output terminals 3-4 short circuited, then 

Z2Z3 

Z12sc = Z1 + Z2 + Z3 (17) 

If the output impedance Z340c is measured between output terminals 
3-4 with the input terminals 1-2 open circuited, then 

Z34oc = Z2 + Z3 . 

From these three equations, 

Z1 = Z12oc - Z3 , 

Z2 = Z34oc - Z3, 

and 

(18) 

(19) 

(20) 

(21) 

Equation 21 is found by substituting equations 19 and 20 in equation 17 
and solving for Z3 • 

The Lattice Network. The networks 
(such as Fig. 4) considered in the pre
ceding pages are known as ladder net
works because of the arrangement of the 
series and shunt clements. Another fun
damental type is the lattice network of 
Fig. 11. Considering only the input ter
minals 1-2 and the output terminals 3-4, Fw. 11. A lattice network. 
a T ( or a 1r) ladder network, such as Fig. 
10 ( b) , exists that is equivalent to the lattice network, and this limited 
equivalent network can be found from the three impedance measure-
ments, Z12oc, Z12sc, Z34oc• 

From Fig. 11 it is seen that 

(ZA + Zc)(Zs + Zv) 
Z12oc = ---------

ZA +Zs+ Zc + Zv 

z,,,Zs ZcZv z ----+----, 12
sc - ZA + Zs Zc + Zv 

(22) 

(23) 
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and that 
Z _ (ZA + Zs)(Zc + ZD). 

340
c - ZA +Zs+ Zc + ZD 

(24) 

When these terms are inserted in equations 21, 20, and 19 in this order 
and when equations are simplified,3 

and 

ZsZc - ZAZD Z3 = ---------, 
ZA +Zs +Zc +zD 

Zz = ZAZc + 2ZAZD + ZsZD, 
ZA +Zs+ Zc + ZD 

(25) 

(26) 

(27) 

Network Theorems. The theorems now to be discussed are useful 
in studying networks. It is assumed that the networks are composed 

2 (a) 4 

l Z, = Eq. (29) 3 ] 
Za 

~ ZL 

2 (b) 4 

of elements that are linear and 
bilateral, that the steady-state 
condition has been reached, and 
that all quantities are complex. 

Thevenin's Theorem. If an 
impedance ZL is connected be
tween any two points of a cir
cud, the current IL that win flow 
through this impedance is the 
same as if the impedance ZL is 
connected to a generator whose 
constant generated voltage Eu 

Fm. 12. Circuits for studying Thevenin's is the same as the voltage E oc 

theorem. between the two points of the 
circuit, prior to the connection, 

and whose internal impedance Zu is the same as the impedance Zi meas
ured, prior to the connection, back i·nto the circuit, with each source of 
driving voltage within the circuit replaced with an impedance equal in 
value to the internal impedance of that source. 

To prove Thevenin's theorem, recall that any passive network can 
be represented by the T section of Fig. 12. If a generator is connected 
as shown, an open-circuit voltage will appear between terminals 3-4. 
The magnitude of this open-circuit voltage is 

EgZa 
(28) 
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The impedance measured toward the generator from terminals 3-4 is 

zi = z
2 
+ Z3(Z1 + Zu) • 

Zu + Z1 + Z3 

According to Thevenin's theorem, when ZL is connected 

IL = Eoc = Equation 28 
Zi + ZL Equation 29 + ZL 

Z2Zu + Z1Z2 + Z2Z3 + Z1Za + ZaZu + Z 0ZL + Z1ZL + ZaZL 

From ordinary circuit theory, when ZL is connected, 

(29) 

(30) 

I - Eu (31) 
u - Zo + Z1 + Z3(Z2 + ZL) 

Z2 + Z3 + ZL 

Since the voltage drops across Z3 and (Z2 + ZL) of Fig. 12 must be 
equal, 

(32) 

Substituting equation 31 in equation 32 gives 

EuZa h = -----------------------. 
Z2Zu + Z1Z2 + Z2Za + Z1Za + ZaZ0 + ZuZL + Z1ZL + ZaZL 

(33) 

Thus, since equations 30 and 33 are identical, the proof of Thevenin's 
theorem is established. Regarding the last portion of Thevenin's 
theorem, consult the superposition theorem in the following pages. 

Norton's Theorem. If an impedance ZL is connected between any 
two points of a circuit, the current h that icilL flow through this im
pedance is the same as 1:j the impedance ZL is connected to a generator 
whose constant generated current 10 is the same as the current I.c that 
flows if the two points of the circuit are short circuited, the constant
current generator being in parallel with an impedance Zi measured 
prior to the connection back into the circuit, with each other source of 
driving voltage within the circuit replaced with an impedance equal in 
value to the internal impedance of that source. 

In proving Norton's theorem, it will be recalled that any circuit can 
be reduced to the T network of Fig. 13 (a) and it must be shown that 
this circuit is equivalent to Fig. 13 (b). Since Fig. 13 (a) already has 
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been shown to be equal to Fig. 12 ( b) , if an equivalence between 
Fig. 12(b) (also reproduced as Fig. 13(c)) and Fig. 13(b) is estab
lished, then Norton's theorem will be proved. 

z. I L 
' I 

_'!11+ 
4' '--------------0 

( a) Equivalent T network 

-1 •• 

(b) Circuit from Norton's theorem 

vv..-----<>3] 
z, : z, 

( c) Circuit from Thevenin's theorem 

Fm. 13. The circuit of (a) may be solved by the use of either Norton's 
theorem or Thevenin's theorem. 

From Thevenin's theorem, the current that will flow through a load 
impedance Zr, is 

Eoc 
IL=---, 

zi + zL 
and, if the generator of Fig. 13 ( c) is short-circuited, 

Eoc 
Isc = - and Eoc = IscZi. zi 

According to Norton's theorem and the circuit of Fig. 13 ( b), 

(Isc - h)Zi = hZL and IL = I.czi 
Zi + ZL 

From equation 35, equation 36 becomes 

(34) 

(35) 

(36) 

(37) 
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which is the same as equation 34, thus establishing the fact that 
Norton's theorem and the circuit of Fig 13 ( b) can be used in solving 
network problems. 

Norton's theorem is convenient for use with circuits of high im
pedance, such as voltage amplifiers employing tetrodes and pentodes 
having internal impedances (plate resistances) of about 1,000,000 
ohms. Thevenin's theorem is convenient for low-impedance circuits. 

Superposition Theorem. If a network has more than one source of 
driving voltage, the current that flows at any point, or the voltage 
between any two points, is the sum of the currents or voltages at these 
points which would exist if each source of voltage were considered 
separately, each of the other sources being replaced at that time by 
an impedance equal to the internal impedance of that source. 

3 

4 

FIG. 14. Circuit for studying the reciprocity theorem. 

If the impedances in a network are linear, and their values are not 
affected by the magnitudes of the currents and voltages existing, then 
the current or voltage in the various portions of the circuit are inde
pendent of each other and the principle of superposition applies. A 
simple laboratory experiment will Yerify this principle. 

This theorem can be applied to a circuit, and the use of the 
Kirchhoff's law method avoided. Also, the effect of a given genera
tor voltage (of the same or different frequency) at a given point 
can be determined without considering the effects of other voltage 
sources. 

Reciprocity Theorem. If any source of voltage E located at one 
point in a netv:ork produces a current I at any other point in the 
netv:ork, the same source of voltage E placed at the second point 
will produce the same current I at the first point. 

Any complex network can be reduced to the simple T section of 
Fig. 14. The current h that generator Eu forces through impedance 
ZL is given by equation 33. If the source of voltage Eg only is re
moved and placed in series with ZL and if equations such as 31, 32, and 
33 for the current lu through Zu are written, it will be found that the 
two currents are identical. 
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Compensation Theorem. Any impedance in an energized network 
may be replaced by a generator of zero internal impedance whose in
stantaneous generated voltage is equal to the instantanemls potential 

difference across the replaced impedance caused 

+ 

Fm. 15. Circuits for 
studying the com

pensation theorem. 

by the current flowing through the impedance. 
The principle on which this theorem is based is 

well known. Thus in Fig. 15, if the polarity of 
the instantaneous generated voltage used to 
replace the impedance as indicated and if the 
magnitude of this generated voltage equals the 
magnitude of the potential difference across the 
impedance, the currents in the two circuits will 
be identical. 

Maximum Power Trans/ er Theorems. If a 
passive network is joined to an active network 
by two terminals the power that will be ab
sorbed by the passive netu·ork will be max1:mum 
if the impedances measured in the two directions, 
prior to the connection, are conjugates. 

This was considered on page 70, and addi
tional discussion is unnecessary, except to point out that, since any 
network can be replaced by a simple T structure and because Thevenin's 
theorem applies, this theorem can be represented by Fig. 16. For 
maximum power transfer, if Zu = R + jX, then ZL 
should be ZL = R - jX, and vice versa. Con-
jugate impedances have equal resistances and 
equal but opposite reactances. 

If the magnitude, but not the angle, of a load 
impedance may be varied, then the maximum 
power will be absorbed u·hen the magnitude of the 

d f 
Fm. 16. Circuit for 

load impe ance equals the magnitude o the determining maxi-
internal impedance of the source. mum power transfer 

This was considered on page 71, and ad- relations. 

ditional discussion is unnecessary. 
Transformer Equivalent Networks. For the purposes of circuit 

analysis, it is sometimes desired to replace a transformer by an equiva
lent T ( or 7r) network. The equivalent T network for a transformer 
can be found from three impedance measurements and the use of equa
tions 19, 20, and 21. From Fig. 17 it is seen that Z12 oc = Zp, the im
pedance of the primary of the transformer; also, that Z:Hoc = Z,, the 
impedance of the secondary. The impedance of the primary, with the 
secondary short circuited is, from coupled-circuit theory (page 67), 
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Z1 2sc = Zv + (wM) :.!/Zs. Thus, it is possible from these three meas
urements to determine both the important constants of a transformer, 
and the cquiYalcnt T network. 

If the values just discussed are inserted in equations 21 , 20, and 19 
in the order given, 

and 

Z3 = VZp - (Zp + w2M 2/ Zs)Z. = wM, 

Z2 = z. - wM = z. - Zm, 

(38) 

(39) 

(40) 

The reason that wNI = Z111, where Z111 is called the mutual impedance, 
can be explained in the following manner. From Fig. 17, when the 
secondary is open, the voltage 
E 3 4 across the secondary is equal 
to the lvZ:1 voltage drop. Thus, 
Z3 = E:H/lv = wMlp/lp = wM = 
Zm, the term mutual impedance 
being used because, for the actual 
transformer of Fig. 17 , the sec
ondary voltage Er,, 4 is being di
vided by the primary current Iv. 

1 

2 

1 

Transformers are used in com
munication circuits for impedance 
matching (page 68). For such Input 

L _______ _j 

purposes, an ideal transformer is (pri.) Z3 = wM = Zm 

assumed. Such a transformer will 
change the magnitude of the load 

2 

3 

4 

3 

Output 
(sec.) 

4 

impedance without altering the FIG. 17. Actual and equivalent circuits 
angle of the load impedance and for a transformer. 

introduces no losses into the cir-
cuit. An ideal transformer is assumed in making possible maximum 
power transfer under the conditions of the second maximum power 
transfer theorem. 

Image Impedances. Four-terminal transducers are used for pass
ing electric energy from one part of an electric system to another. 
Often it is desired that the transducers draw maximum possible 
signal power from the preceding part of the system and pass it on to 
the following part of the system . Ordinarily, this cannot be done 
under the condition of conjugate impedances, and hence the conditions 
of the second power transfer theorem must be met. 

The image impedances of a transducer are defined 1 as the "im
pedances which will simultaneously terminate each pair of terminals 
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of a transducer in such a way that at each pair of terminals the 
impedances in both directions are equal." 

An unsymmetrical, unbalanced (page 139) T network is shown in 
Fig. 18, the network being unsymmetrical because Z 1 does not equal 
Z2 . It is desired to find the two image impedances Z1 and Z/ that 

FIG. 18. Circuit for studying image impedances. 

will satisfy the definition previously given. If this is accomplished, 
then maximum power transfer would occur from the transducer to the 
impedance (or from the impedance to the transducer) at either set of 
terminals. 

The equations for the image impedances can be written for the condi
tions specified in the definition. Thus, the input impedance at 
terminals 1-2, with image impedance Z/ connected at terminals 3-4 
(but with Z1 not connected), is 

z = z + Z3(Z2 + Z/) 
r l Z2 + Z3 + Z/ 

(41) 

The input impedance at terminals 3-4, with image impedance Z1 con
nected at terminals 1-2 (but with Z/ not connected), is 

Z/ = z
2 
+ Z3(Z1 +Zr) . 

Z1 + Z3 + Zr 
(42) 

,vhen these two equations are solved, the image impedances are 
found to be 

(43) 

and 

, ✓Z2 + Z3 Zr = --- (Z1Z2 + Z2Z3 + Z1Z3) · 
Z1 + Z3 

(44) 

It is also possible to write equations for the image impedances of a 
7r section; or the 7r section can be transformed into a T section, 
and equations 43 and 44 then used. An investigation will disclose that 
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unsymmetrical networks have impedance-transforming properties and 
that they can be used for impedance matching. 

Iterative Impedance. The circuit of Fig. 18, for which the image 
impedances were found, was unsymmetrical, and the two terminating 
image impedances were different. If a circuit is symmetrical, how
ever, the image impedances become the same, and equal the iterative 
impedances 1 now to be discussed. 

(a) 

1 Z1 3 

Zx.,~ 2Z2 2Z2 Zx1r 

2 4 

(b) 

Fm. 19. Circuits for deriving the equations for midseries and midshunt iterative 
impedances. 

The iterative impedance at a pair of terminals such as 1-2 or 3-4 
of Fig. 19 is defined 1 as "the impedance which will terminate the 
other pair of terminals in such a way that the impedance measured at 
the first pair of terminals is equal to this terminating impedance." For 
an unsymmetrical section the iterative impedances at the two sets 
of terminals are different; for a symmetrical section the iterative im
pedances are equal and the same as the image impedances. 1 Because 
of their wide use, symmetrical sections will be treated in the remainder 
of this section. 

The notation used for the elements of the T and 7r sections of Fig. 19 
are the same as was used for the sections of Fig. 6. This notation is 
usually employed for the circuits now to be considered. 

The input impedances at terminals 1-2 of Fig. 19 (a) when terminals 
3-4 are terminated in the iterative impedance ZKT of the T network is 
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which, when solved for ZKT, gives 

For the 1r section, the iterative impedance Z K1r is the input impedance 
at terminals 1-2 of Fig. 19(b) when terminals 3-4 are terminated in 
the iterative impedance Z K1r of the 1r network. Thus 

2z2(z1 + 2Z2ZK1r ) 
ZK'lC" = 2Z2 + ZK1r = Z1Z2 = Z1Z2. 

2Z2ZK1r ✓ Z12 ZKT 2Z2 + Z1 + ---- Z 1Z 2 + -2Z2 + ZK,r 4 
(46) 

The iterative impedance of a network such as shown in Fig. 19 (a) 

or ( b) is readily determined from open-circuit and short-circuit im
pedance measurements. Thus, if an impedance bridge is used to 
measure the input impedance at terminals 1-2 of the T section of 
Fig. 19 (a) when terminals 3-4 are open, 

(47) 

and the input impedance at terminals 1-2 \Yith terminals 3-4 short 
circuited is 

(48) 

If these two equations are multiplied together and the square root taken, 

~ = ✓Gz1 +z2)Gz1 + ½}~~~J =✓Z1Z2 + zt = zKT. 
(49) 

Although this derivation was for a T section, it can be shown that the 
iterative impedance of a 1r section also can be found from open-circuit 
and short-circuited measurements. 

Midseries and Midshunt Iterative Impedance. Suppose that 
another identical T section is connected ahead of terminals 1-2 of 
Fig. 19(a). The input impedance to this new T section also will be 
ZKT, because, in accordance with the definition for iterative impedance, 
this new T section also will be terminated with ZKT· The same reason
ing applies, of course, to the 1r section of Fig. 19 ( b). 

Now suppm;e that an infinite number of T sections (or an infinite 
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number of -rr sections) arc in tandem forming an iterative or recurrent 
structure. The input impedance of the infinite number of T sections, 
or the input impedance of the infinite number of -rr sections, also will be 
the iterative impedance, whether or not the distant end at infinity is 
terminated in the iterative impedance. The line is so long that an 
electric signal never reaches the distant end, and hence it makes no 
difference how the end at infinity is terminated. Thus, the input 
impedance of an infinite number of identical recurrent sections equals 
the iterative impedance of a network. 

As was shown in Figs. 4, 5, and 6, a group of T sections or -rr sections, 
when connected one after the other, "blend into" the same basic struc
ture (Fig. 4). The only difference between the two will be at the 
sending and receiving ends. Here the end sections will be "one half" 
of a T section or "one half" of a -rr section, giving a midseries termina
tion or a midshunt termination (page 141). Thus, except from the 
standpoint of the performance at the input or the output terminals, it 
makes no difference whether a recurrent group of identical networks is 
T sections, -rr sections, or "blended together" as in Fig. 4. The matter 
of importance is how the structure is terminated. If it is terminated in 
midseries, then the input (and ouput) impedance is the midseries 
iterative impedance given by equation 45; if it is terminated in mid
shunt, then the input (and output) impedance is the midshunt itera
tive impedance given by equation 46. 

Transition Loss. As has been mentioned elsewhere, electric trans
ducers, such as the networks considered in this chapter, must pass 
electric signal energy from one network to the next, etc. As shown on 
pages 71 and 152, the ability to pass energy from one network to the 
next depends on the impedance relations at the nehrnrk junctions. If 
the output impedance of one network is not related correctly to the 
input impedance of the next network, then conditions for maximum 
power transfer will not exist, and a transmission loss or loss, defined 1 

as "a term used to denote a decrease in power in transmission from one 
point to another," will be encountered. 

Maximum possible power transfer between two circuits has been 
shown to occur when the impedances involved were conjugates. The 
transition loss in transferring power from one circuit to another is a 
comparison of the power that is transferred under actual circuit condi
tions to the power that would be transferred if the load impedance 
and the source were conjugates. 

Transition loss is not widely used in studying circuit performance. 
One reason is that communication equipment is built in a particular 
way for reasons other than impedance considerations, and the inherent 
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impedances of the equipment often cannot be altered at will. Also, as 
will be made clear in Chapters 6 and 7, lines and cables should be 

terminated in load impedances having the 
same magnitudes and angles as their charac

Z11 =R11+iX11 

ZL=RL+jXL 

FIG. 20. Circuit for 
studying reflection loss. 

teristic impedances. 
Reflection Loss. Reflection loss and not 

transition loss is commonly used in measuring 
the loss in transferring power from one circuit 
or device to another. The reflection loss is 
zero when the input impedance ZL of the circuit 
or device receiving the power equals in both 
magnitude and angle (including sign) the in

ternal impedance Zu of the circuit or device delivering the power. 
In Fig. 20 is shown a generator supplying power to a load impedance. 

The power delivered to the load impedance is 

2 E/RL 
PL = [ RL = (Zg + ZL)2 (50) 

For no reflection loss, RL = Ru, and XL = Xu. For this condition the 
power P/ delivered to the load impedance is 

p I = [2 R = E / R L = E / R L = E / R g • 

L L (2ZL)2 (2Zg)2 4Z/ 
(51) 

The power reflection loss is determined from the ratio of the power 
transferred to the load impedance under actual circuit conditions to 
the power that would be transferred under the prescribed conditions 
for no reflection loss. Dividing equation 50 by equation 51 gives 

PL 4Z/ RL 4Z0ZL cos 0L 
- --- X - - --- X -- , (52) 

PL' - (Z 0 + ZL)2 Ru - (Z 0 + ZL) 2 cos 00 

because R1, = ZL cos 0L, and Ru = Zu cos Bu. Equation 52 may be writ
ten 

p~ = k2 cos 0L, (53) 
PL cos 0g 

where k = ~, and sometimes is called the reflection factor. 4 

Z 0 + ZL 

The reflection loss is defined 1 as 

Reflection loss = 20 log10 _kl = 20 log10 I~~ I • 
4ZgZL 

(54) 

where the reflection loss is in decibels. This equation also can be 
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derived on the basis of the currents flowing under matched and mis
matched conditions. 4 The two vertical lines enclosing a portion of 
equation 54 indicate that in finding the reflection loss the impedances 
are combined as complex numbers and that the log is taken of the 
magnitude of the final value of impedance. 

It is common practice to state that two connected circuits are 
matched when the input impedance of the driven circuit equals the 
internal impedance of the driving circuit in both magnitude and angle 
(including sign) . Because the condition for matched impedances is 
not the condition for maximum power transfer (which is that the cir
cuits are conjugate) it is possible to have reflection gains. Reflection 
losses and gains can be determined from Fig. 21. 

Insertion Loss. In a communication transmission system, the 
magnitude of the loss caused by the insertion into the system of a new 
network or device must often be known. This loss is determined by 
several factors, such as the degree of impedance match at the input 
terminals, the internal transmission loss in the device to be inserted, 
and the degree of impedance match at the output terminals. 

By definition, 1 the "insertion loss at a given frequency caused by 
the insertion of apparatus in a transmission system is the ratio, ex
pressed in decibels, of the powers at that frequency delivered to that 
part of the system beyond the point of insertion before and after the 
insertion." 

A generalized equation that will give the insertion loss of any line, 
circuit, or device becomes quite involved and will not be given. 4 • 5 As 
an example, consider the insertion loss when a network, such as a few 
miles of telephone cable having a transmission loss (or attenuation loss, 
Chapter 7) within itself of Ly decibels, is inserted between a generator 
and a load. For these conditions, four losses will be involved in deter
mining the insertion loss. These are the reflection loss £ 1 at the 
junction of the network and the generator; the reflection loss £ 2 at 
the junction of the network and the load impedance; the loss Lx 
within the cable (or network); and the reflection loss £ 3 which would 
occur if the load impedance were connected directly to the generator. 
For this example the insertion loss is L 1 + L 2 + L"N - L 3 , the loss 
£ 3 being subtracted because it enters into determining the received 
power both before and after the insertion of the cable or other network. 

Pads and Attenuators. It is often desired in communication cir
cuits to reduce the amplitude of a signal wave. For example, the 
program signal delivered over a telephone line may be transmitted at 
a power level sufficient to "override" line noise (Chapter 14). A pad, 
defined 1 as "a non-adjustable transducer for reducing the amplitude 



180 

170 

160 
150 

140 

130 

120 

110 

!IOO 
0 

:{l 90 
::, 

] 80 

70 

60 

50 
40 

30 

20 

10 
0 

OLOOLOO LOO LO 
ocir--:r--:1010uiui -<i 

I I I I I 1 I I 

Gain - db 
0 LO O CXl \0 "<t C\J O CXl IO '<t C\J 0 
-<i M MNNNNN,..;,..;,..;,..;,..; 
I I I I I I I I I I I I I 

CX) \0 '<t C\J 
ci ci ci ci 0 

I I I I I 

I I I / 1 I I I ,~ J I ,' I,' I,' I ,' I ,' A ,' V f I.' J. f If A .' I .' I .' V V l J0.2 

t--t-----t--+---Y-r--t,!-1'--Y----c,-_y..---v---+,<---A--+----k-~-F----V------/'+.-+--++-++--¥-~-----.4---A 0.4 

t--+-~~~~f'------¥-~~~~h,L-l-,L-¥------¥--~----A'----,,<! 0.6 

~~~~~~~~-A,,,L-!.~~4-,.LJ-,4-A-----A--A 0.8 

~~~~~~~~~~~--¥----J,.,£'----J,.L+.~ 1.0 

~~~~~~~~~~1--A-.,..~~CJL_._j 1.2 
1.4 

1-""'F-:~~~~~~~~-A-,:;.,~~~~ l.6:g 
~~~~~~~~~~~c.+---,,.4-~~ 1.8 .:, 

~~~~4,q~~.lL-¥~47"""1=-~~~~ 2.0 .3 
2.2 

t--Ea,,,~~~~~~-b,£h..~--¥--J,..4-A------J.L-.j-A-------,J.£....1 
2.4 

2.6 

~~--------~~~z~z~:r1~2t:t~t1------2r:-:11--,f'-ct-tr-+--11------.irr~11----!,,oC------J 2-8 

I I V I I'! V I/ I /l V I/ I A I/ I /I I/ I A I/ ! I/ I ff I A 3.o 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 
Values of A 

:Frn. 21. Chart for determining reflection losses when two circuits having different impedances are 
connected. 

Notes: 
Values of the reflection loss for any 

two impedances Z x and Z y are here 
given as a function of the ratio 

~x = A/0 
z -y 

where A is the ratio of the magnitudes 
and fJ is the difference between the 
angles of the two impedances. The 
ratio is always to be taken by dividing 
the larger impedance by the smaller, 
i.e., so that A will not be less than 
unity. It is immaterial whether 8 is 
positive or negative. 

Negative values of reflection losses 
are reflection gains. 

Examples: 

(I) Find reflection loss for the im
pedances 200/60° and 700/30° 

700/30° 

Ajo = 200/600 = 3.5 /-30" 

Reflection loss = 1.4 db. 

(2) Find reflection loss for the im

pedances 400/35° and 680/45° 

680/45° 
A/0 = = 1.7 /80° 

400/35° 

Reflection loss = - 1.8 db. 
(a gain) 
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of a wave without introducing appreciable distortion ," may be neces
sary at the receiving end of the line to reduce the signal volume to 
the desired amount. An attenuator, defined 1 as an "adjustable trans
ducer for reducing the amplitude of a wave without introducing appre
ciable distortion," is used in 
radio speech-input equipment 
to vary the volume of the pro
gram signal. 

Pads are made of fixed re
sistors and will function over 

X 

3 

a wide frequency range, deter- 20-----11.t\f\.,..---+--JslA/',.,---o4-_. 

mined by the high-frequency 
characteristics of the resistors. 
Pads are commonly made in 
the form shown in Fig. 22, 
particularly if they arc to be 
used with balanced circuits. 

y 

Fm. 22. Circuit for studying the design of 
a balanced pad. For a pad, the iterative 
impedance ZK is resistance, often designated 

RK. 

In the design of pads, the facts known are usually the impedances of 
the devices with which the pad is to be associated and the loss in 
decibels that the pad is to have. 

In accordance with the theory on page 156, the iterative impedance 
of the pad of Fig. 22 is 

RK = .JR1R2 +Rt, (55) 

the letter RK being used because the iterative impedance will be re
sistance. 

The power loss in decibels introduced by the pad can be found from 
power, voltage, or current ratios. If a voltage E 12 is impressed at the 
sending end, the input current will be 112 = E 12/ RK, because the pad is 
symmetrical and is terminated in RK. The voltage across the junctions 
x-y will be 

1 ½E12R1 ( ½R1) E,,11 = E12 - 2R1l12 = E12 - RK = E12 1 - RK • (56) 

The current through RK will be E ,,y/ (½R 1 + RK), and this current 
multiplied by RK will give the output voltage E 34 across RK. Thus, 

E
34 

= E120 1- ½Ri/Rx)RK = E12(Rx ~ ½R1), 
2R1 + RK Rx+ 2R1 

and (56a) 

E12 RK + ½R1 
E34 Rx - ½R1 
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As an illustration of the use of this equation, suppose that a pad 
such as Fig. 22 is to introduce a loss of 10 decibels and must have 
an iterative impedance of 600 ohms. The voltage ratio E 1 dE:H = 
IQ0.05XIO = 3.162, and, from equation 56a, the value of R 1 will be 
622.5 ohms. With RK and R 1 both known, from equation 55 R2 = 422 
ohms. Thus the pad of Fig. 22 should be composed of four 156-ohm 
resistors, and one 422-ohm resistor. Sometimes unsymmetrical taper 

(a) T section 

pads 6 having different image impedances 
are used between circuits of different itera
tive impedances. 

Attenuators are made of variable resis
tors, usually arranged so that they are 
varied by a common knob. An attenua
tor of the configuration shown in Fig. 22 
is a symmetrical, balanced device. The 
various resistances that an attenuator must 
have can be calculated as just explained for 
each different attenuator setting in decibels. 
Or calculations can be made at several set
tings, and curves can be plotted from which 
the values at other settings can be obtained. 

( b) L section An unbalanced pad commonly used is 
Frn. 23. Unbalanced atten- shown in Fig. 23a. This pad also can be 

uators commonly used. designed as just explained. The L-section 
attenuator of Fig. 23 ( b) is widely used in 

unbalanced circuits where the input and the output impedances offered 
by the attenuator need not remain fixed. This is an unsymmetrical 
device, but it is satisfactory for many purposes. Equations for the 
design of this attenuator can be derived in the same way as for the 
symmetrical pad. 

Propagation Constant of a Transducer. As an electromagnetic 
wave, such as an audio-frequency signal wave, travels along a net
work such as Fig. 6, two important phenomena occur. First, the mag
nitudes of the voltage and current at the input terminals will not be 
the same as the magnitudes of the voltage and current at the output 
terminals. For a network such as Fig. 6 the output voltages and 
currents will be less than the input voltages and currents, and attenua
tion, defined 1 as "a decrease in amplitude," will have occurred. 
Second, because time is required for a signal wave to travel through a 
network, the output voltage will not be in phase with the input voltage, 
and the output current will not be in phase with the input current. 
Thus, a time delay and a phase shift will occur. 
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The magnitudes of the attenuation and phase shift that occur are 
determined by the propagation constant of a transducer, defined 1 as 
"the natural logarithm of the ratio of the current entering the trans
ducer to the current leaving the transducer, when the transducer is 
terminated in its iterative impedances." This definition applies to 
symmetrical networks; corresponding definitions for unsymmetrical 
networks will be found in reference 1. The propagation constant is 
usually represented by y and is a complex number. By definition,1 
the real part of the propagation constant is the attenuation constant 
(usually represented by ex), and the imaginary part is the phase 
constant (usually represented by /3). 

½Z1 ½Z1 

-- ---- 3 
11 12 

Z2 !11-12 ZxT 

2 4 

Frn. 24. Circuit for determining the propagation constant of a transducer. 

If the current entering the network of Fig. 24 is 11 and if the 
current leaving the network is 12 , the current through the shunt ele
ment will be 11 - 12 . It can be written that 

and that 

when the value of ZKT from equation 45 1s substituted. From the 
definition for propagation constant, 

✓-Z1 . 1 Z1 = cosh-1 (1 + -) = 2 smh-1 
- - • 

2Z2 2 Z2 
(58) 
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The mathematical proof of these relations is given in detail in reference 5, on 
page 123, and in appendix C, from which the following has been taken : 

Assume that U = 1 + (Zi/2Z2). Then, equation 58 may be written 

-y = log, (U + VU 2 - 1) = cosh- 1 U. (59) 

From fundamental mathematical relations, 

sinh x = ½ (,x - ,-x), and cosh x = ½ (,x + ,-"'). 
Then, from equation 59, 

U = cosh -y = ½ (,-, + ,--,). (60) 

u2 _ 1 = ¼ (,.., + ,--,)2 _ 1 = ¼ (,2-, _ 2 + ,-2-,J = ¼ (,.., _ ,--,)2 

U + V U 2 - 1 = ½ (,-, + ,--,) + ½ (,-, - ,--,) = ,-r. 
Hence, 

log, (U + VU 2 - 1) =log,,-, = -y = cosh- 1 U, 

and when the value U = 1 + (Z1/2Z2) is substituted, the first hyperbolic term of 
equation 58 is proved. 

The proof that -y = cosh-1 U = 2 sinh- 1 His as follows: 

From equation 60, 

Then, 

U = cosh -y = ½ (,-, + ,--,), U -1 
or -- = ¼ (iY - 2 + ,--,). 

2 

1 1 . -y . ✓U - I -- = 2 (,-, 12 - , 4 ' 2) = smh - and -y = 2 smh- 1 -- • 
2 2 

When the value of U is substituted, the last part of equation 58 is proved. 

Electric Wave Filters. A filter is defined 1 as "a selective network 
which transmits freely electric waves having frequenci es within one 
or more frequency bands and which attenuates substantially electric 
waves having other frequencies." Electric wave filters were invented 
by Campbell, a contribution of great importance. 

Many types of filters are used in practice, 4 · 5 • 7 but it is feasible to 
consider only the simplest structures. These will be composed of 
inductors and capacitors only, so that they may transmit freely over 
certain bands of frequencies. The assumption is made that the in
ductors and capacitors are lossless, and that no energy can be dissipated 
within the filter. The treatment will be confined largely to ladder
type structures, such as the equivalent T and 7T' sections of Fig. 6. 

Of great importance in filter design is the width of the transmitted 
band of frequencies. There are several ways of determining this, two 
of which will now be given. 
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Transmitted Bands from Propagation Constant. As shown by 
equation 58, the propagation constant for a T section such as Fig. 24 is 

'Y = 2 sinh-1 ½VZi/Z2 . Since the elements of a filter are assumed to 
be without resistance and to cause no energy losses, Z 1 and Z2 must 
be pure reactances. Accordingly, the ratio Z1 /Z2 must have an angle 
that is either O or 180°; that is, the ratio must be a real positive 
quantity, or a real negative quantity, but cannot be complex. For 
instance, if Z 1 and Z2 are both inductors with negligible resistance, 
the ratio Zi/Z2 will have a zero angle; if Z1 is inductive and Z2 

capacitive, then Zi/Z2 will have an angle of 180°. The effects of 
these different ratios of Zi/Z2 on the propagation constant will be 
considered now. 5 

Case I. When Zi/Z2 is positive. The propagation constant y is 
composed of a real and an imaginary term; that is, y = a + j/3. 
When Zi/Z2 of equation 58 gives a zero angle, y is a real number 
since the j/3 part becomes zero. There will accordingly be undesired 
attenuation in the filter for all positive values of Z1 /Z2 . 

Case II. When Zif Z2 is negative and less than -4- If the ratio 
Zi/Z2 has an angle of 180° it is negative in sign; and, therefore, 
½vZi/Z2 of equation 58 has an angle of 90° and both ½vZi/Z2 

and y are pure imaginaries. Equation 58 can be written 

. 'Y . (o: if3) 1 /z1 
smh 2 = smh 2 + 2 = 2 '\) z 2 • (61) 

From hyperbolic trigonometry, sinh (x + jy) = sinh x cos y + j 
cosh x sin y. Thus, 

sinh (~ + j ~) = sinh ~cos~+ j cosh ~sin~ = ! /Zi · (62) 
2 2 2 2 2 2 2 '\) Z2 

Since it was previously shown that ½vZi/Z2 and y are pure imagi
naries for the case being considered, then the real part of equation 
62, that is, sinh a/2 cos {3/2, must be zero. For this to be true, either 
sinh a/2 or cos {3/2 must equal zero. If sinh a/2 = 0, then 
cosh a/2 = 1, because of the numerical relations between these two 
hyperbolic functions. When these relations exist, equation 62 becomes 

. . 1~1 . (3 1[11 . _1 lj11 J sm (3/2 = - - , sm - = - - - , and (3 = 2 sm - - - ; (63) 
2 Z 2 2 2 Z2 2 Z2 

therefore, 

(64) 
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If Zi/Z2 is greater than -4, then ½v - Zi/ Z2 would exceed 1, and 
equation 63 cannot hold because the sine of an angle cannot exceed 
unity. Thus, from equation 64 a filter will transmit without attenu
ation when Zi/Z2 is negative and less than -4 in magnitude. 

Case III. When Zi/Z2 is more negative than -4. For values of 
Zi/Z2 more negative than -4, the real part sinh a/2 cos {3/2 of equa
tion 62 can be made zero by cos {3/2 = 0. At the values cos {3/2 = 0, 
sin {3/2 = + 1. Thus the angle {3/2 must be some odd multiple of 
90° to give these zero and unity values. Expressed in terms of radians 
(90° = 1r/2 radians), 

/3 7r 

2 = (2K - 1) 2, and /3 = (2K - l)1r, (65) 

where K is any whole number. This relation must hold to give 
cos {3/2 = 0 values. 

When cos {3/2 0 and sin {3/2 = ± 1 are placed m equation 62, 
this becomes 

cosh~ = ~H· (66) 

From this relation 

a _ 1 1 r-z; 
2 = cosh 2 ~ - z; , ✓-1 1 Z1 

and a = 2 cosh- - - - · 
2 Z2 

(67) 

Then, from equations 65 and 67, the propagation constant becomes 

1✓~ 'Y = 2 cosh-1 
- - - + j (2K - 1) 1r. 
2 Z2 

(68) 

This relation shows that, for negative values of Zi/Z2 greater than -4, 
the filter will offer attenuation. 

From the foregoing, it appears that a non-dissipative recurrent struc
ture of the type shown in Fig. 4 having series impedances Z 1 and shunt 
impedances Z2 will pass readily only those signals of frequencies such 
that the ratio Zi/Z2 will lie between zero and -4. The values of Z1 

and Z2 depend on the frequency because in filters Z1 and Z2 are in
ductors and capacitors. 

Transmitted Band from Iterative Impedances. The frequencies 
transmitted by a filter can be determined from the iterative impedances 
of the filter sections by the following method. Assume that a resistance 
load is connected to a source through a filter composed of inductors and 
capacitors having negligible losses. Then, the filter itself cannot absorb 
power. 
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Now suppose that a frequency 
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is chosen such that the iterative 
impedance of the filter is purely 
resistive. At this frequency, the 
source will send power to the 
filter, and, since the filter can
not absorb power, it must reach E 
the load. 5 

500 
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Next assume that at a dif-
ferent frequency the iterative 
impedance of the filter is purely 
reactive. This prevents the 
source from sending any power 
into the connected circuit, and 
thus no power reaches the load 
at this frequency. From these 
facts it may be concluded that 
a filter will transmit without 
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FIG. 25. Approximate resistance and 
reactance components of the iterative im

pedance of a typical low-pass filter. 

attenuation those frequencies for which the iterative impedance ZK 

is resistive (Fig. 25). 
The iterative impedance given by equation 45 is 

zKT = vz1z2 + Z12/4 = vz1 (Z2 + Zi/4). 

For unattenuated transmission this must be a positive real number to 
be resistive. This equation consists of two parts: Xa = Z1 and Xb = 
(Z2 + Zi/4). Thus, ZKT = VXaXb. Pure reactances only are being 
considered; and for ZKT to be positive, if Xa represents inductive 
reactance and is + jX a, then X b must be capacitive reactance or -jX b, 

and vice versa, u·ithin the band of frequencies transmitted. For these 
relations ZKT = \ 1 ( +JXa) ( -jXb), and ZKT will be positive. To 
satisfy these conditions, Z2 must be, first, the opposite type of reactance 
to Z1 , and second, greater in numerical value than Zi/4. Or, in other 
words, the ratio Zi/4Z2 from equation 45 must lie between O and -1 
for the frequencies to be transmitted, as shown in Fig. 26. 

"Constant-k" Filters. Constant-k filters are sometimes used by 
themselves, and sometimes as a basis for the design of the other types. 
In the constant-k filter, Z1 and Z2 are inverse elements; that is, if Z1 

of Fig. 24 consists of inductance, then Z2 must consist of capacitance. 
That is, 

where k is a constant independent of frequency. Because of the fact 
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that the other filters are derived from it, the constant-k filter is known 
as a "prototype." 

Transmission 

-1 0 + 

FIG. 26. Relations of Z1 and Z2 for unattenuated transmission. 

Low-Pass Filter. A properly terminated low-pass filter with no 
power losses in the elements will pass, without attenuation, signals of 
all frequencies from zero up to a critical cutoff frequency, and will 

attenuate signals above this fre-
Z1 queney. Three sections of a low

pass filter are shown in Fig. 27. 
These will pass signals of such 
frequencies that Zi/Z2 lies between 
0 and -4. 

In Fig. 27 the series impedances 
are Z 1 = jwL 1 , and the shunt im
pedances are Z2 1/ (jwC 2 ). 

Then, Zi/Z2 = (jwL1) (jwC2) = 

FIG. 27. Three cor:.stant-k low-pass -w
2L1 C2, "Then Z1/Z2 = 0, the 

filter sections. lower cutoff frequency is found; 
thus, since w = 211-f, Zi/Z2 = 

-wc2L1 C2 
-wc2L1 C2 
quency 1s 

- (21rf/) 2£ 1 C2 0, and fc' = 0. When Zi/Z2 = 
- (21rfc'') 2£ 1 C2 = -4, then the upper cutoff fre-

Jc''= __ 1 __ 
1rvE;G; 

(70) 

The low-pass filter will accordingly pass currents of all frequencies 
from direct current (f = 0) up to the value given by equation 70. 

The variations of the iterative impedances of T and 1r low-pass filter 
sections will now be investigated. From equation 45, 

(71) 
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when -wc2L1 C2 = -4 and we'' = 21rfc'' are substituted. This equa
tion gives the iterative impedance of the low-pass T section of Fig. 27 
at any given frequency ratio f lfc''. By a similar process it can be 
shown that, for the 1r section, equation 46 becomes 

(72) 

The equations for these two impedance curves are shown plotted in 
Fig. 28. They show that, for f = 0, 

ZK = VLi/C2, (73) 

for both the T and the 1r sections. They further show that the impe
dance values then diverge and that at the value f = fc'' (that is, at the 
cutoff frequency) ZKT = 0 and Z K1r = oo. It is common practice to 
design a low-pass filter so that the iterative impedance ZK computed at 
f = 0 and given by equation 73 equals the impedance of the line in 
which it is to operate. 

It is now possible to derive the design equations for low-pass 
filters. The upper cutoff frequency was found from the relation 
-wc2L 1C2 = -4. If 21rfc'' is substituted for we, this relation can 

be arranged Li/C2 = (21rfc''Li) 2/4. But ZK = -vr;rc;, and thus 

Therefore, 

ZK = 1rfc''L1 and L1 = ZK/(1rfc'') henrys. (74) 

1 
and C2 = f ,, farads. (75) 

'Ir C ZK 

Using these two equations, simple low-pass constant-k filters can be 
designed as will be illustrated. 

Suppose that it is desired to construct a low-pass filter having an 
iterative impedance of 600 ohms and a cutoff frequency of 1000 cycles. 
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From equation 74, L 1 = 600/ (3.1416 X 1000) = 0.191 henry, and 
from equation 75, C2 = 1/ (3.1416 X 1000 X 600) = 0.000000530 
farad or 0.53 microfarad. That is, the series element Z 1 of Fig. 27 must 
be 0.191 henry inductance and the shunt element Z 2 of Fig. 27 must be 
0.53 microfarad capacitance. 
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Fm. 28. Theoretical curves are shown by broken lines for lossless low-pass constant-k 
filters. These are plots of equations 71 and 72 for 600-ohm filters having the 
values calculated on this page. The solid curves are the resistance and reactance 
components as measured on an actual 1r section having the values calculated on 
this page. The measurements were made with an impedance bridge, and the 

impedance found from the relation ZK = VZ::Z:. 

The filter section can be connected either as a T or as a 7T' section. 
If connected as a T section, two inductors each having an inductance of 
0.191/2 or 0.0955 henry, and one capacitor haYing a capacitance of 0.53 
microfarad, will be required. If connected as a 7T' section, one 0.191-
henry inductor and two 0.53/2 = 0.265-microfarad capacitors will be 
needed. These relations will be evident from Figs. 4, 5, and 6. It 
should also be noted that 

~ I 0.191 
z K = Li/ 2 = '\J 0.00000053 

600 ohms (approximately). 
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Of particular in terest in filter studies are the iterative impedance 
that has been considered, and the attenuation and phase shift that will 
now be treated. If the fil ter elements are pure reactances, the attenua
tion will be zero for frequencies within the band passed and will be as 
given by equation 67 for freq uencies beyond the band passed. F or the 
low-pass fi lter of Fig. 27, 

a= 2 cosh-
1 ~..J- !: = 2 cosh-

1 ~ ✓/ -[ ~:~] = 

21rfC2 

2 cosh-1½v (21rf)2L1 C2 = 2 cosh-1 
~,, 

le 
(76) 

when the value given by equation 74 
is substituted fo r L 1 , and t he value 
given by equation 75 is subst i
tuted for C 2 • Thus, at 2000 cycles 
the attenuation of the low-pass filter 
under consideration will be a = 
2 cosh- 1 (2000/ 1000) = 2 cos1i~ 1 2, 
and a = 2 X 1.31 = 2.62 nepers, 
the value 1.31 being determined 
from a table of hyperbolic functions. 
The corresponding loss in decibels is 
db = 2.62 X 8.686 = 22.8 decibels. 
The dotted curve of Fig. 29 was com
puted in this way. The solid curve 
of Fig. 29 was measured on an actual 
fi lter section, the clements of which 
had some loss. For methods of cal
culating the attenuation in which 
the losses of the filt er elements are 
considered, re feren ce 4 should be 
consulted. 

If the elements of a low-pass filt er 
are pure reactances, there will be a 
varying phase shift over the band 
passed, and a constant phase shi ft 
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FIG. 29. Attenuation curves as ca l-
culated using equa tion 76 and as 
measured. These curves are for 
one ,,. section of the constant-k low
pass filter calcula ted on page 170. 
Small va riations in the measured 
values below cutoff have been neg-

lected. 

of 180° beyond the band passed. From equation 63, and for the low
pass filter, 

,1l/Z1 2 -1f 
fl = 2 Sill- 2'\J- Z2 = Sill- Jc''' (77 ) 
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when the substitutions as in equation 76 are made. Thus, for the 
low-pass filter under consideration, and at 500 cycles, f3 = 2 sin- 1 

(500/1000) = 2 sin- 1 0.5 = 60°. The dotted curve of Fig. 30 was 
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FIG. 30. Phase-shift curves for one .,,. section of a constant-k low-pass filter as cal
culated by equation 77, and as measured with a cathode-ray oscilloscope. The in
put voltage was impressed on one set of deflecting plates, the output was impressed 
on the other set, and the phase angle was determined from the resulting figure. 

(Page 310.) 

computed m this manner, and the solid curve was measured on an 

+ 
Cl> u 
C: 

.!! u 
"' Cl> 

0:: 

actual filter section, the elements of which 
had some loss. The phase measurements 
were made with a cathode-ray oscilloscope 
(page 309). 

The transmission and attenuation bands 
of low-pass filters can be determined from 
simple reactance sketches as in Fig. 31. 
Thus, if curves for Z1 (equals 211-L1) and 

Fw.31. Reactancecurvesfor - 4Z2 (where Z2 = l/(211fC2)) are plot-
a low-pass filter. ted as indicated, the transmission band T 

will occur where Z1 lies between the fre
quency axis and the curve -4Z2 , and the band A where Z1 lies with
out curve -4Z2 will be attenuated. 

High-Pass Filters. Such a network freely passes all signals above 
a certain critical or cutoff frequency and greatly attenuates signals 
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below this frequency. Three T sections of a constant-k high-pass filter 
are shown in Fig. 32. 

In the high-pass filter Z1 = 1/ (jwC i), since the condensers 2C 1 

are in series, Z2 = jwL2 , and the ratio of these two impedances is 
Zi/Z2 = -1/(w2L 2 Ci). Fromthegeneralfiltertheory,thefrequency 

Z1 

1 2C1 '2c I 2c' 2C1 2C1 2C1 I 

~ i1 ~ ) 1 I ) H I 

L2]Z2 
I I 

I I 
I I L2 L2 I 
I I I 

~OneT ___,J 
I section 1 

FIG. 32. Three high-pass filter sections. 

band passed will lie between Zi/Z2 = 0 and Zi/Z2 = -4. When 
the first value is substituted, Zi/Z2 = -l/(w2 C1 L 2 ) = 0, and 
f c'' will be infinite. When the second substitution is made, then 
-l/(w2L2 Ci) = -4, and 

j I _ 1 • 
C - 411"~ (78) 

Thus, the high-pass filter of Fig. 32 will freely pass all frequencies 
between f c' and infinity and will greatly attenuate all frequencies 
below fc'. 

The iterative impedance equations for the T section of Fig. 32 are 
found in the same general manner as for the low-pass filter. From 
equation 45, 

(79) 

In a similar manner the iterative impedance for a 1r section is found 
from equation 46 to be 

(80) 
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As equations 79 and 80 indicate, Z K varies with frequency in both the 
T and the 1r sections (see also Fig. 33). For both types of sections, 

ZK = VL2/C1 at f = co. For the T section, ZKT = 0 at the cutoff 
frequency; and for the 1r section, ZK.- = co at the cutoff frequency. 
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FIG. 33. Theoretical curves are shown by broken lines for lossless high-pass constant
k filters. These are plots of equations 79 and 80 for 600-ohm filters having the values 
calculated on page 175. The solid curves are the resistance and reactance com
ponents as measured on an actual T section having the values calculated on page 175. 

(See explanation accompanying Fig. 28 for method of making measurements.) 

The iterative impedance used for high-pass filter design is at f = 
hence, for both the T and the 1r sections, 

ZK = vT;Jc;. 

co . 
' 

(81) 

The design formulas are now easily found. Since ZK = VL2/C1, 

1/(w2L2 C1 ) = 4, and L2 /C1 = 4w/Lz2, then ZK2 = 4w/L22, and there
fore 

(82) 
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The value of C1 can now be readily found as follows 

ZK 

/L2 2 L2 41rfc' ZK 1 
ZK = '\J C1 'and ZK = C1 = "'"'c;"" = 41rf/C1 'and C1 = 41rfc'Zx. 

175 

(83) 

To consider a typical case, suppose that it is desired to design a high
pass filter to operate between circuits of 600 ohms impedance, and to 
cut off at 1000 cycles. Then, L2 = 600/ (4 X 3.1416 X 1000) = 
0.0477 henry, and C1 = 1/ (4 X 3.1416 X 1000 X 600) = 0.000000132 
farad or 0.132 microfarad. If Zx were desired, and L2 and C1 had been 

given, then ZK = VL2/C1 = V0.0477/ 0.000000132 = 600 ohms, ap
proximately. As shown in Fig. 32, two capacitors of 201 and an in
ductor L 2 would be used for a T section. For a 1r section, two in
ductors of 2£2 and one capacitor of C1 would be used. 

The attenuation of a constant-k high-pass filter can be calculated from 
equation 67. Thus, 

1g1 1 
a = 2 cosh-1 - - - == 2 cosh-1 -

2 Z 2 2 

1 / 1 f I 

== 2 cosh-1 2'\J (21rf)2L2C1 = 2 cosh-1 f ' (84) 

when the value given by equation 82 is substituted for L2 , and the 
value given by equation 83 is substituted for C1. At 500 cycles, for 
the high-pass filter under consideration, a = 2 cosh-1 (1000/500) = 
2 cosh-1 2, and a = 2 X 1.31 = 2.62 nepers, or 2.62 X 8.686 = 22.8 
decibels. The dotted curve of Fig. 34 shows calculated values of at
tenuation for the filter under consideration (assumed to be composed of 
lossless elements), and the solid curve shows the attenuation measured 
on an actual filter, designed as explained in the preceding paragraph. 

The phase shift of a constant-k high-pass filter can be found from 
equation 63 

. 1 1 /Zi 2 . 1 Jc' 
f3 = 2 sm- 2 '\J - h == sm- f, (85) 

when the same substitutions as in equation 84 are made. For the 
filter under consideration, and at a frequency of 2000 cycles, f3 = 

2 sin- 1 (1000/ 2000) = 2 sin- 1 0.5 = 60°. The dotted curve of Fig. 35 
shows calculated values, and the solid curve shows values measured 
with a cathode-ray oscilloscope. 
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As for the low-pass filter, an analysis of the characteristics of a 
high-pass filter can be made from simple rcactance sketches as in 
Fig. 36. In this figure Z1 = 1/ (21r/C i) and Z2 = 21r/ L2 , giving the 
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curves positions different 
from Fig. 31. Transmission 
will occur for such frequen
cies that Z1 lies between 
-4Z2 and the frequency axis 
as indicated. 

Band-Pass Filter. This 
filter is designed to pass a 
given band of frequencies, 
and to attenuate all other 
frequencies. A band-pass 0 
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Frequency, cycles 

2000 filter of the constant-k type 
is shown in Fig. 37. The 
arm Z 1 is resonant for some 
frequency f c, and Z2 is anti
resonant {page 65) at this 
same value. At the reso
nant frequency f,, Z1 offers 

FIG. 34. Attenuation curves as calculated, 
using equation 84, and as measured. These 
curves are for one T section of the constant-k 
high-pass filter calculated on page 175. Small 
variations in the measured values above cutoff 

have been neglected. 
zero impedance and Z2 offers 

an infinite impedance. Although more generalized structures are 
possible, 4 • 5 only the simple "confluent" band-pass filter passing 
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FIG. 35. Phase-shift curves for one T section 
of a constant-k high-pass filter as calculated by 
equation 85 and as measured as explained for 

Fig. 30. Constants calculated on page 175. 

only one band will be con
sidered. In this structure, 
L1 C1 = L2 C2 • 

FIG. 36. Reactance curves for 
a high-pass filter. 
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F h fil f F . 37 z . ( L 1 ) . (w
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Fm. 37. A band-pass filter of the constan~k type. 

I 
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I 
I 
I 
I 
I 
I 

(86) 

A network of this general type will pass frequencies between Zif Z2 = 
-4 and Zi/Z2 = 0. Accordingly, equation 86 becomes 

(w/L 1C1 - 1)2 ✓ 1 1 1 
2 2 = 4, and We = L C + L C ± . rr-7v • 

We L1 C 1 1 1 1 2 V L1 C 2 
(87) 

C2 

As equation 87 indicates, an upper and a lower cutoff frequency are 
obtained; that is, 

and (88) 

These cutoff points were found by Zi/Z2 = -4. When the ratio 
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is equated to zero, 

Then, (89) 

since L 1 C1 = L 2 C2 . This is not a true cutoff frequency,4 but lies at 
the middle of the band passed. It is the frequency for which the series 
arm is resonant and the shunt arm antiresonant as previously con
sidered. In a generalized filter there are two bands passed; but with 
L1 C 1 = £ 2 C 2 these two bands "flow together" and the filter is of the 
simple confluent type. If the two expressions of equation 88 are sub
tracted, 

Uc'' _ Jc') = 1 1 
7r~= ~' 

7r'\j L1- ~ 

I ZK 
L1 = (c; = 1r(fc'' _Jc'), 

1r'\j~ Uc'' - Jc') 

(90) 

where ZK = VL2 /C1 = VLi/C2 and is the iterative impedance taken 
at the resonant frequency . By making similar substitutions, 

(Jc'' - Jc') Uc'' - Jc')ZK 1 
C1 = 41rJc'Jc''ZK, L2 = 41rJc'Jc'' , and C2 = 1r(fc'' _ Jc')ZK · (91) 

As an illustration of the design of a simple confluent constant-k 
band-pass filter, assume that it is desired to construct a filter such that 
Z K = 600 ohms, Jc' = 900 cycles, and Jc' 1 = 1100 cycles. Then, 

600 
Li = 3.1416 (1100 - 900) = 0·955 henry, 

(1100 - 900) 600 
L = --------- = 0.00965 henry· 2 4 X 3.1416 X 900 X 1100 ' 

c = (IOOO - 9oo) = 0.0000000268 farad 
1 4 X 3.1416 X 900 X 1100 X 600 ' 

1 
C2 = 

3
_1416 (ll00 _ 

900
) 600 = 0.00000265 farad. 
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The values here computed are for the entire series and parallel arms of 
Fig. 37. If a T section is desired, it should be constructed as indicated 
in Fig. 38. Also, the values for a 71" section may be readily determined. 

0.0536 477 477 0.0536 

o-------1 J---o 

FIG. 38. A T section of a band-pass filter. Capacitance in microfarads. 
Inductance in millihenrys. 

The attenuation curve for a band-pass filter of this type would be ap
proximately as shown in Fig. 39. 

The pass bands can also be computed by reactance sketches4 • 5 as 
in Fig. 40. This sketch is not for the simple confluent type just con
sidered. It will therefore be noted 
that -4Z2 values determined by the 
parallel or antiresonant circuit do not 
pass through infinity at the same 
point that the Z 1 curve determined 
by the series elements passes through 
zero. The two transmission bands T 
and T' are accordingly not confluent 
and, as the diagram indicates, exist 
separately. This figure represents a 
double band-pass filter. 

The Band-Elimination Filter. A 
filter of this type is designed to pass 
freely currents of all frequencies ex
cept those within a definite band. 
Three sections of a constant-k band-
elimination filter are shown in Fig. 41. 

60 

" \ 
\ ,,,,,. 
\ V 

' I 

\ j ,.,, 
O O 2 4 6 8 10 12 14 16 18 20 22 24 

Frequency - Hundreds of Cycles 

FIG. 39. Attenuation curve for 
three constant-k band-pass filter 
sections such as Fig. 38. Termi-

nated in 600 ohms resistance. 

By comparison with the band-pass filter, 

and 
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since, for the constant-k filter, L1C1 = L2C2 . A filter of this type will 
pass all frequencies such that Zi/Z2 will lie between O and -4. Thus, 

w/ L1 C 2 h 1 . f h" h . 
( 

2 C )2 = -4, t e so utwn o w 1c 1s 
1 - We L1 1 

+ 

ca, 
u 
C 

tl'""""'""=,i,,.,.,~~~~===L--
"' ca, 

Q:: 

(92) 

FIG. 40. Reactance curves for a non-confluent double band-pass filter, passing the 
two bands T and T 1

• This figure is not for the filter of Figs. 38 and 39. 

T 

Fm. 41. A band-elimination filter of the constant-k type. 

Two cutoff frequencies are obtained, 

" 1 (✓ 1 16 1 ) 1 f -- -+-+--
c - 81r L2C1 L1C1 v'L;iJ;_ 

Jc'= 2-( 1_1 +~ __ 1_)· I 
81r '\J L2C1 L1C1 VL2C1 J 

and (93) 

To find the upper and lower frequency limits, the impedance ratio 
is equated to zero. Thus, Zi/Z2 = -w/C2Li/(1 - wc2L1Ci) = 0, and 
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from this, two values We = 0 and we = oo are obtained. From these two 
relations and from the preceding paragraph it follows that the band
elimination filter will pass all frequencies from zero to Jc' cycles per 
second, will attenuate all frequencies from Jc' to Jc'', and will pass all 
currents having frequencies between Jc'' and infinity. This filter then 
eliminates the band Jc' to Jc'' . 

The method of finding the design equations is similar to that used 
for the band-pass filter. If the two expressions of equation 93 are 

d . . d II ' 1 subtracte , 1t will be foun that Uc - f c ) = . ~ Since, for 
41rv L2C1 

the constant-k filter, L1C1 = L2C2 and ZK = VL2/C1 = VLi/C2, 

this equation can be solved for Ci, and 

1 
C1 = ( · 11 f ')Z farads. (94) 41r Jc - c K 

Infinite and zero values occur at f., = 
1 

21r L1C1 

1 
Using 

these relations and the equations just obtained, it can easily be shown 
that 

and 

L2 = 41r(Jc'' _ Jc') henrys, 

(fc'' - Jc') 
C 2 = f '! 11 farads. 

7r C C ZK 

Uc'' - Jc')Z K ) 'f , , henrys, 1rJc C 

(95) 

j 
Calculations for the various inductors and capacitors for a simple 

band-elimination filter are made from equations 94 and 95. 
Composite Filters. The constant-k filters discussed in the preced

ing pages are satisfactory for some purposes, but the rigid requirements 
of modern communication have made necessary filters with better 
characteristics. 

From Figs. 29 and 34, it is seen that the attenuation offered by 
constant-k filters increases gradually beyond the cutoff frequency. 
Filters are needed that offer very high attenuation close to the cutoff 
point. Thus, the attenuation characteristic of the constant-k filter is 
one factor limiting its use. 

As shown by Figs. 25, 28, and 33, the iterative impedance of con
stant-k filters varies widely with frequency. It follows that a 
constant-k filter would offer a poor termination to transmission lines 
and telephone equipment. Thus, the impedance characteristic is 
another factor limiting its use. 
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L, !:.J._ mL 1 mL 1 
2 2 -2- -2-

T"'"_f-1lt-er_s ______ _ 
Prototype m - Derived type 

2~ 

-)I 

High- pass filters 

Prototype m - Derived type 

FIG. 42. Mid-series constant-k, or prototype, filter sections, and corresponding 
m-derived sections. 

For these reasons, composite filters, rather than constant-k filters, 

1.0 J.l 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 
I I t' 
~ Cut-off 1.,for Low Pass -f for High Pass 

Frequency c 
f; Frequenci~s alt~,r Cut-off, 

fc or fc 

FIG. 43. Variations of attenuation with 
frequency ratios for m-derived and 

constant-k sections (m = 1.0). 

are often used. These composite 
filters usually consist of con
stant-k sections terminated with 
m-derived half sections. Com
posite filters can be made to have 
very high attenuation close to the 
cutoff point, and to offer a uni
form iterative impedance over the 
band of frequencies transmitted. 

m-Derived Sections. Struc
tures known as m-derived sec
tions have good impedance 
characteristics and sharp cutoff 
frequencies. In Fig. 42 are shown 
T, or mid-series, sections, and as 

explained in the preceding section m-derived and constant-k sections 
are used together to make composite filters. 

These m-derived sections have attenuation characteristics shown in 
Fig. 43. It will be noted that both m and a are shown on these 
curves, the relation between these two quantities being as follows 

m = Vl - l/a2
, and a = 1/Vl - m2

, (96) 
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where 

a= ff;, (L.P. filter), and Jc' (H.P. filter). 
C f"' 

(97) 

In this relation f"' is the frequency at ,vhich the attenuation of the 
m-derived section reaches a theoretical value of infinity (Fig. 43), and 
f c is the cutoff frequency of the constant-k prototype, that is, the 
constant-k section to which the m-derived section is related by the 
factor m. Referring to Fig. 42, if m = l.O, the derived sections become 
the constant-k prototype. 

Impedance Relations in m-Derived Sections. The iterative im
pedance of a low-pass constant-k T section is given by equation 71, 
and is 

where ZK is the iterative impedance at zero frequency as given by 
equation 73. For the m-derived section of Fig. 42, equation 98 also 
applies. (See page 193 of reference 5.) The significance of this is 
that m and a do not appear in equation 98, and hence the midseries 
iterative impedance of an m-derived low-pass filter having any value of 
m or a is the same as the mid-series iterative impedance of the con
stant-k prototype. Thus, a low-pass m-derived T section can be 
connected to its constant-k prototype T section without an impedance 
mismatch occurring at the junction for any frequency. 

As has been mentioned before, constant-k sections have poor itera
tive impedance characteristics, and m-derived sections are used to 
remedy this. But, the preceding paragraph brings out the point that 
the midseries iterative impedances for the prototype and the derived 
sections are the same. Thus, it becomes necessary to investigate the 
m1:dshunt iterative impedance characteristics of 1r sections. The mid
shunt iterative impedance of a low-pass m-derived 1r section is (see 
page 209 of reference 5) 

(99) 

It is important to note that a, the ratio f"' If c, enters this equation 
and to recall that a and m are related as shown in equation 96. 
Thus, the midshunt iterative impedance of an m-derived low-pass 1r 
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filter section varies with the value of a or m, as shown in Fig. 44. 
From this figure it is seen that if m = 0.6 the midshunt iterative im
pedance ( that is, the iterative impedance of an m-derived rr section) is 
substantially constant from zero frequency to cutoff frequency. 

It also can be proved that the cutoff frequencies of m-derived sec
tions and their prototypes are identical. (See page 193 of reference 5.) 

It will be noted that Figs. 43 and 44 
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FIG. 44. Variations in the 
iterative impedance Zx.- for vari
ous filter sections wit.h respect to 
the impedance Zx at f = 0 for 
the low-pass filter and f = "' 
for the high-pass filter. Fre
quency ratio f ife'' for low-pass 
filters, and f/ If for high-pass 

filters. 

apply both to low-pass and high-pass 
filters. 

The characteristics of constant-k sec
tions, m-derived sections, and their uses 
in composite filters, will now be sum
marized. (A) Constant-k sections have 
poor iterative-impedance characteristics 
as shown by Figs. 25, 28, and 33. (B) 
Constant-k sections do not have sharp 
cutoff characteristics as shown by Figs. 
29 and 34, but they do have high attenu
ation at frequencies considerably beyond 
cutoff as indicated by these figures. 
( C) The midseries iterative impedance 
of an m-derived T section is the same, 
for any value of m, as the midseries 
iterative impedance of its constant-k 
prototype; hence, m-derived T sections 
of any value of m or a and constant-k 
prototype T sections can be connected 
together without reflection loss at the 
junction. (D) The midshunt iterative 
impedance of an m-derived rr section is 

determined, at any frequency, by the values of m and a; hence, values 
of m and a may be selected such that very good iterative impedance 
characteristics can be obtained. (E) The cutoff frequencies of 
m-derived and constant-k prototype sections are the same; however, 
the m-derived section has theoretically infinite attenuation at a fre
quency determined by a and m. 

Based on these facts, composite filters are constructed as follows: 
Sufficient constant-k T sections are used to give the desired attenuation 
considerably beyond cutoff; three such sections will provide sufficient 
attenuation for most purposes. From these prototypes an m-derived 
T section is designed, and this is then "split" into two m-derived half 
sections, which are used to terminate the constant-k sections so that 
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good impedance characteristics and sharp attenuation characteristics 
are obtained. The m-derived half sections are connected so that they 
offer midshunt terminations (which vary with m and can be made 
nearly independent of frequency) to networks external to the final 
composite filter. However, they offer midseries iterative impedances 
to constant-k T sections inside the filter, and hence internal reflections 
are prevented (Fig. 45). 

3.26 5.67 5.67 5.67 5.67 5.67 5.67 3.26 

~~~~~-0 
~~~~~0183 

3.26 5.67 5.67 5.67 5.67 5.67 5.67 3.26 
{a) Separate units as calculated 

8.93 11.34 

8.93 11.34 11.34 8.93 

13.0 

0.0183 

(b) Filter with units combined for economical construction 

Fra. 45. Illustrating the design of a balanced low-pass composit€ filt€r. Inductances 
in millihenrys. Capacitances in microfarads. 

Design of a Composite Filter. Suppose that a balanced low-pass 
composite filter cutting off at 8400 cycles, and with (theoretically) in
finite attenuation at 10,300 cycles, is desired. This filter is to be used 
with lines and equipment having impedances of 600-ohms resistance. 
Three constant-k sections will provide sufficient attenuation consider
ably beyond the point of cutoff. 

The m corresponding to an a = 10,300/8400 = 1.225 is, from equa
tion 96, m = 0.577. From Fig. 44 it is seen that this m will give good 
impedance match, and hence one m-derived section can be used to ob
tain both the infinite attenuation and the good impedance match. 

From equations 74 and 75 for the constant-k sections, L 1 = 
600/ (3.1416 X 8400) = 22.7 mi1lihenrys; also_. C2 = 1/ (3.1416 X 
8400 X 600) = 0.0632 microfarad. For the m-derived sections (see 
Fig. 42), mL1 /2 = (0.577 X 22.7) /2 = 6.55 millihenrys. The value of 
the shunt capacitor is mC2 = 0.577 X 0.0632 = 0.0365 microfarad. 
Also, (1 - m 2 )Li/4m = [ (1 - 0.5772) X 22.7] / (4 X 0.577) = 6.55 
millihenrys. 

In the preceding paragraph an m-derived T section was designed. 
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Half of this is to be used to terminate each end of the constant-k sec
tions. The complete filter will then consist of the sections of Fig. 
45 (a). The units would, for economy, be combined as shown in 
Fig. 45 ( b). In the final filter it is of interest to find that the 13.1-milli
henry inductors and the 0.0183-microfarad capacitors shunting each 
end of the filter are tuned to a frequency of approximately 10,300 
cycles, the frequency at which infinite attenuation is desired. The 
measured attenuation characteristics are shown in Fig. 46. 
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Fm. 46. Attenuation characteristics of the composite filter of Fig. 45, and estimated 
contribution made by each portion. 

Suppose that a very sharp cutoff had been desired, with an infinite 
attenuation at about 9240 cycles, giving an a = 9240/8400 = 1.1. 
According to Fig. 44, an a of I.I or an m of 0.416 would not give a good 
termination. Therefore, one m-dcrived T section of a = 1.1 would be 
added internally to the composite filter of Fig. 45. Although in the 
previous discussions only a low-pass filter was designed, the procedure 
is the same for a high-pass composite filter. 

Lattice-Type Filters. 5 The filters which have been previously con
sidered were of the ladder type. Campbell developed 8 the lattice-type 
structure shown schematically in Fig. 11. With the lattice structure, 
sharper cutoff characteristics arc obtainable and greater flexibility of 
design is possible. Campbell proved 9 that the lattice structure was 
as effective in filtering as any symmetrical structure of inductors and 
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capacitors can be made. Attention is directed to the fact that the 
configuration of the lattice structure is that of a Wheatstone bridge; 
for this reason such networks sometimes are referred to as bridge 
structures. 

Quartz Crystal Filters. 7 In the preceding discussion of wave filters 
the inductors and capacitors were assumed lossless. Although this 
assumption holds closely for good capacitors, it does not hold for 
inductors. These losses cause the actual filter characteristics to differ 
from the ideal, especially 
with regard to the sharp-
ness of the curves near the 
cutoff frequency. Also, the 
losses increase rapidly with 
frequency, and for this and 
other reasons it is difficult 
to construct filters using 
inductors and capacitors 
for frequencies above about 
50,000 cycles. 

This was one of the im
portant reasons limiting 

w 
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Z fA FREQUENCY oo 
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a: 

the use of carrier telephone 
systems to the band just -oo 

mentioned. Crystal filters, 
together with other impor

Frc. 47. A quartz crystal acts, when associated 
with a suitable electric circuit, as the network 
shown above . The reactance characteristics of tant developments, have 

extended the upper limit to 
millions of cycles . 

The use of quartz crys
tals was suggested 9 by 

this circuit are shown below. The resistance 
component is low at the resonant frequency f R 

and high at the antiresonant frequency f A· 

(Reference 11.) 

Espenschied and has been made practicable by the work 10 of Mason 
and others. As is well known, crystals of quartz vibrate at certain fre
quencies but not at others. They are electrically equivalent to tuned 
circuits. The Q of a quartz crystal is as high as 20,000 or more. 11 

The equivalent electrical network and the reactance characteristics 
of a quartz crystal are shown in Fig. 47. The inductance L represents 
the mass reaction of the crystal against motion (inertia effect! ; the 
resistance R represents the energy dissipation within the crystal; the 
condenser C\ represents the compliancc 1 of the crystal; and 0 0 is the 
capacitance of the circuit with the crystal not in motion. As indicated, 
there is one series resonant frequency f R and one parallel or anti-
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resonant frequency f A of the crystal. For a given crystal, these have 
a ratio such that !A is 0.4 per cent higher than fu. 11 This ratio can 
be reduced and controlled by adding a capacitor in parallel with the 
crystal, 11 and if the capacitor has low losses, the circuit will retain 
a high ratio of reactance to resistance or Q. In Fig. 48 are shown 
a crystal filter of the ladder type, the corresponding reactance curves, 
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Fm. 48. Ladder-type filter network employing 
only crystals and capacitors, above; reactance 
characteristics, center (solid curve is series 
branch and dotted curve is shunt branch), at
tenuation characteristics, below. (Reference 11.) 

and the resulting filter 
characteristics. 

Assume that the elements 
of Fig. 48 have the charac
teristics plotted in Fig. 47. 
For a single pass band, the 
series elements are reso
nant when the shunt unit 
is antiresonant. With this 
combination, maximum at
tenuation occurs when the 
shunt crystal is in reso
nance and when the series 
crystals are in antireso
nance because of the mini
mum shunt impedance and 
the maximum series imped
ances at this frequency. 
When the crystals pass 
through the antiresonant 
frequency f A, the resistance 
component of the imped
ance rises to a high value 
as in the usual parallel 
circuit. 

As was previously ex
plained, the point of anti
resonance f A is 0.4 per cent 
above the frequency of 

resonance f R- Thus, the band passed is very narrow. For a 60,000-
cycle carrier, the band would be only 240 cycles above and below the 
carrier, giving a total width of 480 cycles, a band too narrow for most 
purposes. 9 Thus, with the ladder-type crystal filter, the band of fre
quencies passed is always less than 0.8 per cent of the midfrequcncy 
value. 

The filter of Fig. 48 is of an elementary type. Much progress has 
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been made in the design of crystal filters. 12 · 1 3 , 14 They are often 
made in the form of lattice structures giving improved characteristics. 
Sometimes the crystals are provided with divided electrodes 12 · 13 

that pass energy from one set of electrodes to the other only at fre
quencies at which the crystal vibrates. Natural quartz was used in 
crystal filt ers until about 1947, and since then synthetic crystals 15 

have been used extensively. 
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REVIEW QUESTIONS 

1. Distinguish between an active and a passive network, and give an example of 
each . 

2. What are meant by the terms rheostat , voltage divider, and potentiometer? 
3. Strictly speaking, what is meant by the term load? How is it often used in 

communication? 
4. Explain the difference between a midseries and a midshunt termination. 
5. What is the difference between balanced and unbalanced networks? 
6. What is the difference between symmetrical and unsymmetrical networks? 
7. What is meant by the term equivalent networks? What is limited equiv

a lence? 
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8. Which of the two network theorems accomplishes the same result s in different 
ways ? Where is each applied ? 

9. Give an application of t he superposit ion theorem. 
10. How would you measure the mutual impedance of a transformer? 
11. How do iterative impedance and image impedances differ? 
12. H ow do transition loss and reflect ion loss differ? 
13. Exp lain what is meant by insert ion loss. Give a practical example. 
14. What is an electric mwe filt er ? X:cLme a few uses. 
15. For a filter to pass a wave, what iterative impedance rela t ions must hold? 
16. H ow does the phase angle of the input impedance of a low-pass filter vary 

numerically with frequency? R epeat fo r a high-pass filter. 
17. What is meant by saying that a fi lter is confluent ? 
18. What a re composite filters, and why are they used? 
19. What is meant by the term m-derived sect ion ? 
20. Enumerate the steps in the design of a composite filter. 
21. Explain how midseries and midshunt ite rati,·e impedances are of importance 

in composite filter design. 
22. What is meant by the statement on page 187 regarding the Q of a quartz 

crysta l ? 
23 . Why a re quartz crystals used in wave filters? 
24 . What is meant by saying that a crystal has divided electrodes? 
25. What very important development in crystals occurred in about 1947? 

PROBLEMS 

1. In Fig. 4, Z1 is a 0.05-microfarad capacitor, and Z2 is a 0.12-henry inductor. 
Calculate t he values to be used for midseries and midshunt terminations 
such as shown in Figs. 5(a) and 5(b) . 

2. Calculate the values for the equivalent T section and the equivalent .,,. section 
of a network such as Fig. 4 in which Z1 = 0.15 henry, and Z2 = 0.5 microfarad. 

3. In Fig. 9(a), Z., = 100 ohms resis tance , Zn = 50 ohms resistance, and Zc = 
100 ohms resistance; Zn = 0.05 microfarad, ZE = 0.05 microfarad, and ZF = 
0.01 microfarad; Z1 = 450 ohms resistance and 0.002 henry inductance, 
E, = 58 volts open circuit at 1000 cycles, and Zr" = 275 ohms resistance. Cal
cula te the magnitude and phase angle of the current through ZL, the angle to 
be measured with respect to the generator voltage. 

4. A t ransformer has the following characteristics LP = 0.159 henry, R. = 193 
ohms, M = 0.1585 henry, secondary same as primary. For a frequency of 
1000 cy cles determine the equiva lent unbalaneed T and .,,. networks. What 
is the coefficient of coupling ? The t urns ratio? The mut ual impedance? 

5. A generator has an internal impedance of 600 ohms resistance and an open
circuit voltage of 26.4 volts at 1000 cycles . It is conneeted to a load resistance 
of 768 ohms. Calculate the current through the load resistor using Thevenin's 
theorem and Norton's theorem. 

6. Find the reflection loss for the circuit of Problem 5. 
7. D esign a pad to insert 7.5 decibels loss in a 600-ohm circuit. 
8. Design a low-pass constant-k fil ter for a 600-ohm circuit and a cutoff at 5000 

cycles. 



PROBLEMS 191 

9. Design a high-pass constant-k filter for a 600-ohm circuit and a cutoff at 100 
cycles. 

10. Design a composite filter for a 600-ohm circuit , for a cutoff frequency of 5000 
cycles, and an a = 1.2. 



CHAPTER 6 

TRANSMISSION LINES 

Introduction. The preceding chapter considered the transmission of 
electric-signal energy through networks in which the clements were 
lumped; that is, existed as individual units of appreciable magnitude. 
This chapter will consider the transmission of electric-signal energy 
through open-wire lines in which the resistance, inductance, capacitance, 
and shunt conductance are uniformly distributed, rather than lumped. 

An open-wire circuit is defined 1 as "a circuit made up of con
ductors separately supported on insulators." The open-wire telephone 
line is an example. Such a line is a uniform line, defined 1 as "a 
line that has identical electrical properties throughout its length." 
For convenience these will be called transmission lines, or merely 
lines. 

These lines have linear electrical constants, defined 1 as "the 
series resistance, series inductance, shunt conductance, and shunt 
capacitance per unit length of line." Sometimes one overhead wire and 
earth return are used, constituting a ground-return circuit. 1 Only 
metallic circuit~, in which the ground or earth forms no part,1 will 
be considered in this chapter. 

The range of frequencies transmitted for communication purposes 
over such lines is great. The upper limit of the frequencies used in 
telegraph systems is several hundred cycles. For voice-frequency tele
phone purposes, the band is from about 200 to 3500 cycles. Radio
broadcast program lines for amplitude-modulated broadcasting usually 
transmit a band from about 100 to 5000 cycles; for frequency-modula
tion, a band from about 30 to 15,000 cycles is sometimes used. Multi
channel carrier-telephone circuits use frequencies up to 150,000 cycles. 
Radio frequencies up to, perhaps, one billion cycles are sometimes used 
(if only experimentally) on open-wire transmission lines. 

The power levels, defined 1 as "an expression of the power being 
transmitted past any point in a system," of the signals on communica
tion transmission lines cover a wide range of values. For telephone 
transmission the level is a few milliwatts or less. On radio transmis
sion lines, such as are used to connect a radio transmitter to its send
ing antenna, the power level may be many kilowatts. 

In the transmission of speech and programs, the distortion (page 85) 

192 
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caused by the lines and associated equipment must be kept low. If 
appreciable frequency distortion exists, then the various frequency 
components of a complex speech or program signal wave will not be 
received in the same relative magnitude that they had at the sending 
end. If non-linear distortion is not minimized, then frequency com
ponents that were not present in the original signal will exist at the 
receiving end. Delay distortion will cause a shift in the relative 
phase positions of the various components because all frequency 
components are not transmitted with the same velocity. In teleph
ony, some distortion can be tolerated, because reliability, intelligi
bility, and a certain degree of naturalness, rather than high quality, 
are the criteria of good service. 

Transmission lines used in communication are electrically long 
lines. For a line to be electrically long, both the physical length of 
the line and the frequency of the signal wave being transmitted must 
be sufficiently great so that a considerable fraction of a wavelength 
exists on the line. Then, the instantaneous current at one point in the 
line is not the same as the instantaneous current at another point, and 
the instantaneous voltage between the wires at one point is not the 
same as that at another point. Simple electrical theory, such as is 
used with many electrical circuits, is not sufficient for studying com
munication transmission lines. Many 60-cycle power lines are classed 
as electrically short lines, because, so far as the fundamental fre
quency is concerned, they do not have an appreciable portion of a 
wavelength on them. 

Power efficiency is of secondary consequence in telephone transmis
sion because only a few milliwatts of power are contained in the signal 
wave and because line losses can be offset by the use of amplifiers. In 
a radio-frequency transmission line power efficiency may be of im
portance, because large amounts of power may be involved. 

Linear Electrical Constants of a Transmission Line. In studying 
transmission lines it must be kept clearly in mind that the line is more 
than just two parallel wires; actually, it is an electric network com
posed of many sections. 

Series Resistance R. The series resistance R is a "constant" that is 
found by dividing the total power losses occurring in the series portion 
of unit length of transmission line by the square of the current in that 
section. Thus, the series resistance losses are losses caused by the 
current flow and the accompanying magnetic field, including the 
direct-current resistance of the wire, and the energy losses, if any, 
caused by skin effect, eddy currents, and hysteresis. Series resistance 
R is usually expressed in ohms per loop mile for telegraph and tele-
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phone lines, and in ohms or microhms per loop meter for radio transmis
sion lines. A loop mile consists of tu·o miles of wire. 

Series Inductance L. Series inductance L is the series self-in
ductance of the line wires. The current in a line wire causes an 
alternating magnetic field around the line wire, and this field induces 
an electromotive force in series in the line wire. This back electro
motive force is directly proportional to the inductance. Because the 
currents in the two line wires are in opposite directions, the magnetic 
effects tend to cancel, and, if the two wires of a transmission line are 
close together, the self-inductance is low. Series self-inductance is 
usually expressed in henrys per loop mile for telegraph and telephone 
circuits, and in millihenrys or microhenrys per loop meter for radio 
transmission lines. 

Shunt Conductance G. Shunt conduction G is a "constant" that is 
found by dividing the total power losses occurring in the parallel por
tion of unit length of line by the square of the voltage between the 
length of line (P = E 2 /R = E 2G). Shunt conductance losses are 
losses that are caused by the voltage existing betu·een line wires. 
These losses are somewhat involved and include losses due to leakage 
currents, dielectric hysteresis losses, etc. For telephone transmis
sion lines, the shunt conductance, or leakage conductance, as it is 
sometimes called, is expressed in micromhos per mile of two-wire 
line. In radio transmission lines the shunt conductance is usually 
neglected. 

Shunt Capacitance C. Shunt capacitance C exists between the two 
wires of a transmission circuit, and an alternating current will flow 
through this capacitance if an alternating voltage exists between the 
line wires. For telephone transmission lines the capacitance is usually 
expressed in microfarads per mile of two-wire li'ne. For radio trans
mission lines, the unit is usually microfarads or micromicrofarads per 
meter of line. 

Electromagnetic Waves along Wires. Electric energy is trans
mitted along wires by electromagnetic waves. These consist of varia
tions in the magnitude and direction of the electric and magnetic fields 
produced by the line voltages and currents. These two fields, as they 
travel together, transfer the electric energy from one point to another 
and constitute an electromagnetic wave. 

Electric energy cannot be transferred unless an electric and a mag
netic field exist simultaneously. If these two fields are in time phase, 
the power is directly proportional to their product; if out of phase, it 
is proportional to their product and the cosine of the time phase angle 
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between them. The maximum velocity with which an electromagnetic 
wave can travel is that of light, or approximately 186,300 miles, or 
300,000,000 meters, per second. This applies to waves in free space; 
waves along wires travel more slowly. 

In Fig. 1 is shown a portion of an infinitely long line connected to 
a source of alternating voltage. Current and voltage impulses will be 
distributed along the line somewhat as indicated. The dots (heads of 
arrows) and the crosses ( tails of arrows) represent the magnetic field 
around the wires, and the arrows between wires represent the electric 
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FIG. 1. The distribution of current and the accompanying magnetic field are shown 
by the dots and crosses adjacent to the wires. The distribution of the voltage and 

the accompanying electric field are shown by the arrows between wires. 

field. The magnitudes of the current and the voltage, and the corre
sponding intensity of the fields, are indicated by the relative number 
of arrows, dots, and crosses. The wavelength A is the distance between 
any two corresponding values, and the velocity of propagation V is the 
distance traveled per second. The wavelength is 

A= V If, (1) 

since., at a frequency of f cycles per second, f complete waves are pro
duced on the line per second, and these can travel only a distance of V 
miles during a second. An end view of the magnetic and the electric 
lines of force constituting an electromagnetic wave along two parallel 
wires is shown in Fig. 2. 

Derivation of Transmission Equations. An open-wire line (or a 
cable) is composed of a large number of elements dl, as shown in 
Fig. 3. If current flows through an impedance, the Yoltage drop is Iz, 
and therefore the voltage drop along the element of line dl will be 

dE = - Izdl 
dE 

or dl = -Iz. (2) 
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As a current progresses down the line, a certain amount is lost through 
parallel admittance y consisting of the shunt conductance and the ca-

FIG. 2. End view of the line of Fig. 1, showing the electric field between the two 
wires, and the magnetic field around the wires. 

pacitance of each element. This current loss at each element is Ey, 
and thus 

dl 
dl = - Eydl or dl 

1-_0ne element oL_j 
I length dl I 

-Ey. (3) 

Frn. 3. A transmission line consists of distributed resistance, inductance, capaci
tance, and conductance. 

It is now necessary to differentiate these two equations to eliminate E 
and I. Thus, when equation 2 is differentiated with respect to l it 
becomes 

d2E dl 
dl2 = -z dl ; (4) 
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similarly, equation 3 becomes 

d2I 

dl2 

dE 
-y-· 

dl 
(5) 

The undesired variables can now be eliminated by substituting in equa
tions 4 and 5 the values from equations 3 and 2 respectively. Then, 

d2E 
dl2 = zyE, (6) 

and 

d2I 
dlz = zyl. (7) 

These two equations are simple linear differential equations of the 
second order, and a knowledge of differential equations is required for 
their solution. Without presenting the details, the general solution for 
equations of this form is 

(8) 

and 

(9) 

The four constants of integration A 1 , B 1 , A2 , and B2 must now be 
found. To do this, equations 8 and 9 are first differentiated with re
spect to l. They then become 

(10) 

and 

(11) 

It will be noted that these two expressions are equal to equations 2 and 
3, respectively. It can therefore be written that at the sending end, 
where l = 0, 

(12) 

and 

(13) 
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These values a re preceded by a negative sign because the current I and 
the voltage E in any part of t he line are less than the sending-end va lues 
I . and Es in the infinite line (having no refl ection) under consideration. 

If l is also assumed equal to zero in equations 8 and 9, then E becomes 
the sending-end voltage Es, and 

Es = A1 + Bi, A1 = E. - B1, and B1 = E. - A1. (14) 

Similarly, 

I . = A2 + B2, A2 = I . - B2, and B2 = I . - A 2 • (15) 

When these va lues of A1 and B 1 are substituted in equa tions 12 and 13, 

A1 = E./2 - I ./ (2Vy/z) and B 1 = E./2 + I ./ (2V y/ z) . (16) 

Also, 

A2 = I./2 - E.Vy/z/2 and B2 = I./2 + E.Vy/z/2. (17) 

Furthermore, when these values of A1 , B 1 , A 2 , and B 2 are substi tuted in 
equa tions 8 and 9, 

(i✓zy + E-l✓z~ • ~ (El✓zy - E-l~y 
E = E. ---- - I .v z/ y 

2 2 
{18) 

and 

(
EZ-./zy + E - l..._f~y • r, (El-./zy - E - l..._f~y 

l=l --- - -Evy/1 zz --- - · 
s 2 s 2 (19) 

Although it would be possibl e to use these equations in this form, 
they can be simplified by the use of hyperbolic functions. In textbooks 
on this subj ect it is shown that 

Ex + E-x 
--- = cosh x 

2 

Ex - E-x 

and 
2 

= sinh x, (20) 

wher e cash x and sinh x are the hyperbolic cosine and sine, respectively. 
Accordingly, equations 18 and 19 become 

E = E. cash lVzy - I .~ sinh lVzy (21) 

and 

I = I. cosh l½y - E;Vy/z sinh l-v;:;j. (22) 

These two equations give the vo ltage E or the current I (in either 
maximum or effective values) at any point l miles from the sending end 
of a line having a series impedance of z = R + jX (where X = 2w-fL) 
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ohms per loop mile, and a parallel admittance of y = G + jB (where 
B = 211,fC) mhos per loop mile (page 194). 

If the values in equations 12 and 13 had been preceded by a positive 
instead of a negative sign and if Er and J,. had been used, equations for 
voltage and current at any point in the line in terms of the receiving
end voltage and current and the distance l from the receiving end 
would have been obtained. These equations are 

E = E, cash lVzy + l;V-;/y sinh l½y (23) 

and 

I = I, cosh l½y + E;Vy/z sinh l½y. (24) 

Equations 21, 22, 23, and 24 are general transmission equations 
applying, for steady-state conditions, to telephone lines and cables. 
Other methods of deriving these equations are also available (refer
ences 2 to 7 inclusive). 

Electromagnetic Wave Propagation. Suppose that for the infi
nite line of the preceding section a point an infinite distance from the 
sending end is considered. At this point, l = co for equations 21 and 
22, and these can be equated to zero and become 

Es cash l½y = Is v-;jy sinh l½y 

and 

18 cash l½y = EsVyjz sinh lVzy. 

These equations can be written 

✓~ sinh l½y . 11 . ;-
Es = Is - . 

1
_.= I.v z/y tanh lv zy 

Y cash lv zy 

and 

✓; sinh l½y . r, . ;-
Is = E. - V- = E.v y/z tanh lv zy, 

z cash l zy 

since from the theory of hyperbolic functions 

sinh x/cosh x = tanh x. 

(25) 

(26) 

(27) 

(28) 

An examination of a table of hyperbolic functions will show that, 

when l = oo, tanh l½y = 1.0; therefore, equations 27 and 28 become 

E. = 1.vz/y = 1.z. (29) 
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(30) 

where Z8 is the sending-end impedance of the infinitely long line con
sidered, measured between the two line input terminals. If equations 
29 and 30 are substituted in the general expressions 22 and 21, respec
tively, then 

E = E • ( cosh lVzy - sinh lVzy) (31) 

and 

I = I.(cosh z-viy - sinh l'Vzy). (32) 

Since E-x = (cash x - sinh x), these equations become 

E = E.c1v"i'ii or E = E.E-ly (33) 

and 
J = I.E-l..;"iy or I = I.E-ly, (34) 

where 

'Y = Vzy (35) 

and is called the propagation constant per loop mile for the line under 
consideration. Like equations 21 and 22, these equations also give the 
voltage or current at any point along the line in terms of the sending
end values. 

Propagation Constant. In the preceding section the propagation 
constant per mile was shown to be y = V zy This expression can 
be expanded by substituting the values of z and y given on page 198. 
That is, 

'Y = v (R + jX) (G + jB). (36) 

It is evident that equation 36 contains both real and imaginary terms. 
Thus, y must also contain real and imaginary components, and there
fore it can be written that 

'Y = a + j{3 = v (R + jX) (G + jB) 

= V(R+jwL) (G+jwC). 

If equation 37 is squared, 

(a + j{3) 2 = (R + jX) (G + jB) 

and 

(37) 

(38) 

a2 
- (32 + 2ja{3 = (RG - XB) + j(GX + BR). (39) 
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If the real terms and the imaginary terms are equated separately, then 

and 
a2 

- {32 = RG - XB 

2a(3 = GX + BR. 

When equation 41 is solved for a, it becomes 

GX+BR 
£¥= 

2(3 

and, when it is substituted in equation".40, this equation equals 

(GX + BR)2 - {32 = RG - XB 
4(32 

or 

and 

(GX + BR)z - {31 = (RG - XB)/32, 
4 

_(G_X_+_B_R_)
2 = O. 

4 

From this equation {3 can be found and becomes 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

f3 = V½(v(R2 + X 2
) (G2 + B2

) - (RG - XB)). (46) 

Similarly, 

a= V½(v(R2 + X 2
) (G2 + B2

) + (RG - XB)). (47) 

The values of X and B can be replaced with the fundamental line 
constants, and these two equations then become 

and 

The values of f3 and a are in units corresponding to the units of the 
fundamental constants. If R, L, G, and C are expressed per loop mile, 
then f3 is the phase constant (formerly called wavelength constant) 
per loop mile, and a is the attenuation constant per loop mile. 

The propagation constant per unit length of a uniform line is 1 the 
"natural logarithm of the ratio of the current at a point of the line to 
the current at a second point, at unit distance from the first point along 
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the line in the direction of transmission, when the line is infinite in 
length, or is terminated in its characteristic impedance." The at
tenuation constant is 1 "the real part of the propagation constant," 
and the phase constant is "the imaginary part of the propagation 
constant." 

Characteristic Impedance. It was shown by equation 30 that for 
an infinite uniform line ls = Eslvz!iJ, where ls is the sending-end 
current, Es is the sending-end voltage, z is the linear series line im
pedance, and y' is the linear parallel, or shunt, line admittance (page 
198). From this relation, 

E. = /~ = ✓R + jX = ✓R + jwL = Zo (50) 
ls '\J y G + jB G + jwC ' 

where Z0 is the characteristic impedance, defined 1 as "the ratio of an 
applied potential difference to the resultant current at the point where 
the potential difference is applied, when the line is of infinite length." 
The term characteristic impedance is applied correctly only to uniform 
lines with distributed constants (page 192). 

When an alternating voltage is applied to a uniform infinite line of 
length L"', electromagnetic waves are propagated down the line toward 
infinity and no energy is reflected back to the sending end. The input 
impedance Zi measured (with an impedance bridge) on this line of 
length L"', giws the characteristic impedance Z0 . This value is the 
same for all identical lines. Suppose that some finite length, such as 
200 miles, is removed from the infinite line L"', and that the input 
impedance Z/ of the remainder of the line (L"' - 200) is measured. 
This impedance Z;' must equal Zi because removing the 200 miles does 
not appreciably alter the infinite line. But the portion of the line 
(L"' - 200) of impedance Z/ really acts as a termination or load to the 
200-mile section. It terminates it without reflection, the wave enter
ing it without encountering an impedance discontinuity. Since both 
the impedances Zi and Z;' equal the characteristic impedance Z0 as pre
viously defined, it follows that, when a finite line is terminated with 
an impedance load equal to its characteristic impedance, then the 
electromagnetic wave received at the end of the finite line will enter 
the termination without reflection just as it entered the portion of the 
infinite line (L"' - 200). Hence the characteristic impedance Zo of a 
finite line is equal to the input impedance of the line when it is termi
nated in its characteristic impedance Z0 . 

The characteristic impedance of a line is that value of impedance 
which will terminate a finite length of line so that no wave reflection 
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will occur at the distant end. It should be noted from equation 50 
that the characteristic impedance varies with frequency. 

If it is desired to know the characteristic impedance of a line (pages 
221 and 222), this value either can be computed from equation 50 or 
can be measured. In order to measure the characteristic impedance 
of a line, the impedance Zoe is first measured with the distant end of the 
line open, and then Zsc is measured with the distant end short-circuited. 
Then, from equations 60 and 64, given on page 207, and the relation 

1 
tanhx = --, 

coth x 

Zo = VZocZsc = V(vz/ycothl7) (Vz/ytanhl-y) = Vzfy. (51) 

If the resistance and shunt conductance are assumed negligible, the 
characteristic impedance given by equation 50 becomes 

Zo = VL/C (51a) 

and is sometimes called the natural or surge impedance of the line. 
The Significance of Z0 , a, and /J. From equations 30 and 50 it is 

seen that the sending-end current Is equals the sending-end voltage Es 
divided by the characteristic impedance Z0 if the line extends to infinity 
or is terminated in its characteristic impedance Z0 • For telephone 
lines operating at audio frequencies, Z0 has a small leading angle, and 
the sending-end, or input, current will lead the impressed sending-end 
voltage by this angle. 

As this input current progresses down the line, some of the current 
is lost at the shunt conductance dG and shunt capacitance dC of Fig. 3. 
The rate at which the current is weakened, or attenuated, as it pro
gresses down the line is determined by the attenuation constant; that 
is, by the real part of the propagation constant. Hence, from equa
tions 34 and 37, 

Ir = Is £-la or Ir = I,l0-0.0Sln, (52) 

where l is the line length, a is in nepers found by equations 37 or 49, 
and n is in decibels (page 86). Because the current is attenuated the 
accompanying magnetic field component of the electromagnetic wave 
also is attenuated. 

As the current flows toward the distant end, voltage drops occur 
along the line wires because of the series resistance dR and the series 
inductance dL of Fig. 3. The rate at which the voltage is attenuated 
is determined by the attenuation constant a, and from equations 33 
and 37, 

Er = Es E-la or Er = Eslo-0
•
051n (53) 
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where l, ~, and n are as explained for equation 52. Because the volt
age is attenuated, the accompanying electric field component of the 
electromagnetic signal ,vave also is attenuated. 

Assume that an alternating signal voltage has just been impressed 
at the sending end of a line; for instance, at the left of Fig. 3. Before 
a voltage can exist at the end of a line section, the distributed capaci
tance of the section must be charged; this requires time, because the 
charging-current flow is limited by the series resistance and the in
ductance. As the voltage builds up across one section, the distributed 
capacitance of the next section starts to charge, and in this way the 
wave is propagated along the line. Time is, therefore, required for an 
electromagnetic wave to flow along a line. Thus the instantaneous 
magnitudes of the currents will not be the same at the various points 
along a line. The current may be maximum at one point, and zero 
at another point at the same instant. There is a time phase angle 
between current at one point and current at another point along the 
line. Likewise, there will be a time phase angle between the voltage 
at one point, and the voltage at another point along the line. These 
phase angles between current at one point and current at another point, 
or between voltage at one point and voltage at another point, are deter
mined by the phase constant {3. 

The value of f3 (in radians) can be found by equations 37 or 48. 
The value of radians (when multiplied by 57.3°) determines the differ
ence in phase in degrees. Corresponding points of the electromagnetic 
wave are 360° apart, and, as Fig. 4 indicates, 360° is one wavelength. 
Since {3 is the phase shift per unit length of line, the length of line 
required to shift the wave 360° or the length of one wavelength is 

271" 
>- = - · 

{3 
(54) 

It is known , however, that A = V I f, where V is the wave velocity at 
the frequency f. Thus, 

271" V 
- = - and 

{3 f 
271"f w 

V = - = -• 
{3 {3 

(55) 

Input Impedance of Any Line with Any Termination. As ex
plained on page 202, the input impedance of a line terminated in its 
characteristic impedance Z0 equals its characteristic impedance Z0 • 

Telephone lines are usually terminated in impedances closely approxi
mating their characteristic impedances so that the maximum signal 
energy will be extracted from the oncoming wave and little reflection 
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will occur. Sometimes it is desirable to terminate transmission lines 
in impedances other than their characteristic impedances, and, if this 
is done, the input, or driving-point, impedance, wiU not equal the 
terminating impedance. 

If a line is terminated with some impedance Zr that does not equal 
Z0 , then an impedance mismatch exists, all the energy in the wave is 
not absorbed, and a wave is reflected back toward the sending end. 

Sending 
end 

FIG. 4. The instantaneous voltage and current distribution along an infinite trans
mission line having loss is as shown. The current values are "ahead" of the voltage 
values because the characteristic impedance has a negative angle; that is, the reactive 
component is capacitive. Note that the X-axis values are distance along the line, 

plotted in degrees. 

The wave that arrives back at the sending end combines with the wave 
entering the line from the signal source (generator) connected at the 
sending end. The exact manner of combining depends on the phase 
relations between the two components. The input impedance when 
the line termination is not Z0 will equal the sending-end voltage E. 
divided by the sending-end current I.. The sending-end voltage E. 
will be the resultant of an initial voltage wave entering the line and a 
reflected voltage wave arriving back from the mismatched impedance 
Zr. The sending-current I. will be the resultant of an initial cur
rent wave and a reflected current wave. 

In deriving the equation for the input impedance of a line terminated 
in any impedance Zr, instead of its characteristic impedance Z0 , it is 
assumed first that the line is terminated in Z0 , and hence the magni
tudes of the initial voltage and current waves can be found. The por
tions of these waves that reach the receiving end are determined by the 
length of line and the attenuation constant. The magnitudes and the 
phase relations of the reflected components depend on the magnitude 
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and the angle of the terminating impedance Z,. Also, the magnitudes 
and phase relations of the reflected components that arrive back at the 
sending end and combine with the initial components to determine E. 
and I. depend on the propagation constant and the length of line. 6, s 

The equation for the input impedance of a line with any termination 
Zr can be found from equations 23 and 24. The line under considera
tion is assumed to be l miles in length, to have a propagation constant 
of -y = Vzy per mile, and to have a characteristic impedance of Z0 = 
Vz/y. Then, from equation 23 the sending-end voltage E., will be 

E. = E, cosh l-y + IrZo sinh l-y, 

and from equation 24 the sending-end current will be 

18 = I, cosh l-y + Er/ Zo sinh Z-y . 

(56) 

(57) 

The voltage E,. at the receiving end is Er = IrZ,., and , when this is sub
stituted in equations 56 and 57, and "·hen equation 56 is divided by 
equation 57 to obtain the input impedance, 

z. = E, = Zo (Zr cosh l-y + Zo sinh l-y). 
I, Zo cosh l-y + Zr sinh l-y 

(58) 

All terms in this equation are complex numbers, and the input, or 
driving-point, impedance z. measured at the sending end also is a com
plex number. 

Input Impedance of Any Open-Circuited Line. The driving
point , or input, impedance of any such line or cable can be found by 
letting Zr of equation 58 equal infinity. Or, it can be found as will be 
explained. When the distant end of a line is open the current at that 
point must be zero; thus , equation 23 becomes 

Eoe = Er cosh l~, 
and equation 24 equals 

l 0 e = ErVy/z sinh l½y. 

(59) 

The sending-end impedance of the open-circuited line will be 

E 0 e Er cosh l~ . ,,-/ h l Zoe = - = ---==---- = v zty cot -y, 
I oe E;V y I z sinh z,v';y 

(60) 

. cosh x 
smce -.-h- = coth x, and by equation 35 -y = vzy. Equation 60 

sm x 
can also be writ.ten 

Zoe = Zo coth l-y, 

because from equation 50 the characteristic impedance Zo 

(61) 

vz/y. 
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Input Impedance of Any Short-Circuited Line. The driving
point, or input, impedance of any such line or cable can be found by 
letting Z,. of equation 58 be zero, or by the following method. No volt
age can exist across a short circuit, and thus, for the short-circuited 
condition, Er = 0 in equations 23 and 24. It follmvs that 

E sc = Ir -vi{y sinh lV zy 

and 

I.c = I, cosh l½y. 
The sending-end impedance of a short-circuited line will then be 

Z _ E.c _ I,v";jy sinh l½y _ . ~/ h l 
sc -

1 
- . 1- - v z1y tan 'Y, 

sc I, cosh Zv zy 

(62) 

(63) 

(64) 

. sinh x 
smce --h- = tanh x, and, by equation 35, 'Y = ½y. Equation 64 

COS X 

can also be written 

Z.c = Zo tanh l-y, (65) 

because, from equation 50, the characteristic impedance Zo = "\fz/y. 
Wave Reflection on Lines (and Cables). If an open-,vire trans

mission line or a cable is not terminated in its characteristic impedance 
Zo, some of the energy that reaches the distant end will be reflected. 
The reflected energy, in the form of a reflected wave, travels back 
toward the sending end. As it travels, it interferes with the oncoming 
initial wave that the source of signal energy is impressing at the 
sending end. 

The reflection and interference phenomena that occur can be studied 
mathematically or graphically. 6 In the following discussions it will be 
assumed that the lines (or cables) are lossless. The lines ,.viii be either 
open circuited or short circuited at the distant end. 

Voltage Distribution on an Open-Circuited Lossless Line. Fig
ure 5 shows a generator of open-circuit voltage E 9 and internal im
pedance Z9 = Z0 connected to a line that is five-fourths wavelength 
long; that is, V If = ,\, and lj,\ = ¾, where l is the line length. The 
condition shown in Fig. 5 is at the instant that the generated alter
nating signal voltage E_q is a maximnm positive value. 

At this instant, the distribution of the electric field and the initial 
voltage wave along the line are as shown by the solid arrows. Because 
of the finite velocity of propagation, at a distance ½,\ from the sending 
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end, and at the instant under consideration, the initial voltage wave 
traveling toward the distant end will be directed as indicated. Since 
½A equals 180° , the initial wave component at a distance ½A from the 
sending end is equal and opposite to the initial wave component at the 
sending end. This component was created by the voltage when the 
impressed voltage was at the position -180°. At a distance A from 
the sending end the initial voltage wave component will be directed 
downward, because it represents an impulse sent into the line when the 
impressed signal voltage was at the position marked -360°. 

It will be noted that at the instant under consideration (when the 
impressed voltage is a maximum positive value) the initial impulse 

-Elf 

o· t - 360° 
-270° I -90° 

\> + 
> 

? 

- 540•: - 450° 
t E 

-1so· ~ -0 

" ~ 
I I I I I 

II: I I 
I I 

I I 

~ 
I I 
~ 

' 

II I 
I I I I 

II I I I 
I ~ 

I 
I 

• ~ I 

' 

I I 
I I 

ll 
I I 
I I 
I I 
I I 

X 

Ii 
I 
I 
I 
I 

Open 
end of 

line 

Fm. 5. At the instant that the generator voltage E0 is at the maximum positive 
value the ini tial voltage wave (solid arrows) and reflected voltage wave (broken 
arrows) are as shown. In this figure the in tensities of the voltage and the electric 
field are shown by the density of the arrows. In Fig. 6 intens_ities are indicated 

to simplify drawing by distances from the X axis. 

arriving at the distant end is zero. This is because the voltage at 
-450° ( ¾A = 450°) was passing through zero. The reflected wave 
component at point A on the line has traveled a distance ¾A or 450° 
from the generator to the end of the line, was reflected at the end of 
the line, and has traveled back ±A or 90° to point .\.. This refl ected 
wave component (shown by broken arrows) was created at -540° as 
shown by the broken arrow at -540°. 

The preceding discussion assumes that the voltage wave is reflected 
at the open-circuited end of the line without a change in phase. This 
is true, because electric lines of force are assumed to extend from a 
positive wire to a negative wire, and, since there is no conducting path 
at the distant end, no interchange of charges from wire to wire can 
occur. The instantaneous directions of action ( and not of travel) of 
the reflected-voltage component and the initial-voltage component are 
the same, and, for this reason, the electric field and the voltage com
ponent of an electromagnetic wave are reflected with no change in 
phase from an open circuit at the end of a line. 
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The preceding discussion and Fig. 5 considered the voltage distribu
tion at the instant that the impressed voltage was a maximum positive 
value. This also is con
sidered in Fig. 6 (a). Both 
illustrations indicate that 
the resultant voltage wave 
at the instant under con
sideration is zero at all 
points along the line. This 
resultant voltage wave is 
the sum of the instanta
neous initial and reflected 
waves. 

The distributions of the 
initial, reflected, and re
sultant voltage waves at 
other positions of the in
stantaneous applied voltage 
are also shown in Fig. 6. 
It will be noted that in 
Fig. 6(a) the resultant volt
age is zero, that in Fig. 
6 ( b) the initial and re
flected waves add directly, 
that in Fig. 6(c) the re
sultant again is zero, and 
that in Fig. 6 ( d) the waves 
agam add directly. If 
voltmeters that indicate 
effective values of voltage 
(and not instantaneous 
values) were connected 
across the line at regular 
intervals, a plot of the in
strument readings ( effec
tive values) would be as 

C) 
o· 

0 
90° 

G) 
1so· 

G 
270° 

(a) 

0 
1: 

l--~--f--~----1-~ ~ (c) 

0 ¼A ½A ¾A 
Distance along line 

(measured from sending end) 

(d) 

(e) 

FIG. 6. Curves for electric field and voltage 
relations on an open-circuited lossless line -p, 
in length. At l = 0, l = ½}.., and I = }.. the 
resultant voltage is always zero, and at all other 
points the resultant voltage is as shown by the 
curve "instrument readings." These curves also 
apply to magnetic field and current distribution 
on a short-circuited lossless line. (Adapted 
from Communication Engineering by W. L. 

Everitt, :VIcGraw-Hill Book Co.) 

indicated by Fig. 6(e). Such a plot of voltage is usually referred to 
as a voltage standing wave or as a stationary wave. 1 Neither of 
these terms is particularly descriptive of the phenomenon. A plot of 
effective values of voltage, appearing as in Fig. 6 ( e), is not a wave in 
the usual sense. However, the term "standing wave" is in wide
spread use. 
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Voltage Distribution on a Short-Circuited Lossless Line. 
When an electromagnetic wave strikes the distant end of a short-

C) 
o• . 

0 
go• 

G) 
180° 

G 
270° 

0 

Resultant wave 

½X ¾X X 
Distance along line 

(measured from sending end) 

(a) 

(b) 

(d) 

(/) 
>, 0 "'~ .! ~ 

<C 

(e) 

%>-

FIG. 7. Curves for electric field and voltage 
relations on a short-circuited lossless line -£-;>. 
in length. For (b) and (d) the resultant wave 
lies along the X axis. At certain points along 
the line the voltage is always zero, and at other 
points it is as shown by the curve "instrument 
readings." These curves also apply to mag
netic field and current relations on open-circuited 

lossless lines. (See acknowledgment, Fig. 6.) 

circuited line, the voltage 
component must become 
zero because voltage can
not exist across zero im
pedance. For this to hap
pen, it is necessary that a 
180° phase shift of the 
electric field and voltage 
component of the electro
magnetic wave occur at 
the short-circuited end of a 
line. Then, the reflected 
voltage component will 
cancel the oncoming initial 
voltage component, and the 
resultant electric field and 
the voltage will be zero. 
A short circuit provides a 
conducting path so that the 
electric charges, on which 
the electric lines of force 
terminate, can flow from 
one wire to the other. 

If the waves are studied 
at several instantaneous 
values of the applied gen
erator voltage, Fig. 7 re
sults. The various waves 
are combined as for Fig. 6, 
with the 180° angle caused 
by the phase reversal 
taken into consideration. 
Voltmeters connected along 
the line would give readings 
as indicated by Fig. 7 ( e), 

which is the "voltage standing wave," on a short-circuited lossless line. 
It will be noted that the voltage at the distant end always is zero, as it 
must be for the short-circuited line. 

Current Distribution on an Open-Circuited Lossless Line. An 
electromagnetic wave consists of both electric field and magnetic field 
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components. Thus, in studying wave-reflection phenomena, current 
distribution, as well as voltage distribution, must be investigated, and 
Fig. 7 will be used. 

The impressed voltage will , of course, force a current into the line. 
The initial current component of the electromagnetic wave will travel 
down the line as indicated in Fig. 7(a) Because the line is open cir
cuited, the current at the distant end must be zero. For this to be 
possible it is necessary that a 180° phase shift of the magnetic field 
and current component of the electromagnetic wave occur at the open
circuited end of the line. Then, the reflected component will cancel 
the oncoming initial component, and the resultant magnetic field and 
the current will be zero. 

If the relations between the initial and the reflected components 
are studied for other input phase positions, Figs. 7 ( b), ( c), and (d) 
result. If thermomilliammeters are inserted at various points along 
the line, the effective value of the current readings will plot as shown 
in Fig. 7 ( e). This curve is called a cur-
rent standing wave. 

Current Distribution on a Short-Cir
cuited Lossless Line. If the distant end 
of the line is short circuited, the current in 
the short circuit is a maximum value. F or 
these phenomena to occur it is necessary 
that the magnetic field and current com
ponent of an electromagnetic wave be 
reflected with no change in phase from a 
short-circuited end of a line. 

For this reason, Fig. 6 applies, and , if 
the relations are studied for several dif
ferent initial waves, Fig. 6 ( e) results, 
which is the "current standing wave." 

Current and Voltage Distributions on 
Lossless Lines. A summary of t he cur
rent and voltage distributions for a line 
¾A long is made in Fig. 8. For the loss
less line the maximum values or antinodes 
are twice the magnitude that would exist 

Line shorted 
I I 

½X. ¾X. 

I 
I 

%:\. 

FIG. 8. Current and voltage 
relations on open- and short
circuited lossless lines. These 
are not initial and reflected 
waves. They are the (e) 
curves of Figs. 6 and 7. They 
are plots of the effective values 
of voltages and currents at 
various points a long t he line. 
Sending end at left, and receiv-

ing end at right. 

if there were no reflection, and the minimum values or nodes reach 
zero. If the line is some length other than ¾A, the pattern of the 
rnltage or current distribution can be found from Fig. 9. 

Input Impedance of Open and Shorted Lossless Lines. Such 
lines cannot absorb power, and hence their input impedances must be 
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either pure inductive reactance, pure capacitive reactance, or they must 
be zero or infinity. These statements can be proved by applying 
equations 61 and 65 to lossless lines of various lengths and can be 
demonstrated vectorially as in Fig. 10. 

Open-Circuited fone Less than ¼,\ in Length. It is assumed that the 
line is lossless and that the characteristic impedance is pure resistance. 
The voltage E 0 and the current / 0 at the open-circuited receiving end 

G> 
C 

·:= 

Distant end open 
E 

Low 
impedance 

%X1--+--.-+--+--I--'---+---' 

High 
impedance 

½Xi--+---1---;e----1---1------"-+-~ 

Distant end shorted 
I , 

High 
impedance 

¼Xl--+--l-+--+--1-----J..--I-~ 

FIG. 9. Current and voltage distributions and input impedances, for open-circuited 
and short-circuited lossless lines of several lengths. Sending end at left, and receiving 

end at right. 

are in phase. These have been taken as a convenient base in Fig. 10. 
The initial voltage wave E is and the initial current wave l ;8 at the 
sending end will be displaced cf> degress (less than 90° for the line 
under consideration) as shown. At the distant open end the current 
component is reflected with a change in phase of 180° and then travels 
toward the sending end, becoming l,.8 • The angles </> and <1>' are equal 
because as much time is required to travel in one direction as the other. 
The voltage component is reflected without a change in phase, and the 
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reflected component E,., at the sending end has the position shown. 
Of course <j," and <j, are equal. 

The voltage at the sending end is composed of two voltages, the 
initial component E;8 is just entering the line, and the reflected com
ponent E,.. is just arriving back from the distant open end. The actual 
sending-end voltage will accordingly be the vector sum of E;, and Ers 
and becomes E, of Fig. 10. Two current components exist at the 
sending end, the initial component Iis is just entering the line, and Ir, 
is just arriving back from the distant open end. The resultant current 
I. at the sending end is the vec-
tor sum of these two components. 

Thus, the sending-end voltage 
E 8 and the sending-end current 
I., for a lossless line less than ¼,\ 
in length are 90° out of phase, 
with the current leading the 
voltage. The input impedance 
is, therefore, a value of pure 
capacitive reactance, and the 
line is equivalent to a capacitor. 
The numerical value of the re
actance or the capacitance can 
be determined by equation 58 or 
by equation 61 discussed on page 
206. 

Open-Circuited Line Greater 
than ¼,\ in Length. If an open
circuited lossless line has a 
length greater than f,\, but less 
than ½A, Fig. 10 can be extended 
to cover the conditions. Vectors 
E;., and I;s will lead vectors E 0 

and I O, by an angle <j, greater 
than 90° because the line length 

I,.. 

c/>H E,/ 
I 
I 
I 
I 
I 
I 
Ers 

Fm. 10. Vector diagram for an open
circuited lossless line less than ¼x in 
length. The input impedance is pure 
capacitive reactance because I, leads 

E, by 90°. 

is greater than 1,\. Also, vector Irs lags vector -I0 by an angle 
<j,' that is greater than 90°. Furthermore, angle <j," exceeds go 0

• If 
these changes are made on Fig. 10, E;8 will be in the second quadrant, 
E,.. will be in the third quadrant, and the resultant voltage E. will be 
opposite in direction to that shown in Fig. 10. Vector I, will be in the 
same position, and hence the sending-end voltage E, will lead the 
sending-end current I. by go 0

• The input impedance is, therefore, a 
value of pure inductive reactance, and the line is equivalent to an 
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inductor. The numerical value of the reactance or the inductance can 
be determined by equation 58 or by equation 61 on page 206. 

Short-Circuited Line L ess than ¼.\ in Length. A vector diagram for 
this line is shown in Fig. 11. Vectors E 0 , [ 0 , E;., and l is arc located as 
previously explained. But, since the line is short circuited, the voltage 
component is reversed at reflection as shown by -E0 . The reflected 
component at the sending end is E,.8 , and lags -E0 by the angle q,', 
and the sending-end voltage is the resultant, E.. The reflected current 

E,. 

E. 
I \ 
I \ 
I \ 
I \ 
I \ 

E;,, 

component at the sending end is l,.8 

and lags I O by the angle q,". The 
sending-end current is the resultant 
ls , which lags the sending-end volt-• 
age E. by go 0

• The input imped
ance is, therefore, a value of pure 
inductive reactance, and the line is 
equivalent to an inductor. The 
numerical value of the reactance 
or the inductance can be deter
mined by equation 58 or by equa
tion 65 on page 207. 

Short-Circuited Line Greater 
E <I>" 1 I E - o / o o than f.\ in Length. If a short-

/ circuited lossless line has a length 
/ greater than ¼.\, but less than f .\, 
i,, Fig. 11 can be extended to give the 

Fw. 11. Vector diagram for a short- input-impedance relations. The 
circuited lossless line less than p, in angles are greater than goo, and 
length. The input impedance is pure because of this the resultant send
inductive reactance because I , lags E. ing-end current vector will be op-

by 90°- posite in direction from that of 
Fig. 11 and the resultant sending-end voltage vector will remain in 
the position shown. Thus, the current leads the voltage by go 0

, the 
input impedance is a value of pure capacitive reactance, and the 
line is equivalent to a capacitor. The numerical value of the react
ance or the capacitance can be determined by equation 58 or by 
equation 65 on page 207. 

The relationships discussed in this section are summarized in Fig. 12. 
In studying these diagrams, line lengths should be measured from the 
distant end. For instance, an open-circuited line },\ in length would 
have a value of reactance that was " low," and the angle would be 
lagging, indicating inductive reactance. 

Open-circuited and short-circuited lossless lines often are called 
resonant lines because their input impedances vary between zero and 
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tine open-circuited 
E 

>,. ¾>- ½>.. ¼>-

>.. ¾>- ½>.. ¼>.. 

-c, 
C: 
Q) -C: 
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0 
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-90 
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Fm. 12. Input-impedance characteristics of open-circuited and short-circuited 
lossless lines of various lengths. For instance, for an open-circuited line slightly 
less than ¼x in length, the input impedance is a low value of capacitive reactance 
(leading), but, if the line is slightly greater than ¼x, the input impedance is a low 
value of inductive reactance. For the short-circui ted line slightly less than ¼x, 
the input impedance is a large value of inductive reactance (lagging), but, if the line 
is slightly greater than ¼x, the input impedance is a large value of capacitive re-

actance. 

infinity (Fig. 12). Such lines are extensively used to simulate (Fig. 13) 
capacitors, inductors, series resonant circuits (page 63), and parallel 
resonant circuits (page 64). 

Constants of Open-Wire Lines at Low Frequencies.9 The linear 
electrical constants of a transmission line were discussed on page 193. 
In th is section the numerical values of these will be considered for 
frequencies particularly from about zero to 50,000 cycles. Open-wire 
telephone lines are usually made of hard-drawn copper wire of three 
standard sizes. 

Series Resistance R. Series resistance R is the effective series re
sistance and is composed of the direct-current resistance and the 
additional resistance effect caused by skin effect (page 52). Theo
retically, a proximity effect also exists, but in open-wire lines this has 
negligible effect on the resistance. This proximity effect is caused by 
the presence of the other closely parallel wires. The alternating, or 
effective, resistance of standard telephone lines is shown in Fig. 14. 

The increase in resistance caused by skin effect is usually determined 
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from curves 10 such as Fig. 15. The effective resistance Rae is related 
to the direct resistance Rctc by the equation 

(66) 

where a has the value given by Fig. 15. For this figure, the value of 
x for copper wires is given by the relation 

x = 0.271 dVJ, (67) 

Open-circuited line Short-circuited line 

Section of line Electrical 
equivalent Section of line Electrical 

equivalent 

I 1 Looks like -,== a capacitor T I 

I 

' 
Looks like -a=: an inductor 

I 
I ....L. 

Looks like a 

i series resonant 
circuit or __, 

short circuit 

I 

0 Looks like a 
parallel resonant-a 

circuit or 
open circuit 

Looks 

' 
like an -inductor 

Looks 1 like a--
capacitor T 

Looks like a parallel 0 -
resonant circuit or open circuit 

I I I 

...I... 

Looks like a series 

i --- I 

resonant circuit or short circuit 
I I I 

½>- ¾>- ¼>- ¾>- 0 ½>- ¾>- ¼>- ¾>- 0 
Line length from receiving end Line length from receiving end 

FIG. 13. Summary of input-impedance characteristics of lossless open-circuited and 
short-circuited lines of various lengths. The equivalent electric circuits are also 
shown. The input impedance of an open-circuited line less than X/4 in length is 
capacitive reactance. If the length is exactly X/4, the input impedance is zero and 

the line hence has the characteristics of a series resonant circuit, etc. 

where d is the wire diameter in mils, and f is the frequency in mega
cycles. 

Both the contact resistance in wire joints and the actual decrease in 
the size of the wire due to corrosion tend to make the measured 
resistance of old wires greater than that given by Fig. 14. 

For the hard-dra,Yn copper used in communication circuits, the 
effective resistance of the wire varies with temperature according to 
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Fm. 14. Alternating-current resistance of open-wire copper pairs at 20°C (68°F). 
(Reference 9.) 

the relation 9 

(68) 

where R is the effective resistance at temperature t, R 1 is the resistance 
at temperature t1 , and A 1 is the alternating-current temperature co
efficient of resistance at temperature t1 and can be obtained from 
Fig. 16. Temperatures are in degrees centigrade. 

Series Inductance L. The series self-inductance of an open-wire 
transmission line of two parallel wires is 9 

L = 0.64374 ( 2.3026 log10 
2
; + µa) X 10-3, (69) 

where L is in henrys per loop mile, d is the diameter of each wire, and 
D is the distance between centers both in the same units, p, is the per
meability of the wire, and o is a factor depending on frequency. 11 

For hard-drawn copper wires, the permeability is unity, and for audio 
frcquencies 9 p,o = 0.25. Equation 69 applies with best accuracy when 
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FIG. 15. Values of u for equation 66 to 
obtain the a lternating-current resistance 
of copper wires, particularly at radio 
frequencies. For hard-drawn copper used 
in open-wire lines the resistance is about 
2 or 3 per cent greater than for annealed 

copper. 

the ratio D / d is at least 10. 
The inductance of telephone 
lines at Yarious frequen cies is 
giYen in Table I. 

Shunt Capacitance C. The 
shunt capacitance of an open
wire transmission line of two 
parallel wires is9 

C 
_ 0.019415 -6 

- 2D X 10 ' 
log10 d 

(70) 

where C is in farads per loop 
mile (mile of line), d is the di
ameter, and D is the distance 
between centers both in the same 
units. This equation applies 
with greatest accuracy when 
the ratio D / d is greater than 
about 10. 

Values for the capacitance between wires of differen t sizes and of 
different spacings are given in Table II. Since on an actual line the 
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FIG. 16. Alternating-current temperature coefficient of resistance for open-wire 
pairs at 20°C. (Reference 9.) 



Fre-
quency, 
Cycles 

per 
Second 

8-in. 
------

0 0.00311 
1,000 0.00311 

10,000 0.00305 
25,000 0.00301 
50,000 0.00299 
Infinite 0.00295 

OPEN-WIRE LINES AT LOW FREQUENCIES 

TABLE I 

INDUCTANCE OF OPEN-WIRE LINES 

(From reference 9.) 

Inductance of Open-\Vire Pairs, H enrys per Loop Mile 

165-mil 128-mil 104-mil 

12-in. 18.25-in. 8-in. 12-in. 18.25-in. 8-in. 12-in. 
--------- --- - --------
0.00337 0.00364 0.00327 0.00353 0.00380 0.00340 0.00366 
0.00337 0.00364 0.00327 0.00353 0 .00380 0.00340 0.00366 
0.00331 0.00358 0.00323 0.00349 0.00376 0.00338 0.00364 
0.00327 0.00354 0.00319 0.00345 0.00372 0.00334 0 .00360 
0.00325 0.00352 0.00317 0.00343 0.00370 0.00331 0.00357 
0.00321 0.00348 0.00311 0.00337 0.00364 0.00324 0.00350 

219 

18.25-in. 
---
0.00393 
0.00393 
0.00391 
0.00387 
0.00384 
0.00377 

capacitance depends to some extent on the presence of other wires,9 
values are given for ,vires isolated in space, and also for wires on a 
40-wire line. The effect of frequency is negligible. 

Wire 
Spacing 

8 in. 
12 in. 

18 .25in. 

TABLE II 

C APACITANCE VALU ES FOR OPEN-WIRE LINES 

(From reference 9.) 

Capacitance-:\ficrofarads per Mile 

165-mil 128-mil 104-mil 

On On On 
In space 40-wire In space 40-wire In space 40-wire 

line line line 

0.00977 0.00996 0.00926 0.00944 0.00888 0.00905 
0.00898 0.00915 0.00855 0.00871 0.00822 0.00837 
0.00828 0.00863 0.00791 0 .00825 0.00763 0.00797 

Shunt Conductance G. This is the most erratic of the line con
stants.9 Shunt conductance is not the direct-current conductance 
between wires but is of the nature explained9 in the following quota
tion: 

The determination of the value of G for direct current is quite simple, 
involving merely a measurement of the actual conductance between wires for 
a length of circuit short enough to avoid propagation effects. For alternating 
currents, however, it ifi customary to employ an equivalent value of G which 
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includes all the losses suffered by the power transmitted over the pair except 
the normal /2R loss in the wires themselves. This inclusion of numerous little
understood losses in the general term leakage has at times served to insulate 
the individual losses from analysis.* 

There are many paths by which the leakage currents can reach the 
other wire of a pair, or ground. Leakage occurs through the air itself 
but is of little importance. It occurs through trees or other foreign 
objects touching the wires. It also occurs at insulators. Insulator 
leakages are discussed in a paper 12 from which the following is sum
marized. 

Telephone line 

High-resistance leaks to ground 

Fm. 17. Illustrating the voltmeter method of measuring the direct-current leakage, 
or insulation, resistance of a line to ground. 

Current leakage at insulators may be resolved into two com
ponents, one in phase with the potential and one leading the potential 
by 90°. This in-phase component represents an energy loss and is 
the more important component. The term shunt conductance refers 
to the conductance corresponding to the in-phase component. 

Both the in-phase and reactive components in flowing through the 
resistance of the line conductors produce energy losses, but these are 
negligible. All other energy losses that occur because of the insulators, 
whether they actually occur at the insulators or elsewhere, are at
tributed to the insulators. 

Shunt conductance varies greatly with weather conditions, the age 
of the insulators and the line, and similar factors. It is extremely 
difficult to maintain proper insulation on lines close to the sea or to 
salt lakes, 13 or in certain regions subject to alkali dust storms. Meth
ods of measuring the shunt conductance G are discussed in reference 14. 
Values are given in Table IV. 

Lines are quite often given direct-current tests to determine their 
direct-current insulation resistance. Such tests are often made with a 
voltmeter as indicated in Fig. 17. A voltmeter having a resistance of 

* Reprinted by permission, courtesy Bell System Technical Journal. 
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about 100,000 ohms is satisfactory. The IRx drop across the insula
tion resistance of the entire line equals the battery voltage E minus the 
reading V of the voltmeter, or IRx = E - V, and Rx = (E - V)/1. 
The voltmeter and the equivalent resistance of the line are in series, 
and thus the current through each is the same. The current through 
the voltmeter (and Rx) is I = V /Rv, and thus it can be written that 

Rx = (E - V)Rv. 
V 

(71) 

Open-Wire Telephone Lines at Audio Frequencies. Data apply
ing to telephone lines are summarized in Tables III and IV. 

TABLE III 

CHARACTERISTICS OF EXCHANGE OPEN-\VIRE LINES 

Diam-
Resistance 

Inductance Capacitance 
Character- Attenuation 

Type eter of Size 
R L C 

istic Decibels per 

of Wires of 
Ohms per 

Henrys per ~licrofarads 
Impedance Mile at 

Circuit in Wires 
Loop Mile, 

Loop :\lile, per 
Magnitude 1000 Cycles 

Inches 
1000 Cycles, 

1000 Cycles Loop :\lile 
in Ohms, (Dry 

68° F 1000 Cycles Weather) 
--
Copper 0.080 No. 14NBS 17 .1 0.00373 0.00783 768 0.103 
Copper 0.104 No. 12NBS 10.2 0.00365 0.00837 691 0.066 
Iron 0.083 No. 14BWG 134.4 0.01626 0.00793 1841 0.356 
Iron 0.109 No. 12BWG 93.8 0.01469 0.00847 1573 0.283 

The use of Table IV and the equations of the preceding section will 
now be considered. A non-pole pair side circuit of hard-drawn 165-mil 
copper wires spaced 12 inches apart will be used as an illustration, the 
frequency will be 1000 cycles, and the temperature 20°C. 

Calculation of Linear Electrical Constants. The series resistance R is 
found as follows: Rdc = pl/d2 = 10.37 X 2 X 5280/1652 = 4.02 ohms 
per loop mile. For hard-drawn copper the resistance is assumed 3 per 
cent greater; hence, Rdc = 4.02 X 1.03 = 4.14 ohms per loop mile. 

From equation 67, x = 0.271 av]= 0.271 X 165 X VlOOO X 10-5 = 
1.41, and, when this is applied to Fig. 15, it is seen that the skin effect is 
negligible at 1000 cycles. Table IV gives 4.11 ohms. 

The series inductance L is calculated by equation 69, L = 0.64374 

( 
2D ) . 2D 2.3026 log10 d + µo X 10-3

_ Evaluatmg the portion log10 d gives 

2 X 12 
log10 

0
_
165 

= 2.163. As stated on page 217, µo = 0.25 for copper at 

audio frequencies. Thus, the inductance is L = 0.64374(2.3026 X 



TABLE IV 

C H ARACTERISTI CS OF STANDARD TYPES OF OPEN-WIRE LoNG-DI STANCE T OLI, TELEPHONE C IRCUIT S 

CoPPER W m E-1000 CYCL ES PER SECON D 

Propagation Constant per M ile Characteristic Impedance 

Gauge 
Spac- Constants per Loop- Mile 

ing Wave-
T ype of Circuit 

of 
of Polar Rectangular Polar Rectangular 

le ngth, Wire, 
Wires , Miles Mils 
Inches R L C G 

l\.1agni-
An~le 

fJ 
M ap;- Angle R X 

l\.1icro- n..Jiero- Dc~rces a 
ni t.udf~ Degrees Ohms Ohms Ohms Henrys 

fara ds mhos 
tude 

(Pos.) 
Nepers Radians 

Ohms (Neg.) (Keg.) -- - - - -- --- - - --- --- - ----- --- --- ---- --
Non-Pole Pair Side 165 12 4. 11 0 .00337 0 .00915 0.29 0.0352 84.36 0.00346 0 . 0350 612 5.35 610 57 179 .5 
P ole Pair Side 165 18 4.11 0.00364 0.00863 0 .29 0. 0355 84.75 0.00325 0 .0353 653 5.00 651 57 178. 0 
Non-Pole Pair 

Phan tom 165 12 2.06 0.00208 0.01514 0.58 0.0355 85.34 0.00288 0. 0354 373 4.30 372 28 177. 5 
Pole Pnir P hantom 165 18 2.06 0.00207 0. 01563 0 .58 0 .0359 85.33 0 . 00293 0 .0358 366 4 . 33 365 28 175 . 5 
Non-Pole Pair 

Physical 165 8 4 . 11 0.003 11 0. 00996 0.14 0,0353 83.99 0.00370 0. 0351 565 5.88 562 58 179. 0 
Non-Pole Pair Side 128 12 6. 74 0.00353 0.00871 0 .29 0.0356 81.39 0.00533 0. 0352 650 8.32 643 94 178.5 
Pole Pair Side 128 18 6. 74 0.003!>0 0 . 00825 0. 29 0.0358 81.95 0.00502 0 . 0355 693 7 . 72 686 93 177 . 0 
Non-Pole Pair 

Phantom 128 12 3.37 0 .00216 0.01454 0.58 0 . 0357 82.84 0. 00445 0.0355 401 6.73 398 47 177.0 
Pole Pair Phantom 128 18 3 . 37 0.002 15 0.01501 0.58 0 . 0362 82.82 0.00453 0.0359 384 6.83 382 46 174.8 
Non-Pole Pair 

Physical 128 8 6.74 0.00327 0.00944 0.14 0 .0358 80.85 0. 00569 0.0353 603 8.97 596 94 178.0 
Non-Pole Pair Side 104 12 10.15 0.00366 0 . 00837 0.29 0.0363 77 .93 0. 00760 0. 035,3 692 11. 75 677 14 1 177.0 
P ole Pair Side 104 18 10. 15 0 .00393 0 . 00797 0 . 29 0 .0365 78.66 0.00718 0 . 0358 730 10.97 71 7 139 175 . .5 
Non-Pole Pair 

Phantom 104 12 5.08 0.00223 0. 01409 0 .58 0.0363 79.84 0.00640 0 .0357 42 1 9. 70 415 71 176.0 
Pole Pair P hantom 104 18 5.08 0.00222 0 . 01454 0 . 58 0. 0368 79.81 0. 0065 1 0 . 0362 403 9 . 8.1 3!)7 69 173.6 
Non.J>ole Pair 

Physical 104 8 10. 15 0.00340 0.0090.'; 0 .14 0.0367 77.22 0 .00811 0. 0358 644 12 .63 629 14 1 175 . 5 

NOTES: 1. All values are for dry weather conditions. 
2. All capacitance values assume a line carrying 40 wi res. 
3 . Resistance values are for temperature of 20° C (68° F). 
4 . DP Insulators assumed for nll 12-inch and 18-inch spaced wires-CS Insulators for all 8-inch spaced wire . 
5. Open-wire lines u.re no longer loaded in the United States. 

Velocity, 
Miles 
per 

Second 

---
179,500 
178,000 

177,500 
177,500 

179,000 
178,500 
177 ,000 

177,000 
174,800 

178,000 
177,000 
175,500 

176,000 
173,600 

175 ,500 

Atten-
uation, 
Decibel 

per Mile 

---
0 .0300 
0.0282 

0 .0250 
0.0254 

0.0321 
0.0462 
0.0436 

0.0386 
0.0393 

0.0495 
0.0660 
0.0624 

0.0556 
0.0565 

0 .0704 

I,,; 
I,,; 
I,,; 

; 
> 
2 
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2.163 + 0.25) X 10-3 = 3.37 X 10-3 henry, or 0.00337 henry per loop 
mile, or per mile of line. This agrees with Table IV. 

The shunt capacitance C is calculated by equation 70, C = 
[0.019415/log10 (2D/d)] X 10-6

, which for the line under considera
tion is C = [0.019415/log10 (24/0.165)] X 10-6 = 0.00898 X 10-6 farad, 
or 0.00898 microfarad per mile. This is the value of the capacitance in 
free space and will not agree exactly with Table IV, which is for pairs 
on a 40-wire line. 

The shunt conductance G is not calculated. From Table IV, the 
value is 0.29 micromho per mile. 

Calculation of Propagation Constant. The actual constants from 
Table IV, instead of the constants just calculated, will be used for subse
quent calculations. These are R = 4.11 ohms, L = 0.00337 henry, C = 
0.00915 X 10-6 farad, and G = 0.29 X 10-5 mho. At 1000 cycles, and 
from equation 37, 

'Y = a+j{3 = V (R+jX) (G+jB) 

= V (4.11 +j6.28X I000X0.00337) (0.29Xl0-6+ j6.28X1000X 0.00915Xl0-6 ) 

= V (4.ll+j21.2) (0.29 X 10-6+j57.5 X 10-6 ) 

= V (21.6 /79°) (57.5 X 10-6 /90°) 

= 0.0353 /84.5° = 0.00339+j0.0352. 

Thus, the attenuation constant a = 0.00339 neper, or 0.00339 X 8.686 = 
0.0295 decibel per mile. The phase constant {3 = 0.0352 radian or 
0.0352 X 57 .3° = 2.01 ° per mile. These values agree approximately 
with Table IV. 

Calculation of Characteristic Impedance. From equation 50, 

Zo = V (R + jX)/ (G + jB) = V (21.6/79°)/ (57.5 X 10-6 /90°) 

= 610/ -5.5° = 607 -j58 ohms. 

Calculation of Wavelength and Wave Velocity. From equation 54, 
X = 21r/{3 = 6.28/0.0352 = 179 miles; or, X = 360°/2.01° = 179 miles. 
From equation 55, V = w/{3 = 6.28 X 1000/0.0352 = 179,000 miles 
per second, or V = Xf = 179 X 1000 = 179,000 miles per second. 

Calculation of Line Performance. A power input of 0.001 watt, or 
1.0 milliwatt, at 1000 cycles is the standard testing power used in 
checking the performance of telephone lines. Calculations will be 
made on a section of line 250 miles long, and terminated in 610 ohms 
pure resistance, a value that simulates the characteristic impedance Zo 
sufficiently close for practical purposes. It will be assumed that the 
line input impedance also is 610 ohms resistance. 

The input voltage will be E = VPR = v~O-.O-O_l_X_6_1_0 = 0.782 volt. 
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The input current will be I = VPfR = V0.001/610 = 0.00128 
ampere, or I= E/R = 0.782/610 = 0.00128 ampere. 

The received power can be found from equation 49, page 86, Pr= 
PslO-O.lln = 1.0 X 10-0.IX7 -5 = 0.178 milliwatt, or 0.000178 watt. 
The value ln = 7.5 is the loss in decibels for the 250-mile section of line 
having a loss of 0.03 decibel per mile from Table IV. 

The received voltage can be found from equation 53, E, = Es10-0
-
051n = 

0. 782 X 10-o.o5x7 ·5 = 0.33 volt. Or the received voltage is V 0.000178 X 

610 = 0.33 volt. 
The received current can be found from equation 52, I, = [ 8 l0--0.o5 tn = 

0.00128 X 10-o.o5x7 .5 = 0.00054 ampere. Or the received current is 
0.33/610 = 0.00054 ampere or 0.54 milliampere. 

The loss on a typical open-wire line at frequencies higher than 1000 
cycles is given in Fig. 18. 

The Phantom Circuit. Reference is made in Table IV to the 
phantom circuit. This circuit is obtained, as indicated in Fig. 19, from 
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two pairs of line wires ( or 
from two cable pairs). By 
the use of the phantom cir
cuit, three telephone conver
sations can be carried on 
simultaneously over two 
pairs of wires. 

If the transformers ( or 
repeating coils, as they 
are commonly called in te
lephony) are tapped at ex
actly their electrical center, 0 

0 25 50 75 100 125 150 
Frequency, kilocycles and if the impedance of 

FIG. 18. Typical losses on a 165-mil open
wire copper telephone line at various fre
quencies. (From Bell System Tech. J., Jan-

uary, 1939, Vol. 18, No. 1.) 

each line wire is the same, 
the currents from the phan
tom circuit will divide 
equally. Since these cur
rents will flow in opposite 

directions through the transformer windings, their magnetic effects 
will neutralize, and no magnetic flux will be produced to induce speech 
currents in the side circuits. Instantaneous directions of current flow 
for a phantom circuit are shown; side-circuit currents will flow as if 
the phantom circuit were not present. 

Constants of Open-Wire Lines at Radio Frequencies. 15 , 16, 1 7 

Such lines are used in radio for connecting the radio transmitter to 
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the sending antenna and for similar purposes. It is assumed that the 
conductors are of hard-drawn copper. 

Series Resistance R. The resistance at radio frequencies of both 
wires of a transmission line is 

16.8Vf 
R = ---, 

d 
(72) 

FIG. 19. A phantom telephone circuit is obtained over four wires as shown. The 
letter T signifies a telephone set. 

where f is the frequency in cycles per second, d is the diameter of the 
wires in centimeters, and R is in microhms per meter of line. The 
resistance can also be found by the method of page 215 . 

.Series Inductance L. The series self-inductance at radio frequencies 
of both wires of a transmission line is 

2D 
L = 0.921 log1 0 d, (73) 

where D is the distance between the wires, d is the diameter of the 
wires in the same units as D, and Lis in microhenrys per meter of line. 

Shunt Capacitance C. The shunt capacitance between the two wires 
of a radio-frequency transmission line is 

0.000012 
C=---, 

2D 
log10 d 

(74) 
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where C is the capacitance in microfarads per meter of transmission 
line and D and d are as previously explained. Equations 73 and 74 
do not apply for twisted pairs and are accurate only when Did is 
about 10 or more. 

Shunt Conductance G. Shunt conductance G was discussed on 
page 219 for an open-wire line at low frequencies. A similar discussion 
applies at high frequencies, but this constant is usually neglected in 
radio. 

Propagation Constant of Radio-Frequency Transmission Lines. 
The propagation constant of any transmission line at any frequency 
is given by equation 37. The attenuation constant a and the phase 
constant f3 can be found by equations 43 and 49. At radio frequencies, 
however, wL and wC become so much greater than the resistance R and 
conductance G that simplifications arc possible. Thus, equation 37 
becomes 5 • 15 

✓- ✓-R C G L -
'Y = a + j{3 = (- - + - -) + jwV LC 

2 L 2 C ' 
(75) 

and, when the shunt conductance is negligible, 

(76) 

and 

f3 = wVW, (77) 

where a is the attenuation constant in nepers per unit length, f3 is the 
phase constant in radians per unit length (corresponding to R, L, and 
C), Z0 is the characteristic impedance ( equation 79), and the units 
ohms, farads, and henrys are used. Since the wave velocity is, from 
equation 55, V = w/ /3, it follows that at radio frequencies the velocity 
of propagation on a line is approximately 

w w l 
V--------· 

f3 wVW vw (78) 

This is the velocity of light, approximately 186,300 miles per second, 
or 3 X 10 5 kilometers, 3 X 108 meters, or 3 X 1010 centimeters per 
second. 

Characteristic Impedance of Radio-Frequency Transmission 
Lines. The characteristic impedance of any line at any frequency is 
given by equation 50. At radio frequencies wL and wC become so much 
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greater than R and G that they may be neglected, and accordingly 

Zo = /R + y'wL = /~' (79) 
'\} G + y'wC '\} C 

where L is the series inductance of the line in henrys, C is the shunt 
capacitance; Z0 will be the characteristic impedance in ohms and will 
be pure resistance. The values of L and C may be for any (but the 
same) length of line. If equations 73 and 74 are substituted in equa
tion 79, the characteristic impedance of a radio-frequency line becomes 

2D 
Zo = 276 log10 d, 

where Z0 is ohms resistance. 

(80) 

A helpful set of radio-frequency transmission-line nomographs, pre
pared by P. H. Smith, has been published in the February, 1949, issue 
of Electronics, Vol. 22, No. 2. 

Open-Wire Transmission Line at Radio Frequencies. The 
methods of using preceding equations will be considered now. As an 
illustration a line composed of two No. 4 A.W.G. (diameter, 0.518 
centimeter) hard-drawn copper wires spaced 18 inches (45.7 centi
meters) apart will be considered at a frequency of 10.0 megacycles 
and at 20°C. 

Calculation of Linear Electrical Constants. The series resistance R is, 

from equation 72, R = 16.8-vio7 /0.518 = 102.5 X 103 microhms per 
meter, or 0.1025 ohm per meter. 

The series inductance L is, from equation 73, L = 0.921 log10 2 X 
45.7 /0.518 = 2.065 microhenrys per meter. 

The shunt capacitance C is, from equation 74, C = 0.000012/ 
log10 2 X 45.7 /0.518 = 0.00000534 microfarad per meter. 

The shunt conductance G is assumed negligible. 
Calculation of Propagation Constant. Propagation constant may be 

calculated by equations 37 or 75, or a and {3 may be evaluated by 
equations 76 and 77. Using these last two equations, a = (0.1025/2) X 

v'0.00000534 X 10-6 /2.065 X 10-6 = 8.26 X 10-5 neper per meter, 

and {3 = 6.28 X 107V2.065 X 10-6 X 0.00000534 X 10-6 = 0.209 
radian per meter. Using the value of Zo calculated in the next para
graph and the second expression of equation 76, a = 0.1025/2 X 620 = 
8.27 X 10-5 neper per meter. 

Calculation of Characteristic Impedance. Characteristic impedance 
may be calculated from equations 50, 79, or 80. Using equation 79, 

Zo = v'2.065 X 10-6 /0.00000534 X 10-6 = 620 ohms resistance. Using 
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equation 80, Zo = 276 log10 2 X 45.7 /0.518 = 620 ohms resistance. 
The characteristic impedance of typical radio-frequency transmission 
lines is given in Fig. 20. 

Calculation of Wavelength and Wave Velocity. From equation 54, 
,\ = 6.28/ ,B = 6.28/0.209 = 30 meters (approximately). The wave 
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velocity is, from equation 55, V = w/ ,B 
= 6.28 X 10 7 /0.209 = 3 X 108 me
ters per second. 

Calculation of Line Performance. 
The radio-frequency transmission line 
of the preceding paragraphs is to de
liver 10.0 kilowatts of power to an 
antenna 500 feet (152.5 meters) from 
the transmitter. The antenna termi
nates the line so that no standing 
waves exist. The sending-end condi
tions are desired. 

The receiving-end current will be 

Ir = VP/R = Vl0,000/620 = 4.02 
amperes. 

The receiving-end voltage will be 

Er = VPR = Vl0,000 X 620 = 2490 100~~-+-~~-+-~-+-+~~ 
N rr, "<I" LO'° oo o N.,., volts . ............... 

Spacing, center-to -center, inches 

Fm. 20. Characteristic impedances 
in ohms (resistance) for open-wire 
transmission lines at radio fre-

quencies. 

The sending-end power will be com
puted as follows: The loss in the 500-
foot (152.5-meter) line was computed 
to be 8.26 X 10- 5 neper per meter, 
and hence the total loss will be about 
12.6 X 10-3 neper. This is 12.6 X 

10- 3 X 8.686 = 0.1093 decibel. From equation 49, page 86, the power 
input will be P = 10 X 10°- 1 xo.io 9 3 = 10.255 kilowatts, or 10,255 
watts. 

The sending-end current will be ls = Vl0,255/620 = 4.07 amperes. 

The sending-end voltage will be Es = V 10,255 X 620 = 2525 volts. 
The efficiency of the radio-frequency transmission line will be 

l0,000/10,255 = 97.5 per cent. 
The preceding calculations neglect the power radiated by the radio

frequency transmission line. These radiation losses can be calculated 
approximately by the equation 1 5 

P = 160 (I1rD/}l.)2, (81) 
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where P is the radiation loss in watts, I is the line current in amperes, 
and D is the line spacing and A the wavelength, both in the same units. 
This equation holds 15 if the line is terminated in its characteristic 
impedance, if the line spacing is less than 0.1>.. and if the line length is 
more than 20D. 

The Exponential Radio-Frequency Transmission Line. The 
spacing of the wires of the transmission lines previously considered 
has been the same at all points, and hence the inductance and ca
pacitance of each unit length is the same. An exponential transmis
sion Jine t 6 , 1 7 , 1 8 is one in which the inductance and the capacitance 
vary exponentially with distance along the line. Such a variation in 
these line constants can be achieved by varying the spacing exponen
tially, by varying the wire size, or by these two methods in combina
tion. 

It has been found 18· 19 • 20 that the exponential line has impedance
matching properties. In this respect the exponential line is similar to 
the non-symmetrical network which must be terminated in image 
impedances that are unequal (page 153). 
Also, the exponential line has a cutoff fre- z z --

-1 = Z0tanh 'Yl ' Z t h 'Yl 
quency. In these respects it differs from 2 2 2= o an 2 

the uniform line. The exponential line is 
used at radio frequencies for impedance
matching purposes (page 495). See a lso 
page 498. 

Equivalent T Section of a Uniform Line. 
It was shown on page 146 that any complex 
network could be represented by a T section 
(or a 1r section). Thus, using equations 19, 

Fm_ 21. Equivalent T net
work for a uniform trans
mission line or non-loaded 

cable. 

20, and 21 of Chapter 5, the equivalent T section for a transmission 
line can be determined. The equivalent T section (Fig. 21) for a 
transmission line having uniformly distributed constants can be calcu
lated directly if the characteristic impedance Z0 and the propagation 
constant per section y are known. 

On page 206 the impedance measured at the sending terminals of an 
open-circuited line was shown to be Zoe = Z0 coth yl, and on page 207 
the impedance of a short-circuited line was Zsc = Z0 tanh yl. From 
these relations, 

Zo tanh -yl 
tanh -yl = = ----, 

oc Z o coth -yl 
(82) 

because, from hyperbolic trigonometry, coth x = 1/tanh x. 
In terms of the symmetrical T section of Fig. 21 , equation 82 
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becomes, from equations 47 and 48, page 156, 

Zo 

Z1 Z 2 + 2 

(83) 

when simplified by substituting the value* of Z0 from equation 49, 
page 156 (page 340 of reference 7). From equation 83, 

Zo 
--- -Z2 
tanh 'Yl ' 

2Zo 
and Z1 = --- - 2Z2 tanh 'Yl ' 

(84) 

and this equation contains Zo, which is given in terms of Z1 and Z2 

by equation 49, page 156. Substituting this value for Z1 in Zo = 
½-V 4Z1Z2 + Z12 obtained from equation 49, 

\) ( 2Zo ) ( 2Zo _ 2z,)' l Zo = 24Z2 tanh 'Yl - 2Z2 + 
tanh 'Yl 

and (85) 

z z zo2 z 
o = h2 l - Z2. tan 'Y ) 

Solving, and substituting coth x = 1/tanh x, csch x = V cothi x - 1, 
and csch x = 1/sinh x, 

Z2 = ZoV coth2 'Yl - 1 = Z 0 /sinh "fl. 

Substituting equation 86 in equation 84, 

2Zo 

tanh 'Yl 

2Zo 2Zo(cosh 'Yl - 1) 'Yl - --- = ------- = 2Zo tanh - , 
sinh 'Yl sinh 'Yl 2 

. sinh x 
smce tanh x = -- , and 

cosh x 

( cosh x - l) h 1 . = tan 2 x. 
smhx 

(8G) 

(87) 

Equations 86 and 87 give the values of Z1 and Z 2 for the T net
work of Fig. 21 equivalent at one frequency to a uniform transmission 
line having distributed constants. Similar equations can also be 
derived for a 1r equivalent network. 

Determination of Line Constants from Impedance lUeasure

ments. 6· 8 From equation 35, 'Y = Vzy, and, from equation 50, 

Zo = Vz/y. 
* The notation Zo (characteristic impedance) instead of ZK (iterative imped

ance) is used because a uniform line is under consideration. 



Hence, 

and 

DETERMINATION OF LINE CONSTANTS 

-rZo = z = R + jwL, 

-r I Z o = y = G + jwC. 
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(88) 

(89) 

From equation 51, Zo = VZ0 cZsc and can readily be found from 
open-circuit and short-circuit impedance measurements. Also, from 

equation 82 tanh -yl = VZsc/ Z0 c, These equations can be used to 
find the line constants as follows: 

For an open-wire line 197 miles long, Zoe = 672- j214 or 705 / -17.65° 
ohms, and Zsc = 695-j75.5 or 699 / -6.2° ohms. Thus, Zo = 
V(705 / -17.65°)(699 / -6.2°) = 702 / -11.9° ohms, and these meas
urements are at 1000 cycles. The value of tanh -yl = 
v(699/-6.2°)/(1os/-11.65°) = o.996/+5.725°= o.991 +j0.0992. 

The next step involves finding al and {3l from the expression for 
tanh -rl. From hyperbolic trigonometry, tanh -y = tanh (a + j{3) = 
A +jB, 

2A 
tanh 2al = 2 2 , 

1 +A + B 
(90) 

and 
2B 

tan 2{3l = l _ (A 2 + B 2 ) • (91) 

Thus, tanh 2al = (2 X 0. 991) / (1 + 0. 991 2 + 0.09922
) = 0. 995. From 

tables of hyperbolic functions, 2al = 2.99, and al= 1.495 nepers. 
Hence for the 197-mile line, a = 1.495/ 197 = 0.0076 neper per mile or 
0.0076 X 8.686 = 0.0659 decibel per mile. Similarly, tan 2{3l = 
(2 X 0.0992) / (1 - (0.991 2 + 0.09922 )] = -24.32. From tables of 
circular functions, 2(3l = 807.65°, and {3l = 403.83°. Of course, this fact 
must be determined from a study of the frequency and the velocity of 
propagation. At 1000 cycles, for a line 200 miles long and a velocity of 
propagation of about 180,000 miles per second, {3l would be somewhere 
in the fifth quadrant. The value in radians is {3l = 408.5°/ 57.3° = 
7.04 radians, and (3 = 7.04/ 197 = 0.0357 radian per mile. Thus, 
-y = a+ j{3 = 0.0076 + j0.0357 = 0.0365 /77.98°. 

From equation 88, 

-rZo = z = R + jwL = 0.0365 /77.98° X 702 / -11.9° 
= 25.6 / 66.08° = 10.38 + j23.41 ohms. 

Hence, R = 10.4 ohms resistance per mile, and L = 23.4/ (6.28 X 1000) 
= 0.00373 henry per mile. From equation 89, -y / Zo = y = G + jwC = 
0.0365 /77.98°/702 / -11.9° = 0.000052 / 89.88° = 0.000000104 + 
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j0.000052. Hence, G = 0.000000104 mho or 0.104 micromho per mile, 
and C = 0.000052/ (6.28 X 1000) = 0.00000000828 farad or 0.00828 
microfarad per mile. 

The calculations just made were for an artificial line designed to have 
characteristics similar to those of a non-pole pair side circuit of a 
104-mil, hard-drawn copper, open-wire line with 12-inch spacing, the 
constants of which arc listed in Table IV. The open-circuited and 
short-circuited tests used in the calculations were made on this labora
tory artificial line. 
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REVIEW QUESTIONS 

1. Distinguish between a uniform line and a non-uniform line. 
2. In communication, what frequencies are transmitted by open-wire lines? 
3. What types of distortion may occur in open-wire lines and terminal equip

ment? 
4. How do electrically Jong lines differ from electrically short lines? Give an 

example of each. How is each considered in design calculations'? 
5. Discuss the linear electrical constants of a transmission line, explaining the 

fundamental nature and vanations of each constant. 
6. Of what significance are the phase constant /3 and the attenuation constant a.'? 
7. Define, and explain, the practical significance of characteristic impedance. 

\Vhat comparable term was considered in the preceding chapter? 
8. Why is the input impedance of a line with any termination different from the 

characteristic impedance of that line? 
9. What is the nature of the characteristic impedance of any open-circuited or 

short-circuited line? 
10. Briefly discuss the importance of the reflected wave in determining trans

mission-line phenomena. 
11. What is meant by the term stationary, or standing, wa,·e? Explain why this 

term is misleading. 
12. What are antinodes, and what are nodes? How are they caused? How are 

they measured? 
13. What causes skin effect? Proximity effect? 
14. Is skin effect of practical importance? Where? To what extent? 
15. Discuss the nature of the losses occurring in telephone insulators, insulator 

pins, and crossarms. 
16. Could a measurement using equation 71 be used to determine the conductance 

( G) values of Table IV? If not, how would they be determined? 
17. Compare the constants of an open-wire line at audio frequencies with those 

of the same line at radio frequencies. 
18. Compare a., {3, and Z 0 for a line at audio frequencies, and for the same line at 

radio frequencies. 
19. What is an exponential transmission line, and what interesting property does 

it have? It is similar to what network of the preceding chapter? 
20. What is meant by radiation loss as given by equation 81? 
21. What is a phantom circuit? A repeating coil? 
22. Explain how, at radio frequencies, a transmission line can be used as a trans

former. 
23. How would you determine the characteristic impedance of an audio-frequency 

line? Of a radio-frequency line? 
24. How would you determine line constants at both audio and radio frequencies? 
25. What is the approximate velocity of propagation of a typical audio-frequency 

line? What is the attenuation? Repeat for a typical radio-frequency line. 

PROBLEMS 

l. Calculate the resistance, inductance, and capacitance for a 128-mil hard-drawn 
copper, open-wire line, with 12-inch spacing, and at 1000 cycles and 20° 
centigrade. Compare these values with those given in Table IV. 
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2. Calculate a, {J, and Zo for the line of Problem I , and a t a frequency of 1000 
cycles. 

3. If the line of Problem I is 100 miles long, is terminated in its characteristic 
impedance, and the input testing power is one milliwat t at 1000 cycles, cal
cula te the input voltage and current , and the received voltage, current, and 
power. 

4. R epeat the calculations starting on page 227 at a frequency of 15 megacycles. 
5. R epeat the calculations starting on page 228 at a frequency of 15 megacycles. 



CHAPTER 7 

CABLES AND WAVE GUIDES 

Introduction. From the electrical standpoint alone, open-wire trans
mission lines compete favorably with cables, including the coaxial type. 
From the mechanical standpoint, the open-wire line, consisting as it 
does of exposed uninsulated wires supported on glass insulators, cross
arms, and poles, has serious shortcomings. The open-wire line is 
subject to mechanical contact with trees, brush, and other wires. The 
insulators become damaged by natural causes and by man. Further
more, open-wire lines are subjected to severe mechanical stresses due 
to sleet, snow, and high winds. The wires must be spaced at least 
approximately 8 inches apart or they will swing together. The 
maximum number of pairs of wires that can exist on a modern pole 
line is approximately 40; that is, 8 crossarms of 10 wires each. 

For these and other reasons, cables must be used extensively in 
modern communication systems. Cables used in communication are 
of two general types: first, those in which the transmission circuits are 
twisted pairs of insulated wires, and second, those in which the trans
mission circuit consists of an outer t~bular conductor and a conductor 
held at the center ( called a coaxial cable). 

Cables are sometimes supported by steel strands attached to poles 
and are called aerial cables. 1 There is a growing tendency, however, 
to bury cables so that they will be more nearly damage and storm 
proof. These are called underground cables. 1 

Cables of the twisted-pair type are extensively used in telephony for 
transmission at audio frequencies. They are also used for transmission 
at telephone carrier frequencies (page 429). Coaxial cables are used 
in telephony for transmitting many telephone conversations simul
taneously (page 432) and for television and radio purposes. 

Cables of Paired Twisted Wires. Annealed copper wires are 
used in cables. Each wire is insulated with a paper tape, or with a 
layer of "paper" applied to the wires in the form of paper pulp. 2 The 
wires are twisted together into pairs. In some cables used for toll 
service, two pairs are twisted together into a four-wire arrangement 
called a quad 1 which is used as a phantom group (page 224). 

The cables are composed of wires of several different A.,v.G. sizes. 
The smallest wire sizes used are 28 gauge. 3 Usually, however, the 

235 
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smallest wire size used is 26 gauge. With these it is possible to place 
4242 wires (2121 talking pairs) in a cable sheath haYing an outside 
diameter of 2¾ inches. In the past, the cable sheaths were of lead
antimony alloy. This sheath excludes moisture and protects the wires 
mechanically. Cables with plastic sheaths* arc also used. 

Linear Electrical Constants of Cables. The linear electrical con
stants of cables are the series resistance R, the series self-inductance L, 
the shunt capacitance C, and the shunt conductance G. In discussing 
these constants, two types of cables must be considered: those used for 
local or exchange purposes and those used for toll and long-distance 
purposes. Also, the cables must be considered at audio frequencies 
and at the higher carrier frequencies. 

These so-called constants are of such a nature that they should be 
called parameters. 4 They are determined from measurements on 
actual short cable sections. 4 Much of the following information is 
from reference 4. 

Series Resistance R. Both skin effect (page 215) and proximity 
effect cause the alternating-current or effective resistance to be greater 
than the direct-current resistance. Proximity effect is defined 1 as 
"the phenomenon of non-uniform current distribution over the cross
section of a conductor caused by variation of the current in a neighbor
ing conductor." 

The effecti-ve resistance of a cable pair at Yarious frequencies can be 
computed by means of the curws of Fig. 1. For instance, a 19-gaugc 
conductor at 20° centigrade has a direct-current resistance of about 
8 ohms per 1000 feet. At a carrier frequency of 51,200 cycles, the 

corresponding value of B is B = -v51,200/8 = 80. If skin effect only 
is to be considered, the effective resistance would be about 1.12 times 
the direct-current resistance, or about 8.96 ohms per 1000 feet. If the 
proximity effect of the other u·ire of the pair is to be considered and if 
k of Fig. 1 is 0.4 (which is about the ratio actually measured in a 
cable 4 ), then the effective resistance at this same frequency is about 
1.3 times the direct-current resistance, or about 10.4 ohms per 1000 
feet. Proximity effects of wires other than the companion wire of 
the pair have been neglected in Fig. 1. 

The variations in the effective resistance of a cable pair with changes 
in temperature are computed4 as outlined on page 217. Values of the 
effective resistance for 19-gauge cable pairs, which are widely used in 
toll and long-distance circuits, are shown in Fig. 2. 

* See "Alpeth Cable Sheath" by R. P. Ashbaugh. Bell Lnb. Rccmd. November, 
1948. Vol. 26, No. 11. 
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FIG. 1. Curves for determining the series resistance of telephone cable conductors 
when skin effect only is considered (k = 0), and when both skin effect and prox
imity effect (k = 0.25, 0.3, 0.4) are considered. The factor k is the ratio of wire 
radius to distance between centers, expressed in the same units. For a typical tele
phone cable, k = 0.4. The value of Bis the square root of the ratio of the frequency 
in cycles, divided by the direct-current resistance in ohms, per 1000 feet per wire. 
The direct-current resistance is multiplied by the resistance ratio to obtain the 

alternating-current resistance (see text). (Reference 4.) 
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FIG. 2. Series resistance per mile for both wires of a 19-gauge telephone cable pair 
at various frequencies and temperatures. (Reference 4.) 
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Series Inductance L . The series self-inductance of two parallel 
wires is given by equation 69, page 217. This equation contains a term 
µ8 that corrects for the skin effect. Another term should be added to 
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FIG. 3. Series self-inductance per mile for both wires of a 19-gauge telephone cable 
pair a t various frequencies and temperatures. (Reference 4.) 

this equation to correct for the proximity effect. F or engineering 
purposes, however, it is advisable to obtain inductance values fo r 
cables from sources such as Table I, page 250, Table III, page 253, or 
from Fig. 3. 
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Fm. 4. Shunt capacitance per mile for 19-gauge telephone cable pairs a t various 
frequencies and temperatures. (Refe rence 4.) 

Shunt Capacitance C. The capacitance between two parallel wires 
is given by equation 70, page 218. This equation applies to the two 
wires in free space and does not apply wi th accuracy to twisted pairs 
surrounded by other wires and in a conducting lead sheath . Also, th is 
formula is for an air dielectri c, but the dielectric const ant of the paper 
insulation used in cable pairs is from 1.7 to 1.9, depending on the 
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amount of air and impurities contained in the paper. 4 Frequency and 
temperature affect the dielectric constant in a complicated way, 4 and 
thus again, for engineering purposes, it is advisable to obtain the 
values of cable capacitance from tables such as Table I, page 250, 
Table III, page 253, or from Fig. 4. 

Shunt Conductance G. The exact nature of the losses that determine 
the shunt conductance of a cable pair is quite involved, perhaps even 
more so than for an open-wire line (page 219). Cables offer the ad
vantage, however, that, with the exception of temperature effects, 
weather conditions have negligible influence on the shunt conductance. 
The nature and moisture content of the dielectric, the frequency of the 
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Fm. 5. Shunt conductance per mile for 19-gauge telephone cable pairs at various 
frequencies and temperatures. (Reference 4.) 

test voltage, the spacing of the wires, and the wire sizes are factors 
affecting the shunt conductance. 4 ,vhen manufactured, cables are 
carefully dried to reduce conductance. The shunt conductance of 
cables is given in Table I, page 250, Table III, page 253, and in Fig. 5. 

The data presented in this section have been for R, L, C, and G of 
twisted-pair cables to 100,000 cycles. Such cables have been studied 4 

at higher frequencies, although at present they are seldom used at 
these higher frequencies. 

Propagation Constant and Characteristic Impedance of a Cable. 
The transmission of an electromagnetic signal wave over a two-wire 
cable pair follows the theory of the preceding chapter. For instance, 
a cable pair should be terminated in its characteristic impedance to 
avoid wave reflection phenomena. An examination of the constants of 
cables, given in Tables I and III, will disclose that both the series 
inductance L and the shunt conductance G are so low, compared to the 
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series resistance R and shunt capacitance C, that the inductance and 
conductance may be neglected for approximate calculations. 

Approximate Propagation Constant of a Cable. The general expres
sion for the propagation constant is given by equation 36, page 200, as 

-y = V (R + jX) (G + jB). When the substitutions X = wL and B = 

wC are made and L and G are assumed to be zero, then 

-y = VjwRC = ~ /45°. (1) 

From this equation, or from equations 48 and 49 of page 201, when L 
and G are assumed zero, 

!¥ {3 = ' (2) 

and 

a=/¥, (3) 

where f3 will be in radians per mile and IX will be in nepers per mile 
when R is in ohms per loop mile, C is in farads per mile of cable, and 
w is 21r times the frequency in cycles per second. 

Approximate Characteristic Impedance of a Cable. The charac
teristic impedance of any two-wire transmission circuit is given by 

equation 50, page 202, as Z o = V (R + jwL) / (G + jwC). If L and G 
are negligible, 

Zo = i_R = JR I -45°. '1 :;;;a '1-;;c (4) 

The magnitude of the characteristic impedance will be in ohms when 
R is in ohms, C is in farads, and w is 21r times the frequency in cycles 
per second. The values of R and C can be for any lengths, provided 
that they are the same. Since the characteristic impedance of a circuit 
determines the magnitude and phase angle of the current, it is im
portant to note that from equation 4 the current at each point along a 
cable will lead the voltage at that point by 45°. This assumes, of 
course, that the cable is terminated in its characteristic impedance. 

Actual values of /3, IX, and Z0 will be found in Table I, page 250, 
Table III, page 253, and the high-frequency loss in decibels in Fig. 6. 
Additional data at high frequencies are given in reference 4. 

The Distortionless Line. About 1890, Heaviside showed theo
retically that, if the linear line constants ( or parameters) were so 
related that LG = CR, transmission conditions would be improved. 
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If this relation among the distributed constants exists, then equation 
48, page 201, simplifies to 

f3 = wVLC, and 
w 1 

V=-=--• 
/3 v7Z: 

(5) 

and this velocity has been shown (page 226) to be the velocity of light 
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Fm. 6. Attenuation of 19-gauge telephone cable pairs at various frequencies and 
temperatures. (Reference 4.) 

in free space. Also, if LG= CR, then equation 49, page 201, becomes 

a= VM, 
and also, equation 50, page 202, becomes 

Zo = VR/G = VL/C. 

(6) 

(7) 

Derivations of these equations will be found in references 5, 6, 7, and 8. 
Thus, if LG = CR, the wave velocity, the attenuation, and the 

characteristic impedance are independent of frequency. If complex 
voltage waves, such as of speech, are impressed on such a circuit, the 
current entering the line ( determined by Z0 ) will be independent of the 
frequency, the rate at which the various components travel along 
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the line will be independent of frequency, and the attenuation will be 
independent of frequency. Thus a complex wave will be transmitted 
without a change in wave form ( without distortion), and a transmission 
circuit in which LG = CR is known as a distortionless line. 

Other characteristics of the distortionless line are that the attenua
tion becomes the least possible value, and the characteristic impedance 
becomes a value of pure resistance and is increased to a high value. 

Development of Loading. In his Eiectromagnetic Theory, pub
lished in 1893, Heaviside considers 9 on page 441 "various ways, good 
and bad, of increasing the inductance of circuits." Attempts to follow 
his suggestions and those of other early investigators did not prove 
successful. Vaschy also is credited 1 o. 11 with early contributions. 
Thomson proposed 7 placing inductive shunts across cable conductors 
and dividing the line into sections, each section being connected to the 
adjacent ones by transformers. 

Pupin successfully solved the problem of what is called inductive 
loading. He suggested adding series inductance, in the form of 
carefully constructed coils, at regular and comparatively short in
tervals. 

At about this same time,14 Campbell, working independently, also 
developed a theory of inductive loading. Priority was adjudged 
Pu pin, and his patent rights were acquired by the Bell System, 15 whose 

A C 

B D 

FIG. 7. Method of inserting loading coils 
in a cable pair. The coils at each loading 

point are inductively coupled. 

engineers are largely respon
sible for the application of 
loading to modern communica
tion. 

Loading was first applied to 
telephone open-wire lines in 
about 1900. By the use of 
loading, talking distances were 
approximately doubled. By 
1925, most loading in the 
United States had been re-
moved from open-wire hnes. 

This was because of the development of the vacuum-tube amplifier. 
Loading is expensive, and on open-wire lines is particularly susceptible 
to impairment and damage by heavy transient currents, such as are 
induced sometimes by lightning. At the present time, only cables 
are loaded in the United States. 

Transmission Equations for Coil-Loaded Circuits. In practice, 
loading coils having an impedance of ½ZL are installed in series with 
each cable conductor at spacings S miles apart as indicated in Fig. 7. 
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A section of this loaded circuit may be represented by the network of 
Fig. 8, where the part A-B, C-D is the equivalent T section of the 
section of cable S (without the loading) having a characteristic im
pedance Z0 and propagation constant y per mile. 

It is seen from Fig. 8 that the characteristics of the final loaded 
cable are a combination of the section A-B, C-D having distributed 
constants and the lumped loading coils ½ZL at each end. The propaga
tion constant YL and the characteristic impedance ZoL of the final 

B D 

/i'(L 
Z0Ltanh 2 

Fm. 8. Network equivalent to 
Fig. 7. 

Fm. 9. The T section of a uni
form line that is equivalent to the 
loaded circuit of Figs. 7 and 8. 

loaded cable may be considered the propagation constant and the 
characteristic impedance of an exactly equivalent uniform cable repre
sented diagrammatically by the T section of Fig. 9. 

Adding the loading coils to the circuit does not appreciably change 
the shunt paths of Figs. 8 and 9. It can therefore be written that 

Zo 
sinh S'Y 

ZoL d sinh s'Y L 
, an ZoL = Zo . h S 

sinh s'Y L Sill 'Y 

Again referring to these figures, it is seen that 

Then, 

Sn ZL Zo s'Y 
tanh- = -- +-tanh-· 

2 2ZoL ZoL 2 

(8) 

(9) 

(10) 

When the value of ZoL given by equation 8 is substituted in equation 
10, 

and 

cosh s'Y L = cosh s'Y + ZZL ' sinh s'Y 
2 0 

(11) 

'YL = ½ cosh-1 [cosh S,.- + 
2
~Lo sinh S'Y] • (12) 
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This is the Campbell formula 5 for a loaded cable, giving the propa
gation constant yr, of the loaded cable in terms of the values of the 
unloaded cable and the impedance of the loading coils. Considerable 
mathematical reduction is required between equations 10 and 11; this 
will be found on page 181 of reference 6. 

As shown in reference 6, equation 11 can be written (since cosh 2 x = 
sinh 2 x + l), 

. 2 2 zL . zL2 . 2 
1 + smh S-y L = cosh S-y + - smh S-y cosh S-y + -z 2 smh S-y, (13) 

Zo 4 o 

and this can be reduced to the form 

sinh Sn = sinh S-y / l + ZZL 
2

2 
+ Z L coth S-y. (14) '\J 4 o Zo 

When equation 14 is substituted in equation 8, it follows that 

I 2 zL
2 

ZoL = '\JZo + 4 + ZoZL coth S-y. (15) 

I 
I 

- 1-sc ,, ... 

This formula gives the mid-load or 
mid-coil characteristic impedance of 
the lump-loaded cable in terms of 
the constants of the cable, before 
loading, and the impedance of the 
loading coils. A similar equation 
can be derived for the midsection 

I 
I 

--.- ______, 
½ZL ½ZL termination. 

FIG. IO. A coil-loaded cable is equiv- Cutoff Frequency of Coil-Loaded 
alent to a low-pass filter. Circuits. In cable circuits the in-

ductance is low and the capacitance 
is high. When loading coils are installed in such circuits at spaced 
intervals of S miles, the final loaded cable may be represented by 
Fig. 10, which is essentially that of a low-pass filter. 

If the losses are neglected, from equation 70, page 168, the circuit 
will cut off at a frequency of 

fc = ~ (approximately). 
1r LSC 

(16) 

When L is the final self-inductance in henrys in each loading section 
(approximately the sum of the inductance added to each wire by the 
coils), Sis the spacing between coils in miles, and C is the capacitance 
in farads per mile ; fc will be the cutoff frequency in cycles per second. 
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The various equations derived for low-pass filters also give approxi
mate solutions for loaded cable circuits. Thus, equation 73, page 
169, becomes 

Zo = vTJsc. (17) 

In loading a cable of C farads capacitance per mile, there are two vari
ables: these are the inductance of the coils and the spacing, and these 
determine the cutoff frequency and final characteristic impedance of 
the cable. 

For the given cutoff frequency and coil inductance, the spacing S in 
miles, for a cable of C farads per mile, is, from equation 16 

1 
S = 11'2j/LC' 

and from equation 17 in terms of the characteristic impedance 

L 
S=zo 2C· 

If equations 18 and 19 are equated, 

Zo L=-, 
11'fc 

and if this is placed in equation 18, 

1 
S=--· 

71'fcCZo 

(18) 

(19) 

(20) 

(21) 

Transmission Characteristics of Coil-Loaded Cables. Cables are 
loaded to approach the relation LG= CR by inserting inductance, in 
the form of ferromagnetic-cored coils, in series with the wires at regular 
intervals. The desired relation could be achieved by altering other 
constants. However, when all factors are carefully studied, the con
clusion is reached that adding inductance is the most satisfactory 
means. The condition LG = CR is approached but not reached; 
among the reasons for this are the facts that adding inductance in 
the form of coils, called lump loading, also adds effective resistance, 
and also that a heavily coil-loaded circuit ( one to which much 
inductance has been added) has a low velocity of propagation (Table 
III) and tends to accentuate echo effects (page 409). 

A comparison of the attenuation losses in a non-loaded and a loaded 
cable circuit is shown in Fig. 11 . In the non-loaded circuit the loss is 
about / our times as great at 2000 as at 200 cycles, and considerable 
frequen cy distortion would result. The loss is not only much lower 
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in the loaded circuit but also fairly constant until the vicinity of the 
cutoff frequency. The "lumpiness effect" is due 11 "to repeated in
ternal reflections at points of electrical discontinuity in the line caused 
by the insertion of the loading coils." 
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Frn. 11. Attenuation-frequency characteristics of loaded and non-loaded 19-gauge 
cable pairs. Loss in transmission units (TU), now termed decibels. (&ference 11.) 

The velocity of propagation for the non-loaded and loaded cable is 
shown in Fig. 12. As indicated, for the non-loaded circuit the wave 
velocity at 2000 cycles is more than three times as great as at 200 
cycles, thereby causing delay distortion. It is important to note that, 
although the wave velocity of the particular loaded circuit shown is 
fairly constant, it is very low, a condition accentuating echo effects. 

Impedance of Coil-Loaded Cables. The variations with fre
quency of the characteristic impedance of non-loaded and loaded toll 
cable circuits are shown in Fig. 13. The characteristic impedance 
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of the non-loaded circuit is low and reactive, being approximately 

Zo = /RI -45° (equation 4). For the loaded circuit, however, '\j-::;c 
Zo = VL/C (equation 7) and is almost entirely resistive. 

As is evident from Fig. 13, the characteristic impedance of a loaded 
cable circuit depends upon the type of termination used. The mid-
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FIG. 12. Velocity-frequency characteristics of loaded and non-loaded 19-gauge 
cable pairs. (Reference 11.) 

section termination is shown in Fig. 14, and, as indicated, the first 
full loading coil is located at one-half the length of a loading section 
from the end of the line. This is accordingly equivalent to a 1r low
pass filter, and the characteristic impedance of a loaded cable with 
midsection terminations is similar to that of the 1r filter section (Fig. 
28, page 170). 

For the midcoil, or midload, termination of Fig. 15, the two coils 
placed at the two ends of the circuit have one-half the inductance of 
the regular coils. This arrangement is similar to the T low-pass filter, 
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and thus the characteristic impedance is similar to that of such a filter. 
Combinations of fractional loading sections and fractional coils are 

frequently used, especially at the junction of open-wire lines and loaded 
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FIG. 13. Impedance-frequency characteristics of loaded and non-loaded 19-gauge 
cable pairs. (Reference 11.) 

cables, to reduce the impedance mismatch. This is similar to the use 
of m-type filter sections (page 182). 

Tables I, II, and III give the characteristics of cables. Of particular 
interest are the cable circuits for program transmission 16 listed last in 
Table III. Data for both long toll cables and local or exchange cables 
are included. These latter are usually unloaded, except in the case of 
the trunks connecting the various central offices, and particularly long 
local circuits. 
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Loading Coils. 17 , 18, 19 , 2° Circuits not arranged for phantom 
service (page 225) are loaded with coils such as those shown in Fig. 16. 
These consist of two windings separated by fiber washers represented 

Fm. 14. Midsection termination of a loaded cable. 

by the heavy black lines. The magnetic cores are continuous, although 
cores with air gaps have been used. 11 Since the instantaneous cur-

I 
_L 
-r-, 

I 

I 
_L 
•T• 

I 
I 

Fm. 15. Midcoil or midload termination of a loaded cable. 

rents in the two line wires are in opposite directions, the flux produced 
by each winding adds to that of the other, producing the maximum 
inductive effect. 

The first loading coils had continuous ring-shaped cores consisting of 
a coil of many turns of fine iron wire. 
The wires were insulated to reduce eddy
current losses. In 1916 an important im
provement was made when a core of 
powdered and compressed iron was per
fected. A core of powdered and com

Line -Line -
pressed Permalloy was developed 1 7 about Fm. 16. Loading coil used on 
1926. For about the same efficiency, the non-phantomed circuits. 

Permalloy core gives a coil very much 
smaller than the iron-core type, and hence it permits reductions in 
size. A further reduction in the size of loading coils is made prac
ticable by the use of the molybdenum Permalloy dust core shown 
in Fig. 17. A detailed summary of recent improvements in cable load
ing coils and a description of the method of winding the coils is given 
in reference 20. 

Loading Phantom Group Circuits. Although loading was de
veloped about 1900 and soon was applied to the side circuits, it was 
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FIG. 17. Equivalent cores for loading coils. Iron dust core (left) ; Permalloy dust 
core (center) ; molybdenum Permalloy dust core (right). (Courtesy Bell Tele

phone Sy.stem.) 

not until about 1910 that phantom circuits "·ere successfully 
loaded. 1 o. 11 One reason for this delay was the difficulty of providing 
the close balance required in the coi l windings to pre,·ent excessive 
cro stalk. A complete loading s_rton for a phantom group is shown 

TABLE T 

CoxsTANTS OF ExCHAXGE PArER-IxsuLATBD CABLES, COPPER CONDUCTORS 

R esistance R, 
Capacitance C, 

Leakancc C, Characteristic 
Ohms per :\1icromhos Impedance 

Gauge 
Loop mile 

J\ficrofarads 
per \file Magnitude, Ohms 

68° F 
per i\filc 

1000 Cycles 1000 Cycles 

26 (BST) 440 0.070 2.1 942 / -44.5° 
24 (DS:\T) 274 0.0 -1 2.2 721 / -44.2° 
22 171 0.082 2 . 1 576 1 -44° 

19 85 0.084 2.2 402 / -43° 
19 (Special) 85 0.066 l. 7 453/ -43° 

NoTE: Inductance is O.OOL henry per loop mile for all gauges. 

in Fig. 18. The theory is illustrated by the simplified circuit of Fig. 19, 
where the broken arrows rcprrscnt instantaneous currents and corre
sponding fluxes produced by the phantom circuit, and the continuous 
arrows the currents and resulting fluxes produced by the currents in the 
side circuits. 

The currents in the side circuits produce adding fluxes, and the maxi
mum inductance is therefore obtained for loading the side circuits. In 
the phantom loading coil, however, these currents are in opposite direc
tions through identical windings, and thus neither side circuit u-ill pro
duce magnetic flux in the core of the phantom loading coil. Similarly, 
the phantom-circuit currents pass through the separate side-circuit 
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TABLE II 

CHARACTERISTICS OF EXCHANGE CABLE CIRCUITS 

Circuit Constants at 1000 Cycles-68° F 

Propagation Attenua-
Characteristic Constant tion, 

Loadingt 
Impedancet per Mile Decibels 

Xepers Radians per Mile 

NL 942 /-44.5° 0.3278 + j0.3322 2.86 
H-88 1192 / -20. 8° . 2076 + j .5403 1.80 

XL 721 / -44. 2° .2664 + j .2715 2.31 
H-88 107 4 / - 14 . 6° .1414+j .5341 1.23 
B-88 1416/- 8.1° .1078 + j .7298 0.94 

XL 576/-43.8° . 2065 + j .2134 1. 79 
M-88 905l"-13. 7° . 1060+i .4341 0.92 
H-88 1051 / - 9. 7° .0907 + j 5185 0.79 
H-135 1306l"- 6.3° .0729 + j .6402 0.63 
B-88 1420/- 5. 3° .0689 + j .718 0.60 
B-135 1765 /- 3.3° .0549 + j .890 0.48 

XL 402/-42.8° .1446 + j .1551 1.26 
:\1-88 861 /- 9.4° . 0568 + j .4302 0.49 
H-88 1017 /- 5.2° .0487 + j .5194 0.42 
H-135 1283/- 3. 3° .0388 + j .6455 0.34 
B-88 1395/- 2.8° .0386 + j .725 0.34 
B-135 1742/- 1. 70 .0304 + j .900 0.26 

XL 453/-42.8° .1282 + j .1375 1.11 
M-88 956/- 7.4° . 0505 + j .3796 0.44 
H-88 1137 /- 5.2° .0432 + j .4590 0.38 
H-135 1425 / - 3. 3° .0345 + j .5694 0.30 
B-88 1565/- 2. go .0342 + j .641 0.30 
B-135 1952/- 1.80 .0270 + j .795 0.24 

* Paper-insulated cables. See Table I for primary constants. 

Nominal 
Cutoff 
Cycles 

per 
Second 

.. .. 

.... 

.... 

.... 

.... 
2860 
3510 
2820 
4960 
3990 

.... 
2830 
3460 
2790 
4900 
3950 

.... 
3190 
3910 
3150 
5520 
4450 

t Numerals indicate total inductance of loading coils in millihenrys, letters indicate 
load coil spacing as follows: NL, non-loaded; M, 9000 feet; H, 6000 feet; B, 3000 feet. 

t :\Iidsection iterative impedance in cases of loaded circuits. :\Iagnitude in ohms. 
Although :\I-88 and H-135 loading is in service, it is no longer used in new instal

lations. 

coils in the same direction, and since these windings are identical, no 
magnetic flux is produced in the side-circuit coils by the phantom
circuit current. l'nder these conditions of balance there is no cross
talk due to magnetic coupling. 



Spac-
Wire Type ing 

T ype of Size of of 
Circui t AWG Load- Load 

ing Coils, 
Miles 

---- - - --- - -
Side ..... 19 NL 
P hantom 19 NL .. 

Side . . .. . 19 H-172-S 1 . 136 
P ha ntom 19 H-63-P 1 . 136 

Side .. ... 19 H-88-S 1. 136 
Phanto m 19 H -50-P 1 . 136 

Side .. 19 H -44-S 1 . 136 
Phanto1~1- 19 H-25-P 1 . 136 

Side .. 19 B-88-S 0.568 
Phantom 19 B-50-P 0.568 

Side . .. 16 NL ... 
Phantom 16 NL · •• · · 

Side ... . 16 H-172-S 1 . 136 
Phantom 16 H-63-P 1.136 

Side ... . . 16 H -88-S 1 136 
Phantom 16 H-50-P 1. 136 

Side ... 16 H-44-S 1 . 136 
Phantom 16 H-25-P 1 . 136 

Side ... .. 16 B-88--S 0 .568 
Phantom 16 B-50-P 0 .568 

Physical . 16 B-22-N 
1
0 .568 

TABLE III 

C HARACTERISTICS OF TYPI CAL P APER-INS ULATED T OLL C AB LE C IRCUITS 

Copper Conductors-1000 cycles per second 

Load Coil C onstants Assumed 
Propagation Constant rv1 idsection 

Constants t o be D istributed 
per Mile Characteristic Impe dance 

per Load per Loop mile Section Polar Rectangular Polar Rectangular 

C Mag- Angle Angle X R L R L G ni- a fJ Mag- R Ohms Ohms He nrys Ohms Henrys ~1icro- Micro- t ude (Pos- Nepers Radia ns nitude (Neg- Obms (Neg-D-C A-C farads mhos Ohms itive) Ohms ative) at ive) - - - -- - ---- - - - - - - - - - - - - - - - --- ----
. . . . . ····· · · 83.5 0.001 0.062 1. 4 0 . 181 47 ° 28' 0.122 0. 133 469 42° 36' 345 3 17 

41. 7 .0007 .100 2.2 . 162 49• 14' . 106 . 123 259 40° 36' 197 169 

13 .8 0. 172 95 . 7 . 152 .062 1.4 . 642 87° 12' . 03 13 .640 1660 2° 48' 1658 82 
6 . 9 .064 47.8 .056 . 100 2 . 2 .481 86° 10 ' .0321 .478 782 3 ° 42' 789 50 

7 .9 .089 90.5 . 079 .062 1. 4 . 447 84° 49' .0403 .445 1160 5° 12' 1155 105 
4 . 0 . 050 4,5 . 3 .044 .100 2 .2 . 428 85° 28' .0338 .427 687 4 ° 36' 685 55 

4 .5 .044 87 .5 . 039 .062 1. 4 . 330 80° 35' . 054 1 .326 82 1 9° 24' 810 135 
2.2 .025 43. 7 .022 .100 2.2 . 310 81 ° 40' .0449 .306 494 8° 12' 489 70 

7 .9 .089 97 .4 .157 .062 1.4 .623 87 ° 6' .0316 .622 ' 1543 *3° 18' ' 1540 ' 90 
4 . 0 .050 48.8 .088 . 100 2.2 .597 87° 27' .0265 .596 '921 •2° 29' ' 920 '40 

. .. . . . 4 1. 1 . 001 . 062 1. 4 . 122 49° 7' .0796 .0920 332 40° 6' 254 214 

.. . ·•· 20.5 .0007 . 100 2.2 . 11 5 50° 59' .0721 .0890 186 36° 30' 150 111 

13.8 .172 53.3 . 152 .062 1.4 . 641 88° 20' .0186 .640 1658 1° 36' 1658 45 
6.9 .064 26.6 .056 .100 2 .2 . 479 87° 47' .0185 .478 781 2° 36' 780 35 

7 .9 .089 48 . 1 .079 .062 1 .4 . 438 87 ° 3' .0224 .437 1155 2° 29' 1155 50 
4 . 0 .050 24.0 . 044 . 100 2 .2 .423 87 ° 26' .0189 .422 686 2' 31' 685 30 

4 .5 .044 45. 1 .039 .062 1. 4 .322 84° 54' . 0286 . 320 813 5° 00' 810 71 
2.2 .025 22.4 .022 . 100 2.2 .305 85° 3 1' .0238 . 304 483 4 ° 23' 482 37 

7 .9 . 089 55.0 . 157 .062 I. 4 . 619 88° 17' .018,5 .618 '1541 • 1° 29' *1540 ' 40 
4.0 .050 27.6 .088 . 100 2 .2 . 594 88° 29' .0157 .593 ' 920 • 1 ° 15' ' 920 ' 20 

0.9 . 022 42.6 .039 .062 1.4 .317 85° 3' .0273 . 315 ' 803 *4 ° 39' ' 800 ' 65 

• NOTE: Midcoil characteristic impedance. 

Nmni• 
Veloc- nal 

ity, C ut--
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What is called flutter may occur in loaded circuits simultaneously 
providing telephone and telegraph facilit ies. 21 The rela tively low
frequency telegraph currents pass ing through the windings cause cor-

Phantom Circuit 

Side Circuit 

No. 1 

Side Circuit 

No. 2 

Side Circuit 
Loading Coils 

F IG. 19. Broken arrows represent current and flux due to phantom. Full a rrows 
represent currents a nd flux due to side circuits. 

responding changes in the effective resistance and the inductance of the 
coils. These produce varia tions in the transmitting efficiency of the 

FIG. 20. E nd view of a cable 

coils, and thus the talking currents vary 
and produce a "fluttering" effect. 

The Installation of Cable Loading. 
When a cable is loaded, extensive "ca
pacity unbalance" tests are made and 
the unbalances minimized.22 Figure 
20 represents the end view of a cable 
"quad" or the four wires of a phantom 
group. Each wire has capacitance to 
each other wire and t o ground (cable 
sheath) , and these can be represented 
as shown. If each of the corresponding 

quad showing distributed capaci- capa citances is the same, then no ca
tances. pacit ive unbalance exists, and no cross

talk will be produced from this source. 
That is, a conversation on the "white" pair W and WA[ (white and 
white mate) will not be heard on the " black" pair ; neither will a 
conversation on the phantom B- BM and W-WM be transferred to 
either side circuit B and Bl',1 or W and WM. 

Cables are designed and manufactured to keep these unbalances 
small. When a cable is installed in service, adjacent lengths are 
spliced together so that the unbalances in one length tend to neutralize 
those in the next.22, 23 

The Location of Impedance Irregularities. In loading cable cir
cuits it is possible to reverse the loading coil connections and install the 
coil so that the magnetic effects oppose, and thus the coil will have an 
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incorrect inductance. Such a discontinuity and other impedance ir
regularities in a line or cable (such as those caused by high-resistance 
joints, defective loading coils, or transposition errors in open wire and 
splicing errors in cables) cause wave reflections, and thus the measured 
impedance characteristics of a circuit may vary as in Fig. 21. Such 
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FIG. 21. Characteristics of a 16-gauge paper-insulated cable side circuit, with 
H-44-S loading. The line without irregularities is shown above. The impedance 
characteristics of the line with an irregularity is shown below. (Data from supple-

ment to Bell System T ech. J., July, 1936, Vol. 15, No. 3.) 

irregularities interfere wi th telephone operation if they do not al
together prevent it.. 

It will be observed that cable irregularity causes periodic variations 
in both the resistance and the reactance components. It is possible 
from such curves to locate line impedance irregularities. 

When an electromagnetic wave strikes an impedance irregularity, 
part of the wave is reflected. The magnitude of the reflected wave 
depends on the nature of the unbalance existing. When this reflected 
wave reaches the sending end, it may either aid or oppose the current 
entering the lin e ( depending on the fr equency and distance to the 
unbalance) and thus makes the measured sending-end impedance 
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(Z = Ell) either higher or lower as Fig. 22 indicates. If the distance 
to the irregularity is great and the velocity of propagation is low, many 
reflected wavelengths will be included, and hence only a small fre
quency change is required to add another wavelength between the 
source and the irregularity. 

The equation for determining the distance to the irregularity can be 
derived by referring to Fig. 22. In this figure the reflected current 
subtracts from the current which would exist if the line were smooth 
(that is, had no irregularity), and thus the sending current is smaller 

FIG. 22. 

and the impedance Z = El l is maximum. If now the frequency is 
increased so that, instead of two and one-quarter waves, two and three
quarters waves are included in the distance d, the same reflected cur
rent phase relations and a second maximum impedance value will be 
obtained. Where f 1 and A1 are the frequency and wavelength for the 
first condition, and n is the number of wavelengths included, it can be 
written that the distance d to the irregularity is 

(22) 

Similarly, for the second condition it can be written that 

(23) 

The value n = dlA 1 obtained from equation 22 can be substituted 
in equation 23, which then becomes 

If V is the velocity of propagation in the circuit, then ,\ 
equation 24 becomes 

(24) 

V If, and 

(25) 
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This may be written 

d= V 
2(h -Ji) 

(26) 

where d is the distance to the irregularity in miles, when l7 is the 
velocity of propagation in the circuit in miles per second, and f 1 and f 2 

are the frequencies between which impedance peaks occur as in Fig. 21. 
The velocity of propagation of the cable of Fig. 21 is about 19,570 

miles per second at 1000 cycles. The length between impedance peaks 
at about this frequency is approximately 650 cycles. Thus from equa
tion 26, d = 19,570/ (2 X 650) = 15.05 miles (approximately). That 
is, the irregularity causing the reflections is lo
cated about 15 miles from the testing end. Dur
ing such tests it is, of course, necessary to have 
the distant end of the line terminated in the 
line characteristic impedance so that reflections 
will not be caused at this point. 

Coaxial Cables. Coaxial cables differ radi
cally from the conventional telephone cable 
composed of twisted pairs of insulated wires. 
Coaxial cables consist of a wire conductor held Frn.23. Acoaxialcable 

at the center of a conducting tube or sheath 
(Fig. 23). 

Coaxial cables are used for the simultaneous 

consists of a conductor 
(often solid as shown) 
at the center of a con
ducting sheath. The 

transmission of many telephone messages, for dimensions a and b are 

transmitting television programs, for connect- usually as indicated. 

ing radio transmitters to the sending antennas, 
and for connecting radio-receiving antennas to the receiving sets. 
Since the beginning of communication, coaxial cables have been used 
for transoceanic telegraph circuits. 

The construction details of a coaxial cable depend on the purpose 
to which it will be put. The common features are the copper conductor 
held at the center of the outer copper sheath by insulators of hard 
rubber, ceramic, plastic, or other suitable material. The sheath acts 
as one side of the transmitting circuit and also as an effective shield. 
Because of skin effect, the high-frequency signal current being trans
mitted travels along the inside of the sheath and the unwanted currents 
induced by extraneous sources travel along the outside of the sheath, 
which is usually at ground potential. 

Coaxial Cable Transmission Equations. In deriving the funda
mental transmission equations for the coaxial structure the general 
method followed in the preceding pages for two parallel wires may be 
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used. From Fleming's work, 7 at the high frequencies of present inter
est the propagation constant for the coaxial cable becomes 

. R GZo . 21r 
'Y = a + J(3 = - + - + J - • 

2Zo 2 X 
(27) 

The characteristic impedance at high frequencies 1s almost pure re
sistance and equals 2 4 

Zo = VL/C, (28) 

where R, G, L, and Care the resistance, shunt conductance, inductance, 
and shunt capacitance in ohms, rnhos, henrys, and farads, respectively, 
for any convenient length, and at the frequencies under consideration. 
The factor >.. is the corresponding wavelength. 

The difficulty in the use of these equations is that the constants vary, 
at least to some extent, with frequency because of skin effect. This is 
particularly true for the losses represented by R and G. If certain 
reasonable assumptions are made, however, simple relations for the 
coaxial cable at high frequencies can be written. 

If the insulation losses given by the central term of equation 27 are 
neglected, the attenuation constant, giving the loss in an air-dielectric 
coaxial cable in nepers, is 

a= R/2Zo, (29) 

where Z0 is as given by equation 28. The length unit of measure of a 

will be the same as for R. The value of the phase constant f3 in 
radians per meter becomes 

{3 = 21rf /c, (30) 

·where c equals the velocity of light in free space in meters per second 
(page 195). 

The value of the resistance R in ohms per centimeter is 24 

R = 41.6Vf G + D X 10-9
, (31) 

where b is the inner radius of the outer conductor in centimeters, a is 
the outer radius of the inner conductor in centimeters, and f is the fre
quency in cycles per second. The value of the inductance L is 

L = O.46log10 b/a, (32) 

where L is in microhenrys per meter and b and a are as shown in Fig. 
23 and are measured in the same units. The Yalue of the capacitance 
C is 

0.0000241 
C= ' 

log10 b/a 
(33) 
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where C' is in mi('l'ofarad~ per mctt•r and b and a are as prc\"iously 
considered. 1\'hen the la~l two equat ion::; arc substituted in equation 
2 , the charactcri~tic impedance in ohms bceornes 

Zo = 13 log10 b/a (34) 

and su b~t unlially l'quals pure resii:;lanee. 
Coa:\. ial Cables Csed in Telephony. .\ photograph of the original 

Xcw York Philadelphia eoaxial cubic, installed about 1936, i,, shown 
in Fig. 24. With this cable and a special c:i.rrier syslcm, it is Lhcoreti
cally po,..,-iblc to luwe 240 simultaneous telephone com·ersations. With 

FIG. 21. \'icw of th<• Ol'iginal rMxial cnblr installed between Xrw York 1111(! Phil
adelphia. The ordinary wires are for voir<"-frequenry circuits for talking purposes 

during tests. (Courtesy Bell T elephone System.) 

later coaxial cabll's (page 434) and a~sociatecl carrier l'quipment (page 
432) it i-. po,,:;ihle to han' 600 si11111ltaneo11s telephone conversations. 
As many as eight coaxial conductors are u~ed in coaxial telephone 
compos itc cables, which also contain ordinary cabll' pairs in addition 
lo the roaxial conductor,-. The rnrious gco~raphical region of the 
t"nited ~talcs are now intc>rronnectt•d with a coaxial cahle sy~trm. 

Coax ial Cabl <'s Used i11 lladio. Coaxial cables used in radio arc 
of two gl'neral typ<'": tho~r with air dielectric,- ( and C'eramic or other 
in,-ulator-.) and t110,-c with rontinuoua:. or ,olid. dil'lrctrics, such as 
polyethylPnc. Th<' attenuation characteristics of the air-dielectric 
cables can be found from the equations giYl'n. The characteri lies of 
certain roaxial ruble, ,\"ith "olid (yl't flexibk I dielectric" are gi,·en in 
Fig. 25. 

It waR l'arly shown2 .J that if the l'atio b/a 3.6, thl'n the attenua-
tion of n coaxial cable with air dielc•clric i'<, theoretically, a minimum 
Yalul'. From rqualion 34 this ratio gi\"e;: a rharactrri,tic impedance 
of about 77 ohms (rc~istarwc). rntil about 1940, most coaxial rabies 
were con ... tructrcl with thi~ ratio, but ~inc(' that time there hn,- been 
an incrl'a,ing tcndl'ncy to cle,,ign cables having a characteri,.,tic im
prdanc<' of about 52 ohm:,,. 
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Coaxial cables used for feeding a broadcast antenna must sometimes 
transmit many kilowatts. 

The following calculations serve to illustrate the use of the preceding 
equations. A copper coaxial cable having the dimensions a = 1.59 
centimeters and b = 3.81 centimeters is to deliver 20 kilowatts at 1.19 
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Fm. 25. Attenuation at various frequencies of coaxial cables used in radio. Such 
cables are in general small, flexible, and insulated with polyethylene. (For further 
information consult Reference Data for Radio Engineers, Federal Telephone and 

Radio Corp., from which these data were obtained.) 

megacycles to an antenna that is matched to the cable so that no 
standing waves exist. The cable length is 500 feet, or 152.3 meters. 

The inductance is found by equation 32 to be L = O.46 log10 (3.81/1.59) 
= 0.175 microhenry per meter. 

The capacitance is found by equation 33 to be C = O.OOOO241/log10 
(3.81/1.59) = 0.0000634 microfarad per meter. 

The characteristic impedance is found from equation 28 to be Zo = 
V0.175 X 10-6/0.0000634 X 10-5 = 52.5 ohms. Or, from equation 
29, Zo = 138 log10(3.81/l.59) = 52.5 ohms. 
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The resistance is found from equation 31 to be R = 41.6-Vl.19 X 106 

X (-
1
- + - 1

-) x 10-9 = 40.4 X 10-6 ohm per centimeter. 
1.59 3.81 

The attenuation is found from equation 29 to be a = 40.4 X 
10-6 /2 X 52.5 = 0.385 X 10-6 neper per centimeter = 0.385 X 10-6 X 
8.686 = 3.34 X 10-6 decibel per centimeter, or 0.0508 decibel for the 
500-foot length of coaxial cable. 

The voltage at the distant end will be E = ~ = V20 X 103 X 52.5 
= 1025 volts. 

The current at the distant end will be I = VP/ Z o = V 20 X 103 
/ 52.5 

= 19.5 amperes. 
The power input at the sending end will be P = 20 x 10°·1 X o.o5os = 

20,200 watts. 

The voltage at the sending end will be E = ~ = V 20.2 X 103 X 5.25 
= 1030 volts. 

The current at the sending end will be I = VP /Zo = V20.2 X 103 /52.5 
= 19.6 amperes. 

The efficiency of transmission will be 20/20.2 = 0.99 or 99 per cent. 
Coaxial Cables as Circuit Elements. Wave-reflection phenomena 

were considered in the preceding chapter; corresponding phenomena 
may exist on coaxial cables. An open-wire line is a balanced 
unshielded transmission circuit, and a coaxial cable is an unbalanced 
shielded circuit; in other respects they are fundamentally the same. 

From this it follows that the explanations, diagrams and equations 
of the preceding chapter apply in general to coaxial cables. Sections 
of coaxial cables, therefore, can be used as inductors, capacitors, trans
formers, etc. 

Submarine Telegraph Cables. The first successful telegraph cable 
was laid across the Atlantic in about 1865. In general telegraph cables 
are coaxial, and the equations and discussions previously given for 
these cables apply. Actually, however, such cables were operated at 
such low telegraphic speeds that they were usually designed on a 
direct-current basis. 

Transoceanic submarine telegraph cables were first inductively 
loaded in 1924. Although coil or lumped loading is used for short 
submarine cables in relatively shallow water, for mechanical reasons 
it is not well adapted for long transoceanic submarine cables. Krarup 
or continuous loading is accordingly used for such cables. 25 

Cables are continuously loaded by wrapping the conductors with 
either a magnetic tape or wire. This increases the number of magnetic 
lines of force encircling the wire for a given current value and thus 
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uniformly increases the inductance. The fundamental transmission 
equations of Chapter 6 for circuil::; \\'ith distributed constants apply. 
A continuously loaded cable does not exhibit the filter action pre~ent 
in coil-loaded circuits. The first loaded submarine telegraph cables 
used P ermalloy tape, closely wound on the central copper conductor 
(Fig. 26). 

Cm M 

FIG. 26. Permalloy-loaded c-abl<'. Above, section of dceJl-~ea type from New 
York-Horta cable. Below, section of core showing Permalloy tape partly unwound. 

(Reference 25.) 

Submarine Telephone Cables. Such cables are used across rivers, 
bays, etc., for telephone purpo~e,-. If lhe distance is but a fe"· miles, 
the cables are armored cables of the conventional t\\'istcd-pair lype. 
If the cables must be longer and if the water is deep, special coaxial 
cables are used. 

Telephone serYice was established initially20 bet"·ccn the United 
State,:: and Cuba OYer three continuously loaded cables la id bct"·cen 
K ey West and HaYana and opened for sen·ice in 1921. They are 
slightly oYer 100 miles long and arc laid in water more than a mile 
deep. 

T he three original K ey West-Havana telephone cables were con
t inuously loaded with a layer of iron wire. In later cables Permalloy 
was used. ~ ot all submarine telephone cables, howeYer, are loaded. 
Carrier systems arc sometimes used on submarine cablcR, and in such 
instances2 7 the loading may be omitted because of excessive carrier
frequency losses. 

Important long submarine telephone cables have been installed from 
Italy to Sardinia, 2 8 from Australia to Tasmania,29 and elsewhere. N'o 
transoceanic telephone cables haYe been laid, ho,1·cver, the word trans
oceanic implying a major ocean such as the Atlantic. 
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A submarine transatlantic telephone cable was designed about 1930 
and was to be laid between Newfoundland and Ireland, about 2100 
miles, but was not installed. No intermediate amplifiers were to be 
used. By the use of continuous Perminvar (page 62) loading and 
Paragutta insulation the overall loss and distortion were to be main
tained within practical limits. 3 0 

Studies have been made 31 of the possibilities of a transatlantic sub
marine cable on which perhaps 12 telephone channels could operate. 
It has been proposed that the cable system be provided with under
water vacuum-tube amplifiers ( or repeaters) at numerous points and 
that these be built into the cable structure. 3 2 

Wave Guides. The transmission lines and cables considered in the 
preceding pages are, in a sense, wave guides. They guide the electro
magnetic waves that contain the electric energy transmitted. Lines 
and cables are seldom treated as guides, however. 

A solid dielectric material such as wood, glass, or polystyrene will 
guide electromagnetic waves. These materials have dielectric con
stants greater than air, and electromagnetic waves will follow a stick 
or rod of such material in preference to air, but the attenuation is high. 

A hollow metal tube of circular, rectangular, or other cross-sectional 
shape, also will guide energy, in the form of electromagnetic waves, 
from one point to another. Such hollow metal tubes are what is 
usually meant by the term wave guide. Wave guides arc used at 
ultrahigh and superhigh frequencies (page 442) largely because the 
radiation loss and attenuation loss in open-wire lines and coaxial cables 
become excessive at such frequencies. 

The electromagnetic wave that transmits the electric energy is estab
lished at the sending end of the wave guide by an arrangement of one 
or more conductors that is similar to a radio antenna. Once the 
energy is transferred to the hollow wave guide, it will be transmitted 
along the guide until the energy is dissipated in the walls of the guide, 
or absorbed by other means; the high-frequency energy cannot escape 
through the conducting walls. In fact, the currents that are estab
lished in the walls of the wave guide by the passing electromagnetic 
waves flow so completely in the surface layers that silver plating the 
inner surfaces materially reduces the transmission losses. At the dis
tant end of the wave guide the received electromagnetic energy is 
extracted by an arrangement of conductors constituting a receiving 
antenna, or the energy is radiated by an electromagnetic horn. 

From the engineering viewpoint, it is possible to study wave guides 
by analogy with transmission-line theory. Wave guides are at present 
(1949) of limited practical importance, relatively speaking, in com-
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mercial communication systems. The use of wave guides in commer
cial communication systems undoubtedly will grow. Perhaps it is not 
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FIG. 27. Diagrams for illustrating cer
tain elementary relations between short
circuited transmission lines and wave 

guides. 

absurd to envision a trans
continental wave-guide system. 
References 8 and 33 to 36 are 
recommended for information on 
wave guides. 

Rectangular Wave Guides. 
In Fig. 27 (a) are shown two 
shorted quarter-wave sections. 
If these are assumed to be es
sentially lossless, the input 
impedance of each section will be 
very high. If these two sections 
are electrically excited by con
necting a source of high-fre
quency voltage across the open 
end, by inducing high-frequency 
currents in the shorted end, or 
by other convenient means, the 
current and voltage distribution 
along the quarter-wave lines will 
be as shown. 

If the two wires are joined as 
in Fig. 27 ( b) and excited as 
previously explained, the voltage 
and current distribution remain 
essentially the same. If several 
such conductors are connected as 
in Fig. 27 ( c), the voltage and 
current will again be distributed 
as in ( b) . If now, many shorted 

quarter-wave conductors are placed side by side in perfect contact, 
the rectangular wave guide of Fig. 27 ( d) results. 

If the rectangular wave guide of Fig. 28 is excited (by a vertical 
"antenna" wire passing through the center of the guide) at a frequency 
such that the greatest cross-section dimension is A/2 (as in Fig. 27), it 
follows that the voltage and current distribution is as indicated. If 
this is true, within the wave guide the electric-field component and 
the magnetic-field component of the electromagnetic wave must be as 
shown in Fig. 28{a). At the center of the guide the voltage is large as 
indicated by the height of curve E; hence, the electric field will be 
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intense as shown by the concentration of vertical solid arrows. The 
voltage across the "short circuit" caused by the sidewalls of the tube is 

I E I 

'fiitiiC. 
(a) 

(b) 

I I . ' . . ' . . . • • • I • Side . I . • • • • • . • • • • e • • 0 : 0 
• • • . ' . 

I I 
(c) 

Fm. 28. Approximate field distributions in rectangular wave guides for the TE1,o 
mode. In (a), the solid arrows are the electric field and the broken arrows are the 
magnetic field, looking into the wave guide at transverse section n-n'. Energy flow 
is in. The magnetic lines are, of course, continuous. In (b) is shown the magnetic 
field distribution, looking into the top of the guide. The electric field is shown, as 
dots at section n-n' and crosses at m-m'. Energy flow is to the right. In (c) is 
shown the field distribution, looking into the side of the guide. The arrows repre
sent the electric field, and the dots and crosses represent the magnetic field. Energy 

flow is to the right. 

zero (by analogy with a transmission line), and hence no electric field 
exists at these walls. 

The magnitude of the current flowing in the inner surf aces of the 
wave guide is shown by curve I of Fig. 28 (a). Large currents are 
flowing in the sidewalls, and in the top and bottom of the guide near 
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the sides; hence, the magnetic field will be as shown by the broken 
horizontal lines. Because magnetic lines of force are continuous, the 
magnetic lines of Fig. 28 (a) must be arranged within the guide as 
shown by the top view of Fig. 28 ( b). A side view of the fields is 
shown in Fig. 28 ( c) . 

Cutoff Frequency. A wave guide is similar to a high-pass filter in 
that there is a low-frequency limit beyond which it will not conduct. 
If the cross-sectional dimensions of a rectangular wave guide are as 
shown in Fig. 29, the lowest frequency f O (and the longest free-space 
wavelength Ao) that will be transmitted down the guide is given by 
the equation 

C 
Jo= -

2a 

C 
or Xo = f 

O 
= 2a, (35) 

where f O is the frequency in cycles per second, Ao is in centimeters, c 
is the velocity in centimeters per second of a wave in free space, and a 

,-.._---a----

Fm. 29. Dimensions of a rectangu
lar wave guide are specified in the 

standards as shown. 

is the dimension in centimeters in
dicated in Fig. 29. From this it is 
noted that the lowest frequency that 
will be transmitted is that of a wave 
that will just fit into a space twice 
the width of the guide. For instance, 
if a rectangular wave guide has an 
a dimension of 7.5 centimeters, it 
will pass a wave of minimum fre
quency fo = 3 X 10 10/15 = 2 X 

109 cycles or 2000 megacycles, and a wavelength of Ao = 2 X 7.5 = 

15 centimeters. Attention is called to the fact that the dimensions 
a and b are often interchanged. The usage in this book is in accord
ance with the standards. 3 7 As is evident the short dimension b has 
no effect in determining the cutoff frequency. However, a very high 
voltage (Fig. 28) may exist between the top and the bottom of a 
guide, and, if dimension b is small, the guide may flash across. 

Mode of Operation. The distribution of electric and magnetic lines 
of force of Fig. 28 is one of many possible arrangements. This specific 
arrangement and the values given by equation 35 are for the dominant 
mode, which, for a given wave guide, is the mode of operation that 
will give the lowest cutoff frequency and the longest wavelength that 
the guide will transmit. In many applications a wave guide is operated 
in the vicinity of its dominant mode, one reason being that the attenua
tion is low for this condition. 

The mode of operation of Fig. 28 is known as the TE 1 .o mode, for 
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the following reasons. In free space (page 443) electric energy trayels 
away from the source (antenna) as a transverse electromagnetic or 
TEM wave. That is, both the electric lines of force and the magnetic 
lines of force composing the wan are at right angles to the direction 
of wave propagation. In a wave guide, in which energy is confined to 
the space within the metal guide, the resultant wave traveling down 
the guide is composed of two or more waves that arc reflected back 
and forth within the guide. For this reason the resultant wave is not 
a wave composed of an electric and a magnetic field at right angles to 
the direction of propagation and is not a TE::\I wave. In wave guides, 
there are components of either the electric field or the magnetic field in 
the direction of propagation. If a wave guide is assumed to be loss
less, in the transverse electric (TE) mode, there is no electric-field 
component in the direction of propagation of the resultant wave. Sim
ilarly, in the transverse magnetic (TM) mode, there is no magnetic
field component in the direction of propagation of the resultant wave. 

As mentioned previously the mode of operation in Fig. 28 is known 
as the TE1,o mode. The meaning of the two capital letters has been 
explained. For rectangular wave guides, the first subscript denotes the 
number of half waves of electric field intensity (voltage) along the 
large dimension a, and the second subscript denotes the number of 
half waves of electric-field intensity (voltage) along the small dimen
sion b. These designations arc different from the designations often 
used but are in accordance with the standards. 3 7 

Wave Velocities. In considering transmission over open-wire lines 
and cables, the phase constant, or phase shift per unit distance, was 
calculated from the line constants, and the wave Yelocity and wave
length were computed from the phase constant. This is entirely satis
factory for transmission over such circuits, and, because of the way 
in which the values are found, the term phase velocity is often applied. 
It will also be recalled that ,vavclength and phase velocity were deter
mined by measuring standing wave peaks on open-wire lines. 

But in a wave guide, in a sense, the energy being propagated down 
the guide is being reflected back and forth within the tube along a 
zigzag path from wall to wall. 34 If a probe is inserted into a wave 
guide3 3 and if the distribution of the resultant electric field is studied, 
it will be found that the distance between maximum values or "peaks" 
of electric field is such that apparently the wavelength is longer than 
would be expected. Since in general it is considered that,\ = v/f and 
v = ,\f, it follows that, if the apparent wavelength in a guide ( as 
measured with a probe) is greater than it would be in free space, then 
the apparent wave velocity or phase velocity in a guide is greater 
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than the velocity of an electromagnetic wave in free space. This 
apparent phase constant /3 is given by the equation 

(36) 

where /3 will be the apparent phase shift in radians per centimeter, 
w = 2-rrf, c is the velocity of light in centimeters per second, and a is 
the long dimension of the guide in centimeters (Fig. 29). If /3 is 
known, then the apparent or phase velocity in centimeters is 

(37) 

For the wave guide previously considered, and at a frequency of 
3 X 109 cycles, 

✓(6.28 X 3 X 10
9

)
2 

(3.14)
2 

• • f3 = 10 - --- = 0.47 radian per centimeter. 
3 X 10 7.0 

Using this value the apparent or phase velocity is 

V = w/ f3 = 6.28 X 3 X 109 /0.47 = 4.02 X 1010 centimeters per second, 

which is considerably above the actual velocity that an electromagnetic 
wave in free space may have, that is, 3 X 10 1 0 centimeters per second. 
The corresponding apparent wavelength in the guide is 'Au = V If = 4.02 
X 10 10 /3 X 109 = 13.88 centimeters; yet the actual wavelength in free 
space would be Vs= 3 X 1010/3 X 109 = 10 centimeters. Thus, the 
apparent, or phase, velocity is greater than the velocity in free space 
and also is greater than the group velocity, which is the velocity with 
which a signal, such as a speech-modulated wave, would be propagated 
down the guide. These phenomena are caused by the zigzag path 
previously mentioned. 34 

Attenuation. Attenuation can be computed from equations or can 
be obtained from curves. 39 For copper walls and an air dielectric and 
at the dominant or TE1.o mode, the attenuation of a rectangular 
wave guide is given by the relation 39 

a= 0.01107 -b- ~ +~ , 
[

0.5a (Xc)1.5 1 ] 

al.5 ✓(~Y -1 

(38) 

where o: will be in decibels per f oat when a and b are the dimensions in 
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inches shown in Fig. 29, >..0 is the cutoff wavelength, and ,\ is the free
space wavelength. 

Other Modes of Operation. Other methods of excitation and other 
modes of operation are used. Furthermore, wave guides other than 
the rectangular type are employed (references 33 to 36). 
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REVIEW QUESTIONS 

I. Why is there an increasing tendency to use cables for communication? 
2. How are telephone cables constructed? vVhat is a quad? 
3. Discuss the variations of R, L, C, and G of a cable with temperature and fre-

quency. 
4. Discuss the variations of cable attenuation with temperature and frequency. 
5. What are the characteristics of the classical "distortionless line"? 
6. Briefly discuss the history of loading. 
7. In what way is a loaded cable similar to a filter? 
8. How are echo effects and loading related'? 
9. Compare the characteristic impedances and propagation constants of loaded 

and non-loaded cables. 
10. In general, to what types of circuits is loading applied? 
11. Discuss the construction of loading coils. 
12. Discuss the installation of loading coils. 
13. What is flutter, and what is its cause? 
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14. The !oration of impedance irregularities, such as a rr.versed loading coil, is 
discussed on page 255. "\Yhy not use the methods of page 75 '? 

15. What assumption regarding velocity is made in equation 26? 
16. Are coaxial cables balanced or unbalanced? From what important circuits do 

they differ in this respect? 
17. What types of dielectrics are used in coaxial cables'? 
18. What are the characteristic impedances of typical coaxials? Compare with 

lines and cables. 
19. Describe a typical submarine cable. 
20. Describe the type of loading used on transoceanic cables. 
21. Are transoceanic cables used for telephone purposes? If so, name one. If 

not, why are they not used? 
22. What is meant by the dominant mode of a wan guide? 
23. Distinguish between the TE mode and the TM mode. 
24. On page 266 it is stated that for certain conditions a wave guide may flash 

across. How is it possible for this to occur? 
25. How is it possible for the apparent, or phase, velocity in a wave guide to be 

greater than the velocity of an electromagnetic wave in free space? 

PROBLEMS 

1. Calculate a, [3, and Zo at 1000 cycles for a non-loaded 19-gauge telephone 
cable side circuit and compare the results with the values gi,·en in Table III. 

2. Calculate a, [3, and Zo at 1000 cycles for a 19-gauge telephone cable side cir
cuit with H-172-S loading and compare the results with the values gi,·en in 
Table III. 

3. A section of the cable of Problem 1 is 100 miles long and is terminated in its 
characteristic impedance. Standard testing power of 1.0 milliwatt at 1000 
cycles is put into the cable at the sending end. Calculate the sending-end 
current and voltage, and the current, ,·oltage, and power at the receiving end. 

4. Make the same calculations as in Problem 3, but for a 100-mile section of 
the loaded cable of Problem 2. 

5. Calculate the cutoff frequency for the circuit of Problem 2. 
6. Calculate the cutoff frequency for the last circuit of Table III. 
7. As stated on page 259, a ratio of b/a = 3.6 gives least attenuation. What 

would have been the attenuation of the coaxial cable of page 260 if the outer 
conductor had been such as to give this ratio? 

8. "\Vhat would ha,·e been the inductance, capacitance, characteristic impedance, 
and resistance of the coaxial cable of page 260 if the conditions of Problem 7 
applied? 

9. Repeat the calculations starting on page 260, but at a frequency of 550 kilo
cycles. 

10. A rectangular wave guide has an a dimension of 5 centimeters and a b dimen
sion of 2 centimeters. What will be the cutoff frequency and the longest free
space wavelength? 



CHAPTER 8 

ELECTRONIC APPLICATIONS 

IN COMMUNICATION 

Introduction. Modern communication circuits utilize numerous 
devices such as vacuum tubes, metallic rectifiers, and thermistors. For 
a complete understanding of the chapters that follow, a review of such 
devices will be given. 

Rectifiers. A rectifier is defined 1 as "a device which converts al
ternating current into unidirectional current by virtue of a charac

Insulating 
sleeve 

Metal 
holder 

for 
crystal 

Fm. 1. Simplified cross 
section of a typical crystal 
rectifier. Sometimes the 
interior of a crystal recti
fier is filled with wax to 

stabilize the contact. 

teristic permitting appreciable flow of current 
in only one direction." A rectifier unit is 
defined 1 as "the rectifier with its essential 
auxiliaries and the rectifier transformer equip
ment." In practice, this unit is usually re
ferred to as a rectifier. 

Crystal Rectifiers. The cross section of a 
typical crystal rectifier is shown in Fig. 1. 
Silicon and germanium crystals are widely 
used. A fine wire, often of tungsten, is 
pointed and pressed firmly against the crystal 
surfaces; sometimes the wire contact is 
welded to the crystal. Because the capaci
tance is very low, crystals can be used at ultra
high and superhigh frequencies (page 442). 

The characteristics of a typical crystal are 
shown in Fig. 2. For many purposes the ideal 
characteristics and ideal circuit equivalent for 
a crystal are those shown in Fig. 3. A typical 
crystal passes a current of about 400 micro-
amperes. 

Metallic Rectifiers. Metallic rectifiers consist essentially of a disk 
or plate of metal on which is formed, or placed, a layer of some 
suitable semiconducting material. These disks are mounted in series 
or in parallel, or in series-parallel combinations, until a unit of the 
desired current and voltage ratings is obtained. They are sometimes 
called dry-disk rectifiers and harrier-layer rectifiers. They are of 
several types, as follows: 

272 
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Copper-Copper Oxide Rectifiers. 2 Copper oxide rectifiers consist 
of copper disks or plates on which a layer of cuprous oxide is formed 
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Fm. 2. Characteristics of a crystal rectifier of the type shown in Fig. 1. For 
"volts positive" the polarities are as shown in the upper left; for "volts negative" 

they are reversed. 

by a controlled heating proc
ess. 2 • 3 Current ( conven-
tional) flows readily from 
the oxide to the copper, but 
the resistance is very high 
in the reverse direction. 
Considerable capacitance ex
ists at the thin rectifying 
interface between the copper 
and the oxide. 

Various advanced theories 
have been presented 2 to ex
plain the operation of the 
copper oxide rectifier, as 
it is commonly called. From 
a practical viewpoint it may 
be considered that the metal
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Fm. 3. Idealized characteristic curve and 
equivalent circuit of the crystal rectifier of 
Figs. 1 and 2. All such rectifiers do not have 

exactly the same characteristics. 

lic copper contains many free electrons, and hence, when the oxide is 
made positive, electrons flow readily from the copper to the oxide. 
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When the polarity is reversed, negligible current flows because the 
oxide is a poor conductor and contains few free electrons. 

Because the cuprous oxide is a poor conductor, a current-distributing 
electrode must be placed on it. In some rectifiers nickel is electro
plated on the surface of the cuprous oxide. Copper oxide rectifiers 
are often called varistors, particularly in communication. 

Selenium Rectifiers. 4 · 5 Selenium rectifiers consist of a processed 
metal disk, often of steel, which is called the hack electrode. On one 
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side of th is electrode a very thin layer 
of selenium is placed, and this layer is 
covered with a suitable conducting alloy, 
forming the front electrode. A rectify
ing layer is formed between the front 
electrode and the selenium. Current 
readily flows from the back electrode to 
the front electrode, but little flows in 
the reverse direction. The characteris
tics of this device are shown in Fig. 4 . 
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High-Vacuum Thermionic Diodes. 
8 This high-vacuum diode consists essen-

tially of an electron-emitting hot cath
Fw. 4. Approximate charac- ode and an electron-collecting anode or 
teristics of a selenium rectifier plate. For small tubes the cathodes are 
plate one square centimeter in 
area. Signs refer to voltage of 
the metal back electrode. (Cour
tesy Electrical Communication.) 

of two types: first , the filament type 
consisting of nickel wire or some alloy 
that is coated with oxides of barium 
and strontium and suitably treated to 

make an excellent emitter; and second, the indirectly heated or 
separate-heater type. This type consists of a small cylinder of 
nickel or other metal on ,vhich the oxide coating is placed and which 
is heated by an insulated tungsten filament placed at the center. For 
large high-vacuum tubes the filaments are often tungsten. 

The emitted electrons accumulate as a negative space charge about 
the cathode. If the plate is positive, it pulls negative electrons from 
the space-charge region. Because the negative space charge repels 
electrons, it is an important factor in determining the magnitude of the 
voltage drop across the tube. 

The plate is heated by the electrons that strike it, and the average 
anode current, which is the direct current flowing, must not exceed the 
rated value. The peak ( or crest) inverse anode voltage, defined 1 

as "the maximum instantaneous anode voltage in the direction opposite 
to that in which the tube is designed to pass current," also must be 
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kept within rated values. 
may be damaged. 

Otherwise, the tube may arc back and 

Low-Pressure Gas Thermionic Diodes. Gas diodes arc used as 
rectifiers where large currents are to be passed and where the rectified 
voltages are to be less than about 10,000 volts. These tubes are first 
evacuated, and then the desired amount of gas, such as argon, is ad
mitted. Or after evacuation a small amount of mercury is placed in 
the tube. At the low pressure existing, some of the mercury vaporizes, 
giving the widely used mercury-vapor tube. 

In the gas or mercury-vapor diode, the space charge around the 
cathode is neutralized by positive ions produced by ionization by 
collision in the following way. If the voltage between the cathode 
and the anode approximately 
equals the ionizing potential 
of the gas (about 10 to 12 
volts for mercury vapor), 
then some of the negative 
electrons being drawn over to 
the positive anode attain ve
locities sufficient to knock 
negative electrons out of the 
otherwise neutral gas atoms 
if a collision occurs. 

As a result of such colli
sions, positive ions are formed. 
They consist of the relatively 
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massive atoms that have lost a negative electron. Because of their 
large mass, the positive ions drift slowly toward the negative cathode 
and hence remain in the space between the electrodes for a relatively 
long time. This accumulation of positive ions neutralizes the nega
tive space charge. For this reason, the voltage drop across a gas or 
mercury-vapor tube equals approximately the ionizing potential of 
the gas or vapor. Accordingly, the voltage drop is much lower than 
that across a high-vacuum tube. Furthermore, over the operating 
range, the voltage drop is essentially independent of the magnitude 
of the current being rectified (Fig. 5). 

High-Pressure Gas Thermionic Diodes. The trade names Tungar 
and Rectigon are applied to high-pressure gas diodes. They are used 
extensively for charging small storage-battery installations in telephone 
central offices. The cathodes arc massive tungsten or thoriated
tungsten filaments, and they are close to a heavy graphite anode. 
Argon gas at a pressure of about 5 centimeters of mercury fills the 
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tube. The gas prevents rapid evaporation of the hot filament and 
also reduces the space charge. 

Mercury-Arc Rectifiers. In a sense, mercury-arc rectifiers are 
diodes. The cathode is a mercury pool, and it is not externally 
heated. The mercury-arc rectifier is used for charging telephone 
central-office batteries. 

When the bulb of Fig. 6 is tipped for starting, contact is made 
between the starting electrode and the mercury-pool cathode. When 

1f-1Load 
+ '------1,~ 

Fm. 6. Simplified circuit 
of a mercury-arc rectifier. 

the bulb is restored to vertical, the contact 
is broken and the small spark that results 
fills the tube with positive and negative mer
cury-vapor ions. Electrons (the negative 
ions) flow to the anode that is positive at 
that instant, ionization by collision results, 
and additional ions are formed. For conduc
tion to continue, electrons must leave the 
mercury-pool cathode. It is possible that the 
massive positive ions, slowly moving to the 
cathode, form a dense "cloud" of positive 
electricity very close to the pool and that this 
greatly assists in the liberation of electrons. 

As the polarity of the input voltage changes, 
the electron current shifts from one electrode 
to the other, but, as indicated in Fig. 6, the 
conventional current always flows up through 
the battery to be charged. The reactor keeps 
the current from falling to zero and thus holds 
the arc. 

Sometimes a single anode is placed in a 
mercury-arc rectifier called an lgnitron. A 

starting electrode, called by the trade name lgnitor, is employed to 
"fire" the tube each cycle it is to conduct. This electrode is of some 
semiconducting material, such as silicon carbide, and one end is per
manently immersed in the mercury pool. A small current, when 
passed from this electrode to the pool, causes the formation of small 
sparks at the surface of the pool, and these sparks start conduction. 

Low-Pressure Gas Thermionic Triodes and Tetrodes. The gas 
triode contains an oxide-coated thermionic cathode, a control grid, and 
an anode. Although the grid is called a control grid, it can control 
the operation of the tube only under certain conditions; for other 
conditions it loses control. 

In this tube, often called by the trade name Thyratron, the control 
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grid is so design<'d that for certain anode, or plate, ,,ottages the nega
tive grid is able lo block the tube and prevent electron flow from the 
hot cathode to the plate. If the grid 
i:; made less negatiYe or the platC' is 
made more po:,;iliYe than critical 
Yalues, the grid loses control, elec
trons suddenly flow to the po,;itive 
plate, ionization by colli,,ion occurll, 
and the plate pn,iscs a curr('nt largely 
controlled by the external rc;-i,-tancC' in 
the plate circuit. In the ga,.. tetrode, 
a second grid i:s !tl'rangcd so that the 
control rharactC'ristics can be varird. 

Current (log scale) 

Fm. 7. Phenomena. occurring in 
a two-electrode cold-cathode gas

filled tube. 

Two-Electrod<> Cold-Cathode Tubes. T he diode, now under con
sideration consist of a gin~ bulb, filled with a stable gas, such !\$ neon 

FIG. 8. A threc-<'l<'c
lrode colcl-cntho<lc gas
filled tuh(' or the gen
eral IYP<' sometimes 
u~cd in S<'lP<'livc-rin~ing 
C'ircuits a~ <•xpla ined on 
page 35'l. (Court('sy 
Western El<'ctric Co.) 

or argon at low pressure, and contain two metal 
elcrtrodes. The small neon bulb is an example 
of this type. 

The characteristics arc shown in Fig. 7. 
Ov<'r the region A-B, the currrnt that flows is 
very minute, and no ob"crYable discharge oc
cur" within the tube. At B C the voltage 
required to maintain the current falls lo a low 
valur, about 75 Yolb for a typical tube; also, 
a ~li~ht glow appears as a spot on the cathode. 
AR the current through the tube is permitted 
to inrreasc oYer the region C-D, the voltage 
required to maintain the current increa<ir, little 
and the glow gradua lly increa,-es until at D 
thr C'athode i covered entirely. B eyond point 
D an increa~c in current is accompanied by an 
inrn'a:<e in Yoltage, and, if the current is in
crcasrd to E, an arc may be formed and the 
tube will be ruined. This tube is used a a 
voltage regulator in communication rectifiers. 

T hree-Elec·tt·ode Cold-Cathode Tubes. 6, 7 

In the tube of Fig. the main anode is a 
wirr at the center. A ~las,- tube shields the 
wire to within a short distance of the end. 

The starter anode and the cathode arc identical segments of the cir
cular structure shown. They arc co,·ered with an oxide coating and 
in the tube of Fig. 8 arc interchangeable. 
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There are two gaps to be broken down and to be made conducting. 
The design sometimes is such that the starter gap between the cathode 
and starter anode breaks dmvn at a lower potential than the main gap 
from cathode to main anode. 
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Fw. 9. A half-wave rectifier, and the shapes of the impressed and the rectified 
waves, a and b. Waves c, d, e, andf are the major components of the rectified wave b. 

The tube may be used as a relay in this way: Both anodes are made 
posifr,e but are maintained below the breakdown value and hence 
conduct negligible current. The device to be operated is placed in 
series with the main anode. An incoming control or signal impulse is 
injected in series with the starter anode. This impulse "fires" the 
starter anode, causing ionization. This supplies sufficient ions to per
mit the main anode to conduct and operate the device in series with it. 
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Basic Rectifier Circuits. Half-Wave Rectifier. A half-wave 
rectifier circuit is shown in Fig. 9. Appreciable current flows through 
the rectifier element only in the direction of the arrow. The sine-wave 
voltage a, when impressed on the rectifier and load in series, will 
produce a half-wave current through the load resistor RL and a half
wave voltage across load resistance RL, as shown by curve b. If the 
rectifiers arc assumed to be ideal, the equation for this half-wave 
voltage is 

Em Em . 2Em 2Em 
e = - + - sm wt - -- cos 2wt - -- cos 4wt · · · (1) 

1r 2 31r 151r 

If the terms e and E,,, are changed to i and I,,,, then the equation for 
the rectified current results. 

The first term is the desired rectified direct-current component c; 
the second term is a component d having the same frequency as the 
source; the third term is a second har-
monic e having a frequency twice that of 
the source; and the fourth term is a 
fourth harmonic f having a frequency 
four times that of the source. These 
separate components are plotted in Fig. 
9, and, if they are combined, as by add
ing at the broken lines, Fig. 9(b) results. 

FuU-W ave Rectifier. A sine-wave 
voltage a will produce a full wave such 
as shown by b of Fig. 10. The equation 
for the rectified full-wave voltage across 
the load is 

2Em 4Em 
e = -- - -- cos 2wt 

7f 31r 

4Em 4Em 
-- cos 4wt - -- cos 6wt · · · . 
151r 351r 

(2) 

This equation can also be used to repre
sent the rectified current. The first 
term is the desired rectified direct-cur-
rent component. The other terms are 

FIG. 10. A full-wave rectifier. 
The impressed voltage is shown 
at a, and the rectified current 

and voltage at b. 

the second, fourth, and sixth harmonics; other harmonics are 
neglected. These components can be represented in the same manner 
as in Fig. 9 and then can be combined to give the wave of Fig. 10 ( b). 

Polyphase Rectifiers. When a large amount of power, perhaps a 
kilowatt or more, is to be rectified, polyphase rectifiers are used. 
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Three-phase rectifiers are often used with large radio transmitters,s 
and rectifiers of greater numbers of phases are commonly used in large 
industrial installations. 9 

Bridge Rectifiers. A full-wave bridge rectifier is shown in Fig. 11. 
For either direction of the applied alternating voltage, current will 

flow through the resistor as shown. 

A-c 
source 

FIG. 11. A full-wave bridge recti-
tier. 

The transformer may be omitted if 
desired. 

Rectifier Filters. When an alter
nating voltage is impressed on a rec
tifier, the output wave is distorted. 
Distortion is defined 1 as "a change 
in wave form." 

In the usual rectifier unit, the 
direct component is desired and the 

alternating components are unwanted. The rectifier filter is used to 
suppress the alternating components. 

The battery and the generators of Fig. 12 acting together give the 
full-wave rectified voltage of equation 2. As an approximation, the 
internal resistance of the rectifier Zi can be neglected. Each source 
may be considered separately, 
and the magnitude of the cur
rent that each source forces 
through the load RL can be 
calculated separately. 

The low-pass filter of Fig. 12 
is known as a choke-input 
filter. If the first inductor is 
omitted, it becomes ,vhat is 
called a condenser-input fil
ter. Choke-input filters are 
assumed in the preceding para
graph. If the usual condenser

- 4
Em cos2wt 
3,r 

- 4
Em cos4wt 

15,r 

-
4

Em cos6wt 
35,r 

Rectifier Filter Load 

input filter is used, then the FIG. 12. Equivalent circuit of a full-wave 
rectified ( or distorted) voltage rectifier, filter, and load. 

wave is not as shown in the 
!ffeceding fig11res, and equations 1 and 2 do not apply. With con
denser-input filters, no simple equation is available, because the shape 
of the rectifier output wave depends on the constants of the filter and 
on the magnitude of the load resistance. 1 ° For these reasons, a 
graphical solution 11 is usually employed for studying rectifier opera
tion with condenser-input filters. 
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When high-vacuum tubes are used, the filter may have either choke 
or condenser inputs, but, with large gas tubes, choke-input filters are 
usually employed. The condenser-input filter draws a high peak cur
rent, and this may damage gas tubes. 

Cutout in Rectifier Filters. The preceding section implied that, if 
an inductor were placed next to the rectifier, choke-input filter oper2.
tion resulted and that, if a capacitor were placed next to the rectifier, 
condenser-input filter operation resulted. This depends on the magni
tude of the inductor and capacitor, and on the resistance of the load. 10 

For example, if the load is drawing a large direct current, a filter con
nected as in Fig. 12 may operate as a choke-input filter and the direct 
voltage will be essentially as given by the first term of equation 2. 
But, if the same circuit is supplying a small value of direct current 
to the load, the same filter may then operate as a condenser-input 
filter. 

When a rectifier, filter, and load arc so related that filter operation 
is like that with condenser input, the capacitor (even though there may 
be an inductor between it and the recti-

(a) 
~ 

(b) 

fier) draws a high peak current and it 
charges almost to the peak of the recti
fied voltage wave; then cutout occurs. 
At this point, the rectifier current falls to 
zero, and the capacitor maintains the volt
age across the filter and load. As a com
parison, the voltages across the two types 

Fm 13 Rectified waves that 
of filters are shown in Fig. 13. It is ap- res~lt ~hen cutout does not 
parent that the average, or direct, voltage occur (a) and when it does 
of Fig. 13(a) with choke input is less occur (b). 

than in Fig 13 ( b) for condenser input. 
If for any condition of operation, cutout occurs, then the voltage 

across the load will rise, and the regulation 1 will be poor. If certain 
assumptions are made, 12 it can be shown that for cutout not to occur, 
the relation 

(3) 

must apply. In this equation, L 1 is the minimum value of inductance 
in henrys that the first inductor must have, and RL is the resistance in 
ohms of the load. It is common practice 13 to use 1000 instead of 1130 
in equation 3. 

A resistor, called a bleeder, is often connected permanently across 
the filter output (Fig. 14). If this bleeder has the correct value given 
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by equation 3, it will prevent cutout. Such a bleeder may be provided 
with taps, and then it serves as a voltage divider. A permanently 
connected bleeder ensures that the capacitors discharge when the 
rectifier is deenergized, and the bleeder may prevent injuries to 
operating personnel. 

+ 

Filter Bleeder 

FIG. 14. A typical full-wave rectifier unit. The inductance placed in the positive 
lead provides better filtering than if placed in the negative lead. 

Voltage Stabilizers Using Gas Diodes. Variations in line voltage 
and changes in the load current will cause the direct voltage output of 
a rectifier to vary. The cold-cathode gas diode is used to stabilize 
this output voltage as shown in Fig. 15. The circuit is designed so 

+ 
Input voltage 
from rectifier 

and filter 

R 

FIG. 15. A cold-cathode gas diode 
connected to stabilize the voltage 

impressed across the load RL. 

that the tube is operated over a por
tion of the characteristic curve of 
Fig. 7, where the voltage varies but 
little with changes in current. If 
the input Yoltage rises, the cold
cathode gas diode draws a larger 
current, an increased Yoltage drop 
occurs across the series resistor R, 
and this absorbs the Yoltage rise. 
If the input Yoltage falls, the gas 

diode draws less current, less ,·oltage drop occurs across resistor R, and 
the voltage across load resistor R1, remains essentially the same. A 
stabilizing action also occurs if the load current supplied to RL varies. 

High-Vacuum Thermionic Three-Electrode Tubes. Triodes were 
first used as amplifiers in 1906 by De Forest. The first major com
mercial application was as an amplifier in the repeaters 1 of the first 
transcontinental telephone circuit, opened officially in 1915. Credit is 
due to Arnold and his Bell System associates for perfecting the 
triode. 14 

The characteristics of a small triode are shown in Fig. 16. Because 
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the grid of a triode is in a strategic location between the plate and the 
cathode, the grid has greater influence in controll ing the plate current 
than the plate does. If the plate voltage is eb2 and the grid vo ltage is 
ec2 , the plate current will be ib. If the plate voltage is reduced to eb1 , 

and the grid voltage is reduced to ec1, the plate current remains ib. 

The amplification factor is 
defined 1 as "the ratio of the 
change in plate voltage to a 
change in control-grid volt
age, under the conditions 
that the plate current re
mains unchanged and all 
other electrode voltages are 
maintained constant." Thus, 
the application factor 1s 

fl eb Cb2 - eb l 
µ=- = 

flee Cc2 - Cc ! 
(4) 

For triodes the amplifica
tion factors may be as low 
as about 3, and as high as 
about 100. 

+' 
C: 
~ t---t--t---+-i~f--,-+-_,,_-+--J<---t~+-l 
:::, 
u 
~ 1-----l---'"-+----''-1----Jll---+-1--i--1-----1--+---I 

a: 

o""'-__.__'-'-_...-:;..--Ju.-....... _._~_...__._...., 
0 eb, eb, 

Plate voltage 

Fm. 16. Characteristics of a small high-
vacuum triode. 

When a triode is amplifying a signal, such as speech or music, an 
alternating current flows from plate to cathode within the tube. The 
opposition to this signal-current flow is the alternating-current plate 
resistance 1 of the tube. The plate resistance rp of a tube is the re
ciprocal of the slope of the curves of Fig. 16, and 

LlCb 
r = -· (5) 

P flib 

For triodes the plate resistance may be as low as about 1000 ohms, and 
as high as about 100,000 ohms. 

When the triode is operated as a non-di storting amplifier, an alter
nating signa l voltage is impressed between the grid and the cathode, 
and a corresponding signal current flows in the plate circuit. The 
control-grid-plate transconductance, 1 or mutual conductance, de
termines the magnitude of the plate current caused by grid--voltage 
changes. This factor can be found by dividing equation 4 by equa
tion 5 ; hence, 

flib µ, 
gm = - = -, 

Aec rp 
(6) 

and the unit of measure is the mho, or micromho. 
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High-Vacuum Thermionic Four-Electrode Tubes. Four-elec
trode tubes, called tetrodes, were introduced in this country in about 
1928. They are sometimes called screen-grid tubes, because they 
have a second grid, called a screen grid, between the control grid 
and the plate. 

The presence of the screen grid shields the control grid from the 
plate, and the screen-grid tetrode is better than the triode for radio
frequency voltage amplification. With triodes, the amplified signal 
variations in the plate circuit tend to feed back into the grid circuit and 
cause oscillations. 

In the tetrode, the plate is rendered even less effective ( than in the 
triode) by the presence of the screen grid. For this reason, the am
plification factor is about 500 for a typical screen-grid tetrode. The 
plate resistance also is very high, because the curves of Fig. 16 will 
be almost horizontal, since a large change in plate voltage will cause 
almost no change in plate current. A value rp = 500,000 ohms is 
typical. 

Although the screen-grid tetrode is for some purposes superior to the 
triode, the characteristics of the tetrode are impaired by the effect of 
secondary emission. In amplifiers the screen grid is held at a potential 
of about 50 to 100 volts positive with respect to the cathode. This 
voltage and the positive voltage on the plate accelerate the electrons 
constituting the plate current to such velocities that the electrons 
cause secondary emission (release electrons) when they strike the 
plate. In an amplifier the plate voltage rises and falls in accordance 
with the signal being amplified. If the plate potential falls to that 
of the screen grid, some of the secondary electrons may flow to the 
screen grid. This phenomenon, in general, is undesired. 

High-Vacuum Thermionic Five-Electrode Tubes. In the five
electrode tube, or pentode, developed about 1930, a suppressor grid 
is placed between the screen grid and the plate. The suppressor grid 
is usually directly connected to the cathode. The control grid and the 
screen grid function as previously explained. The secondary electrons 
from the plate cannot flow to the screen grid, because to do this they 
would have to flow through the suppressor grid which is at the potential 
of the cathode and the cathode is negative with respect to the plate. 
The so-called suppressor grid does not suppress secondary emission 
but merely forces the secondary electrons back to the plate. 

There is even less tendency for feedback than with the screen-grid 
tetrode, and hence the pentode is a superior radio-frequency voltage 
amplifier. The additional shielding increases both the amplification 
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factor and the plate resistance, typical values being µ = 1000 and 
rv = 1,500,000 ohms. 

Voltage Amplification and Power Amplification. Some ampli
fiers are designed primarily to increase voltage and are called voltage 
amplifiers. Other amplifiers are designed primarily to furnish power 
to devices such as loudspeakers and radio antennas and are called 
power amplifiers. A voltage amplifier often increases the feeble 
signal voltage generated by some device, such as a microphone, until 
this voltage is large enough to control the output of a power amplifier, 
which in turn drives a loudspeaker. 

Voltage amplifiers use voltage amplifying tubes which are small 
and usually have low direct voltages of several hundred volts or less, 
on the electrodes. Power amplifiers, 
however, use power output tubes 
which may be large and may have 
voltages of thousands of volts on the 
electrodes. 

The so-called beam-power tube 1 5 

is used extensively as a power am
plifier. No suppressor grid is used 

in this tube, but, by a special ar- Fw. 17. Equivalent circuit of a 
rangement and because of the shape vacuum-tube amplifier. 

of the electrodes, the undesired effects 
of secondary emission are eliminated, and the tube has the character
istics of a pentacle. 

Equivalent Circuit of a Vacuum Tube. 16 When used as a non
distorting amplifier, the signal Yoltage to be amplified is impressed 
between the grid and the cathode, and these signal ,·oltage variations 
cause corresponding signal-current flow in the plate circuit. Because 
the grid voltage is more effectiYe than the plate Yoltage in controlling 
plate-current flow, the equivalent circuit of a vacuum tube as an 
amplifier is shown in Fig. 17. The alternating signal current that 
flows through the load resistor is 

I - µEll 
p -

rv + RL 

The signal Yoltage across RL is 

(7) 

(8) 
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Grid 
voltage 

F----\----1------'---- Plate 
current 

1.----#---..\----J'-----'- Plate 
voltage 

Fm. 18. For an amplifier with re
sistance load the plate current is in 
phase with the grid signal voltage, but 
the plate-to-cathode voltage is 180° out 
of phase with the grid signal voltage. 

The voltage amplification , or volt
age gain, of the circuit is 

(9) 

which may be expressed in deci
bels if desired. The power de
livered to the load resistor RL is 

p = I ZR = (µEg)ZRL 
P L (rp + RL) 2 

(10) 

Phase Relations in Amplifiers. 
The phase relations for an ampli
fier working into a pure resis tance 
load are shown in Fig. 18. The 
grid of the tube is biased negative 
an amount Ee by the grid bias 
source Ecc• When the positive 
half cycle is impressed, the grid 
is drinn less negative and more 
plate current flows. This increase 
in plate current causes an increase 
in the ibRr, voltage drop in load 
resistor RL, and, thus, the voltage 
from plate to cathode falls. 
YVhen the negative half cycle is 
impressed, the grid is dri,·en more 
negative and less plate current 
fl ows. This decrease in plate cur
rent causes a decrease in the ibRr, 
voltage drop across R1, , and the 
voltage from plate to cathode 
rises. The instantaneous phase 
relations are as shmrn in Fig. 18. 

Resistance-Coupled Audio-
Frequency Voltage Amplifiers. 
One tube and its associated cir
cuit often give insufficient voltage 
gain, and hence two or more tubes 

are connected in tandem, or cascade, to provide additional amplifica
tion . A circuit arrangement is shown in Fig. 19. Capacitor C; is to 
prevent the flow of direct current from the source through the grid 
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resistor R0 • The electrons returning from the plate through resistor 
Rk to the cathode cause drops in voltage across cathode resistors 
Rk and self-bias the tubes the desired amount. Resistors R0 impress 
these bias voltages on the control grids of the tubes. Cathode capaci
tors Ck prevent appreciable alternating signal voltage from being pro
duced across Rk by the plate-current signal variations. This prevents 
feedback (page 300). The load resistors RL arc discussed on page 

Input 
signal voltage 

c, 

c~ 
Amplified 

RL output 
voltage 

Fm. 19. Circuit of a typical resistance-coupled voltage amplifier using triodes. 
Typical values are µ. = 20, rp = 10,000, RL = 50,000, R;- = 1500, R0 = 250,000, 
Rt = 10,000, all values in ohms; C; = 0.05, C, = 25, CI = 10, Cc = 0.05, C0 = 0.05, 

all values in microfarads. 

285. Capacitor Cr is the coupling capacitor that isolates the plate 
of one tube from the grid of the next, so that these electrodes can 
be at different direct potentials. Capacitor CO is to preYent the flow 
of direct current into a device connected to the output terminals. 
Capacitor Ct and resistors Rt are decoupling capacitors and de
coupling resistors. They provide filtering to prevent the flow of 
alternating signal components from the tubes back into the power 
supply which is common to both tubes. This prevents motor-boating, 
which is a type of low-frequency oscillation. 

Characteristics of Resistance-Coupled Amplifiers. A voltage 
amplifier must not produce appreciable distortion (page 85). If the 
tubes are operated correctly, as shown in Fig. 20, the non-linear dis
tortion is negligible. The frequency response (and frequency distor
tion) is affected greatly by the circuit constants as will now be 
explained. 

The equivalent circuit of one stage of a resistance-coupled amplifier 
is shown in Fig. 21. The condenser Cu' is the sum of the wiring 
capacitance C10 and the equivalent grid input capacitance Cu of the 
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Grid bias and 
sign a I strength 

correct 

Grid bias 
too small, or 

signal strength 
too great 

Grid bias 
too great 

-~---,, 
I I 

Signal 
strength 
too great 

FIG. 20. Either incorrect grid bias or a signal of too great magnitude causes non
linear distortion as indicated. 

second tube, given by the equation 1 2 

(11) 

In this expression Cu" is the grid-to-cathode capacitance and Cgp is 
the grid-to-plate capacitance of the tube, and A 0 is the voltage gain per 
stage. This equation applies to triodes only. For tetrodes and 
pentodes Cg' is the sum of the wiring capacitance and the grid input 
capacitance which is given in vacuum-tube manuals. 

Gain at Intermediate Audio Frequencies. From the values given in 
Fig. 19 and assuming that Cg' is about 50 micromicrofarads, at an 
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intermediate frequency of 1000 cycles, the effects of C0 and C/ are 
negligible. Then, from equation 9, Av = (20 X 41 ,700) / (10,000 + 
41 ,700) = 16.1. The value of RL used in this equation is the equiva
lent resistance of R1, and Ru of Fig. 21 in parallel, or (50,000 X 
250,000) I (50,000 + 250,000) = 41,700 ohms. At this frequency the 
circuit is resistance only, and there is no phase shift except as dis
cussed in connection with Fig. 18. 

rP 
10,000 
ohms 

0.05 X 10-6 

farad 
RL 

50,000 
ohms 

Rll 
250,000 

ohms 
Cg' Eg' 

50 X 10-12 

farad 

FIG. 21. Equivalent circuit for one stage of Fig. 19. 

Gain at Low Audio Frequencies. At low frequencies , such as 50 
cycles, the effect of C/ of Fig. 21 becomes negligible, but Cc must be 
considered. The frequency at which the gain is 3 decibels below the 
intermediate audio frequency and the phase shift caused by the circuit 
is 45° is 

(12) 

where f is in cycles, Cc is in farads, and the resistances are in ohms. 
Gain at High Audio Frequenc£es. At high frequencies, such as 

20,000 cycles, the effect of C0 of Fig. 21 becomes negl igible but C/ 
must be considered. The frequency at which the gain is 3 decibels 
below the intermediate audio frequency and the phase shift caused 
by the circuit is 45° is 

(rpRo + RLRo + rpRL) 
I ' 21rC O RLR 0rp 

/(high) (13) 

where f is in cycles, Cg' is in farads, and the resistances are in ohms. 
Theory alone predicts that Rr, and Rg of Figs. 19 and 21 should be 

very high so that the alternating current will be low, the internal 
voltage drop caused by the plate resistance will be low, and most of 
the available voltage µEu will appear across the output terminals. 
Because the direct-current component must flow through Rr,, it is 
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impractical to make R 1, more than three to five times rv, this rule apply
ing only to triodes. For triodes, R 9 is from about 250,000 to 1,000,000 
ohms. For tetrodes and pentodes, the plate resistances are so high 
that this rule cannot be followed, and typical Yalues of R L are from 

m E,,' . 

( a) Simplified circuit 

(b) Equivalent circuit 

Fm. 22. A radio-frequency transformer
coupled voltage amplifier with tuned primary 

and secondary. 

250,000 to 500,000 ohms, with 
values of R0 about the same 
as for triodes. 

The equations that have 
been used were derived 12 

using Thevenin's theorem 
(page 148). Because of the 
very high internal plate re
sistance of a pentode ( usually 
over 1,000,000 ohms) and the 
relatively low load resistance 
used, equations can be derived 
using Norton's theorem (page 
149). Thus the gain at inter
mediate frequency is 

(14) 

where R. is the equirnlent 
parallel resistance of rp, RL, 
and Ru. Often the effect of 

rp is neglected because it is so high, and Re is assumed to equal the 
parallel resistance of RL and Ru- This assumption should not be 
made wi"th triodes and equation 14 should not be used u·ith triodes. 

Transformer-Coupled Audio-Frequency Voltage Amplifiers. 
Interstage transformers are sometimes used with triodes. They 
have a voltage step-up ratio of about 3. If the assumption is made 
that negligible voltage drop occurs inside the tube, the voltage gain per 
stage is 

Av =µ X n, (15) 

where µ is the amplification factor of the tube and n is the step-up 
ratio of the transformer. 

Radio-Frequency Voltage Amplifiers. Several types of radio-fre
quency voltage amplifiers are possible; the tuned plate-tuned grid 
hand-pass amplifier of Fig. 22 is widely used. The tube operates as 
a non-distorting amplifier. At the frequency of resonance the im
pedance in the load circuit is essentially pure resistance. The tube 
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acts like a generator in series with a plate resistance and a load 
resistance (Fig. 17) . 

The equations for the voltage amplification must be derived 1 7 on 
the basis of coupled-circuit theory. For pentodes, the voltage gain at 
the resonant frequency is 1 s 

A = gmlc21rfrv'L;£;, 
1 

v k2 + l/(Q1Q2) 
(16) 

where g,,. is the grid-plate transconductance in mhos, k is the coefficient 
of coupling, fr is the resonant frequency in cycles, L 1 and L 2 are the 
self-inductances in henrys of the primary and the secondary, and Q1 

and Q2 are the effective energy storage factors of the primary and the 
secondary. In circuits using pentodes the effective and actual Q are 
approximately equal.1 8 

Classifications of Power Amplifiers. A classification, based on 
the mode of operation, is as follows: 

A Class A Amplifier is 1 "an amplifier in which the grid bias and 
alternating grid voltages are such that plate current in a specific tube 
flows at all times." 

A Class B Amplifier is1 "an amplifier in which the grid bias is ap
proximate ly equal to the cutoff value so that the plate current is 
approximately zero when no exciting grid voltage is applied, and so 
th at plate current in a specifi c tube flows for approximately one half 
of each cycle when an alternating grid voltage is applied." 

A Class C Amplifier is 1 "an amplifier in which the grid bias is 
appreciably greater than the cutoff value so that the plate current 
in each tube is zero when no alternating grid voltage is applied, and so 
that plate current flows in a specifi c tube for appreciably less than 
one-half of each cycle when an alternating grid voltage is applied." 

,vhen the suffix 1 is used it denotes that the grid is not driven posi
tive and that grid current does not flow. The suffix 2 denotes the 
opposite. 

Audio-Frequency Class Al Single Triode Power Amplifier. The 
simplified circuit of an audio-frequency power amplifier is shown in 
Fig. 23. The input impedance of the loud.;peaker or other device is 
transformed into the correct value (page 292) and appears between 
points 1-2 in series with the tube. Assuming that the load is pure 
resistance and that the transformer is perfect, then the impedance 
between points 1-2 will be a pure resistance RL, The power delivered 
to the load impedance is given approximately by equation 10. 

A convenient method of analysis 1 9 for a single triode power ampli-



292 ELECTRONIC APPLICATIONS IN COMMUNICATION 

fier is shown in Fig. 24. 
some convenient value. 
mately 

The direct plate voltage Eb is first selected at 
The correct grid voltage to use is approxi-

E 
_ 0.7Eb. 

C - (17) 
µ 

The selected plate voltage and the calculated grid voltage establish 
the operating point P. The line X-Y is the load line and is drawn 

I 110;r] 

Fm. 23. With an ideal transformer, the load impedance reflected into the plate 
circuit equals Z L 1 multiplied by the turns ratio squared. 

through the selected point of operation P at the angle, made with the 
vertical, 0 = tan- 1 RL. It will be noted that in this figure the ab
scissas are in volts, the ordinates, in milliamperes, and RL, in ohms. 
For Fig. 24, the grid bias Ee = -50 volts, the plate voltage Eb = + 250 
volts, and the load resistance is RL = 3900 ohms, the grid is driven to 
zero value, and the plate-voltage and grid-current values are as shown. 

For a single tube such as in Fig. 23, the power output is 

p = [ (I max - J min) (Emax - Emin)J, 
8 

and the percentage second harmonic distortion is 

(18) 

[Umax + lmin) _ ho] 
Second harmonic distortion = ( 

2 
X 100. (19) 

lmax - J min) 

The plate-circuit efficiency, or ratio of signal power output to direct 
power input, is low for this amplifier. For maximum power output, 
the load resistance should equal the plate resistance (page 152). Be
cause of second harmonic distortion, caused by the curvature of the 
dynamic characteristic curve of a triode, the relation just mentioned 
cannot be used. Experience has shown that for maximum "undis
torted" power output the load resistance should be about twice the 
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Resulting plate-
current variations 64 ma I max. 

-Time 

0 

I 
1~ 

/~ 
/I 

I-¾" 

293 

I 
I 

8 = tan-1 RL 
c' I 

y C 

I Ebb 
voltage 

+ 360 V 
I 
IEmax. 

I 
l Resulting 

plate - voltage 

I variations 

I 

Fm. 24. The applied grid-signal voltage swing causes the plate current and plate 
voltage to vary as shown. The total power delivered by the plate supply source to 
the tube and resistance R L in the plate circuit is represented by the area oabc. The 
power delivered to the tube alone is given by the area oaPd. The alternating signal 
power output of the tube is shown by the area of the triangle d' Pc'. If a trans
former is used as in Fig. 23, then the amount of direct-current power required is 
reduced because the tube is loaded with a reflected resistance instead of a resistor RL. 

plate resistance. As used here, "undistorted" means that the non
linear distortion is less than about 5 per cent. 

The dynamic curve mentioned is the curve for the tube and its load 
resistance. This curve can be obtained experimentally or can be 
cal cu la ted. 16 It corresponds to the load line of Fig. 24. 

Audio-Frequency Class Al Push-Pull Triode Power Amplifier. 
In this amplifier two triodes are operated as a balanced amplifier 
(Fig. 25) , or in push-pull. The second harmonics, which cause most 
of the distortion when a single triode is used, are largely canceled out 
in the primary of the push-pull output transformer. Thus, a lower 
plate load resistance may be used, and the condition for maximum 
power transfer (page 152) can be more closely approximated. Two 
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triodes in push-pull will handle more than twice the po,Yer handled by 
a single triode under comparable conditions. 

Calculations for tvvo tubes in push-pull arc made by first selecting 
the direct operating voltage Eb and then calculating the direct grid-bias 
voltage Ee, For class A operation this bias can be between the value 
for single-tube operation and one-half that required to produce plate-

Fm. 25. Two triodes in a push-pull amplifier. 

current cutoff when the plate voltage is 1.4E b, 1 9 The maximum 
power output is then calculated by drawing a vertical line (on a set of 
static curves such as Fig. 24) at a value 0.6Eb until it intersects the 
zero grid-voltage curve. This establishes the I max value, and then 19 

ImaxEb 
Power output=--_-· 

Q 
(20) 

The correct plate-to-plate load that the output transformer should 
produce between the two tubes is then four times the resistance repre
sented by the load line drawn as explained. Or, this value is 19 

(Eb - 0.6Eb) 
RL(pp) = -----, 

I max 

where the units are ohms, volts, and amperes. 

(21) 

Audio-Frequency Class Al Power Amplifiers Using Pentodes. 
Tetrodes are seldom used in audio power amplifiers, but pcntodes and 
beam-power tubes are used extensively. The basic principles of opera
tion and the circuits used are similar to those employed with triodes. 
The methods of calculation are similar but differ in detail.1 9 

Audio-Frequency Class B Power Amplifiers. If the definition of 
a class B amplifier is examined, it is apparent that the output of a 
tube will be as given by equation 1 and as shown in Fig. 9. Thus, the 
first alternating term will be the signal to be amplified, and for two 
push-pull tubes these will add, as can be demonstrated by a graphical 
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analysis. 12 The output wave will contain, however, a series of even 
harmonic terms, and an analysis will show that these are suppressed in 
the primary of the output transformer. Thus, two tubes in a balanced 
circuit must be used. In such 
amplifiers the grids usually arc 
driven positive, grid current 
flows, and grid-driving power 
must be supplied. 

Radio-Frequency Power 
Amplifiers. The basic cir
cuit of both class B and class 
C radio-frequency power am
plifiers is shown in Fig. 26. 
The grid is highly biased, often 
from 2 to 3 times cutoff for 
class C operation. The grid 

FIG. 26. Simplified circuit for a class B 
or C radio-frequency power amplifier. The 
voltage Eu is usually obtained from a tuned 
circuit. Keutralizing circuits are omitted. 

usually is driven positive so that grid current flows for the angle of 
flow (Ju of Fig. 27. Plate current will flow for the angle of flow (JP· 

(Sometimes one-half these angles is taken as the angle of flow.) 

Grid signal 
voltage 

Cutoff 

Negative~ 
grid bias I 

I I 

Fm. 27. Relation between grid-signal voltage and currents in a class C radio
frequency power amplifier. 

The plate current is badly distorted and is given by a series similar to 
equation 1. The parallel circuit (sometimes called a tank circuit ) in 
series with the plate is tuned to the fundamental signal frequency, 
and hence this is passed to the output, and the harmonics are sup
pressed. The phase relations are about as shown in Fig. 18. 
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Constant-current curves such as those in Fig. 28 are used for cal
culating the performance of power triodes in class B or class C. The 
problem is usually to ascertain the operating conditions for maximum 
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FIG. 28. Constant-current curves and details of operation of class C radio-frequency 
power amplifier. The peak value of the grid-signal voltage is 850 volts, and the 

peak value of the plate voltage is 2750 volts. 

power output and efficiency and is a cut-and-try process. One method 
of solution, using a class C amplifier as an illustration, will now be 
summarized from reference 12. 

The quiescent (no signal) Q point is selected first. In Fig. 28 this 
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is at 2.5 times cutoff, and, if the plate voltage is to be + 3000 volts, the 
corresponding grid-bias voltage is -600 volts. 

The tip point or T point, which is the peak positive grid voltage to 
which the grid is driven and the minimum voltage to which the plate 
falls, is selected next. In Fig. 28 these values are each + 250 volts. 
This gives a grid-voltage swing of 600 + 250 = 850 volts peak. The 
plate voltage should not fall below the grid voltage for usual conditions 
of operation. 

When the T and Q points ha-ve been arbitrarily selected, the magni
tudes of both the grid-voltage signal wave and the plate-voltage signal 
wave arc known. The signal current must be evaluated before condi
tions of operation can be found. This evaluation is made by a simple 
method 2 o as follows: The grid-driving voltage is divided into equal 
15° portions, A, B, C, etc., and the grid-current and plate-current 
values corresponding to these grid-voltage values are found. Then, the. 
average and the maximum values are given by the equations 20 

I av = 0.0833 (0.5A + B + C + D + E + F) (22) 

and 

I max= 0.0833(A + 1.93B + l.73C + 1.41D + E + 0.052F). (23) 

When evaluated from Fig. 28 and calculated as in Table I, the direct 
plate current is lb= 0.181 ampere and the maximum value is IP= 0.331 
ampere. The direct grid current is 0.0226 ampere, and the maximum 

Angle /J 

---
0 

15° 
30° 
45° 
60° 
75° 
goo 

TABLE I 

EVALUATION OF CURRENT COMPONENTS FOR CLASS C OPERATION 

(Met hod from reference 20) 

E,.,(max) 
Plate h from 

lp(max) Grid 
le from 

Current from Current 
Cos /J Times Point 

(Am-
Equa-

Equa- (Am-
Equa-

Cos /J 
pere) 

tion 22 
tion 23 pere) 

tion 22 

-----------------------
1.0 850 A 0.92 0.46 0.92 0.187 0.094 
0.966 821 B 0.86 0.86 1. 66 0.140 0.140 
0.866 736 C 0.62 0.62 1.07 0.037 0.037 
0.707 600 D 0.23 0.23 0.32 0 0 
0.500 425 E 0 0 0 0 0 
0.259 220 F 0 0 0 0 0 
0.0 0 G 0 0 0 0 0 

------------
Sums 2.17 3.97 0.271 

0.0833 X Sums 0.181 0.331 0.0226 

lg(max) 

from 
Equa-
tion 23 
---

0.187 
0.270 
0.064 

0 
0 
0 
0 ---

0.521 
0.0434 
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value is 0.0434 ampere. From these values and assuming that a tuned 
circuit is a resistance load, the following calculations can be made. 

Approximate Grid Dissipation. The alternating grid-driving power 
input minus the power rectified by the grid is the approximate grid 
dissipation. The rectified power goes to "charging" the grid-bias bat
tery of Fig. 26 or is dissipated otherwise in the grid-bias source. 
Thus, the input to the grid circuit is 850 X 0.707 X 0.0434 X 0.707 = 
18.5 watts. The rectified power is 600 X 0.0226 = 13.6 watts. The 
power dissipated in the grid circuit of the tube is 18.5 - 13.6 = 4.9 
watts. 

Approximate Plate Dissipation. The direct power input to the plate 
circuit is 3000 X 0.181 = 543 watts. The signal power output is 
2750 X 0.707 X 0.331 X 0.707 = 455 watts. The difference or 
543 - 455 = 88 watts is the power dissipated in the plate circuit. 

The Plate-Circuit Efficiency. The plate-circuit efficiency is 
455/543 = 0.838 or 83.8 percent. 

Circuit Constants. From experience it is known that the effecfrve Q 
of the tuned circuit of a class C amplifier, including the effect of the 
reflected load, should be about 12. The equivalent resistance of the 
parallel load circuit is Re = 455/ (0.331 X 0.707) 2 = 8320 ohms. 
From equation 16, page 66, and assuming that the Q is 12, the in
ductance of the tuned circuit can be found, and, knowing this, from 
equation 13, page 64, the approximate capacitance can be found. 

Frequency Multipliers. If the parallel output circuit of a tube in 
class C is tuned to one of the harmonics, instead of the fundamental, a 
frequency multiplier results; usually these are frequency doublers 
and frequency triplers. If the harmonics, and not the fundamental, 
are to be selected, the tube should be operated so that the desired 
harmonic is large. An approximate rule is that the plate-current 
angle of flow 0P for a frequency multiplier should be 

180° 
Op=--, 

n 
(24) 

where n is the ratio of the desired output frequency to the grid-driving 
frequency. The power output is about l/n that obtained at the funda
mental frequency. 

Neutralization. Triodes are often used in radio as power amplifiers, 
oscillators, and frequency multipliers. At these frequencies there is 
considerable signal fed back from the plate circuit, through the grid
plate interelcctrode capacitance, and into the grid circuit; this may 
cause positive feedback and undesired oscillations. Neutralization 
must be used, particularly with triodes, to prevent such oscillations. 
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Several neutralizing circuits have been devcloped. 2 1 One method 
is to connect an inductor and a capacitor in series between the plate 
and grid. The capacitor is necessary because the plate and grid arc at 
different direct voltages. This series combination is sufficiently induc
tive so that it feeds back enough lagging current to neutralize the 
leading current that flows back through the grid-plate capacitance. 
Another viewpoint is that the series inductor-capacitor combination in 
parallel with the interelectrode capacitance causes the impedance 
between plate and grid to be very high, and hence the net current fed 
back is very low. 

A neutralizing circuit that is highly recommended 21 is shown in 
Fig. 29. The circuit L-C 1 is adjusted so that it is inductive and a 

Sig~ inpL.33 
[:;al 
~ut 

Fm. 29. The neutralizing capacitor CN feeds back a signal 180° out of phase with 
that fed back by the interelectrode capacitance Cup• 

lagging current flows through C 1 . This causes a drop across C 1 that 
lags the current by 90°. Hence, a voltage exists across C 1 that is 
180° out of phase with the plate-to-cathode voltage. \Vhen the 
neutralizing condenser Cs is properly adjusted, as much 180° out-of
phase current will be fed back through it as is fed through Cup, and in 
this way neutralization is accomplished. Capacitor C2 is adjusted ·to 
parallel resonance with the L-C 1 combination, and hence this parallel 
combination causes little effect between the points connected. 

When tubes are used in push-pull, neutralization is simple. Because 
the two plate-to-cathode voltages are 180° out of phase, it is only 
necessary to connect a suitable variable capacitor from the plate of 
each tube to the grid of the other. 

The neutralizing circuits may be adjusted in several ways. One 
method is to have the circuit in operation, except that the direct plate 
voltage is not applied. Then the neutralizing circuit is adjusted so 
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that, with a signal applied to the grid circuit, only a very small signal 
(as determined with a wavemeter) is produced in the plate circuit. 
The wavemeter is an instrument compo;:;ed of an adjustable capacitor, 
an inductor, and a thermogalvanometer in ,3eries. 

lnp ut signal 
Amplifier of Output si - gnal 

E; 
~ 

voltage gain 
Ea Av 

Variable negative - feedback circuit -{3 

Fm. 30. Schematic circuit of the con
trolled negative feedback amplifier. 

+ 

Fm. 31. A circuit for negative 
voltage feedback. 

Feedback. 22 , 23 In the preceding section, feedback was undesired, 
and neutralization was necessary. Controlled feedback is often used, 
however, with advantage. The basic idea is shmrn in Fig. 30. With
out feedback, the voltage output would be E;A,,, but with negative 
feedback the output will be reduced to Ea, The controlled negative 
feedback circuit impresses a voltage /3E 0 back on the input circuit so 
that the net input signal is reduced. Thus, Ea = (E; - f3Ea) A,, and 
the 

Av 
Voltage gain with negative feedback=---, (25) 

1 + .BAv 

where Av is the voltage gain without feedback, and f3 is the feedback 
factor. 

Voltage Feedback. 24 Negati-ve voltage feedback is possible with the 
circuit of Fig. 31. As explained on page 286, the instantaneous 
voltages will be as marked, with the amplified output voltage across 
Rr, 180° out of phase with the impressed voltage. If capacitor C has 
low reactance, the current flowing through R 2 will be 180° out of phase 
with the applied signal voltage, causing negative feedback. The feed
back factor is 

(26) 

Current Feedback. 24 The circuit of Fig. 32 produces negative cur
rent feedback. The positive half cycles of applied grid signal voltage 
cause the current from plate to cathode (inside the tube) to increase 
causing a voltage drop across Re as indic>ated. The negative half 
cycles cause the current to decrease, producing a voltage drop across 
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Ro opposite to that of Fig. 32. This alternating voltage drop across 
Ro is in opposition to the grid signal voltage and negative feedback 
results. The feedback factor is 

{3 = Rc/ R£. (27) 

Wideband Amplifiers. F or applications such as television, ampli
fiers that will pass very wide frequency bands, such as from 30 to 
4,500,000 cycles, are required . If a pentode resistance-coupled ampli
fier is constructed with low plate load resistances, the high-frequency 

Fm. 32. A circuit for negative current 
feedback. 

FIG. 33. In the cathode follower, 
the entire "output" voltage is fed 
back in series to oppose the im-

pressed signal voltage E;. 

response is extended. Low-frequency compensation is achieved by 
a parallel R-C combination in series with the load resistor. High
frequency compensation is ach ieved by a small coil in series with 
the load resistor. These are called compensated amplifiers. Other 
types of wideband amplifiers are possible. 2 5, 2 6, 21 

The input capacitance of the following tube plus the wiring capaci
tance are important factors limiting the high-frequency response (page 
289). For this reason, a circuit called the cathode follower 2 8 is often 
used between two wideband amplifying stages. The circuit arrange
ment is shown in Fig. 33. The cathode follower has a grid-input 
capacitance that is much less than the actual capacitance between 
grid and cathode . The grid-input impedance is correspondingly high. 
The internal impedance as measured at the output terminals is a low 
resistance 

Re 
Rint = ----

1 + R cgm 
(28) 

The cathode follower acts like a step-down transformer and can be 
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used for impedance matching. The output voltage and the input volt
age are in phase. The "voltage gain" is less than unity and is 

Av= µRe 
rp + Rc(l + µ) 

(29) 

A new approach to the design of wideband amplifiers is the so-called 
distributed amplifier. 29 In this amplifier two identical artificial 
transmission lines, composed of sections of inductance and capacitance 

Signal 
input 

Amplified 
output 

FIG. 34. Simplified circuit of a distributed amplifier that will pass a frequency 
band of many millions of cycles. 

(which may include the interelectrode capacitances), are used. The 
grids of several tubes are connected in "parallel" across successive sec
tions along one line, and the plates are connected in "parallel" across 
corresponding sections of the other line, the arrangement being shown 
in Fig. 34. The lines are, of course, low-pass filters (page 168). They 
are terminated with m-derived sections (page 182). The cutoff fre
quency is made considerably higher than the maximum frequency to 
be amplified, and the input impedance is essentially pure resistance, 
equaling the iterative impedance of the artificial line. If an input 
signal voltage is impressed, the first tube amplifies this signal and i!Il-
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presses an output signal on the upper line. This signal divides equally, 
part passing to the left, where it is lost, and part going toward the 
right. The input signal travels toward the right on the grid line, 
where the amplifying action is repeated, and the output signal im
pressed on the plate line again divides, part going to the left, where 
it is lost, and part going toward the right, where it is joined by the 
signal traveling to the right from the first tube. In this way, the 
signals from the successive tubes 
build up, giving an amplified output. 
An amplifier, constructed as shown 
in Fig. 35, was found to have a 
voltage gain of about 9 decibels 
from zero cycles to 40,000,000 cycles, 
and the band u·idth can be made 
wider if desired. 

Inductance-Capacitance ( L-C) 
Oscillators. The frequency of os-
cilla tion of Fig. 35 is approximately 
the frequency of parallel resonance 
of the L 2-C combination in the plate 
circuit. The feedback, necessary to 

C 

Frn. 35. Basic circuit of a self
biased class C radio-frequency oscil
lator. Power can be drawn by 

coupling a coil with U2-

sustain oscillations, is from coil L2 to L 1 . The grid is driven positive 
by an amount determined by the self-biasing Ru-Cu combination and 
by the coupling between L 1 and L2 . Often the tube is operated in 
class C. This is a tuned-plate oscillator. If capacitor C is placed 
in parallel with inductor L 1 , it becomes a tuned-grid oscillator, 

'T" 
I 

_J_ 

.,.. 
I 

_J_ 

Frn. 36. Simplified circuit of an audio-frequency oscillator. 

Output 

A convenient oscillator for many purposes is the so-called resistance
stabilized oscillator of Fig. 36. Alternating voltage is developed 
across choke coil L, and alternating current is fed back to the parallel 
L2-C circuit through the series R-C' combination. The reactance of 
C' should be low at the frequency of oscillation, and R should be 
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reasonably high, often about 50,000 ohms. The second tube of Fig. 36 
is an isolating tube known as a buffer. This operates as an amplifier 
but, in addition, prevents changes in the impedance of the connected 

R-F 
choke 

~ 

X 

Crystal 

L-----+---....._.....I~-~ 
Ebb 

(a) Actual circuit 

.___.._ _ _..---1re~ 
(b) Equivalent circuit 

FIG. 37. Actual and equivalent circuits 
for a triode crystal oscillator. The 
C-L circuit should be designed to tune 
to the crystal frequency, a typical value 
for C being 100 micromicrofarads. The 
value of R1 is from 2500 to 25,000 ohms, 
depending on the grid current that flows. 
A radio-frequency milliammeter or a 
radio dial light is often connected in 

series at point X. 

load from affecting the frequency 
of oscillation. 

Resistance-Capacitance ( R ~) 
Oscillators. An oscillator may 
be considered as an amplifier 
with controlled feedback. Thus, 
if some of the output from a re
sistance-coupled amplifier is prop
erly fed back into the input in 
the proper magnitude and phase, 
sustained oscillations will result. 3 0 

Crystal-Controlled Oscilla-
tors.1 7 , 18 Quartz-crystal con
trolled oscillators are extensively 
used in radio, a typical circuit be
ing shown in Fig. 37. The quartz 
crystal is cut and etched so that 
it is resonant to the desired fre
quency. When driven at this 
frequency by signal feedback 
through the grid-plate electrode 
capacitance, the crystal oscillates, 
produces an output voltage be
tween grid and cathode, this volt
age is amplified in the tube, and 
sustained oscillations result. The 
equivalent circuit of the quartz 
crystal and its holder are shown 
in Fig. 37b. 

Transmission-Line Oscilla-
tors. 1 7 , 1 8 At very high fre

quencies and ultrahigh frequencies it becomes practicable to use 
sections of transmission lines to control the frequency of oscillators. 
Crystals for frequencies higher than about 15,000,000 cycles are very 
fragile and are not in wide use. 

The input impedance of a section of a lossless short-circuited trans
mission line less than one-fourth wavelength long is, theoretically, a 
value of pure inductive reactance (page 214). The condenser C of 
Fig. 38 is essentially a short circuit and is adjusted to a point such 
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that the inductance offered by the line 
with the capacitance between grid and 
are radio-frequency chokes to reduce 
loss of high-frequency . energy. Sig
nal from the plate circuit is fed back 
into the grid-cathode circuit through 
the interelectrode capacitances; thus, 
oscillations are sustained. 

will be in parallel resonance 
plate. The inductors shown 

Cavity Oscillators. A cavity of 
the general shape to be discussed in 
this section is, in a sense, composed Fm. 38. A simple oscillator using 

a resonant line to control the 
frequency. The radio-frequency 
"chokes" shown reduce high-fre-

of many parallel sections of transmis
sion lines that are combined into 
one metallic structure. At certain 
frequencies, therefore, the input im
pedance at the opening of a metallic 

quency energy loss. 

cavity is pure inductive 
reactance. 

The simplified circuit of a 

(a) 

(b) 

Fm. 39. A simplified oscillator 
with grounded grid is shown in 
(a). A cavity-type oscillator that 
is equivalent is shown in (b). 

triode oscillator with grounded grid and 
tuning in both the cathode and plate 
circuits is shown in Fig. 39a. Feed
back for sustaining oscillations is 
through the plate to cathode capaci
tance. A cavity-type oscillator is 
shown in Fig. 39b. The electronic 
portion and the cavity portion are in 
reality part of the same tube structure. 
The relationship between the two cir
cuits of Figs. 39a and 39b is evident. 
The cavities provide the inductances, 
and the electrodes provide the capaci
tances, giving an oscillator that will 
generate frequencies of thousands of 
megacycles. 3 1. 32· 33 

A vacuum tube, called a disk-seal 
tube 31 or lighthouse tube, is con
structed with parallel closely spaced 
"disk" electrodes such as are shown in 
Fig. 39b. The close spacing reduces 
the transit time, or time required for 
the electrons to pass from the cathode 

to the plate. This makes possible high-frequency oscillations. If 
the transit time is not short and if the frequency is high, an electron 
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may start out toward the plate, only to arrive there under unfavorable 
phase conditions. Although the preceding discussion is for the use of 
disk-seal tubes as oscillators, they are also used at ultrahigh frequen
cies for amplification and for other purposes, much like ordinary 
vacuum tubes. 3 4. 35 

Positive-Grid Oscillators. In certain oscillators for ultrahigh and 
superhigh frequencies, special triodes are used with the grids positive 
and the plates negative. Some of the electrons emitted by the cathode 
and attracted toward the positive grid do not strike the grid wires but 
pass between them and travel on toward the plate. The negative 
plate repels these electrons, and they travel back toward the positive 
grid, where some of them strike grid wires and some pass between and 
travel toward the cathode. Here again they are repelled and once 
again travel toward the positive grid. These oscillations by some of 
the electrons between the electrodes induce voltages of extremely high 
frequency in the electrodes. The frequency is controlled by the elec
trode voltages. Such devices are called Barkhausen oscillators. 
When arrangements are made to control the oscillations with short 
transmission lines they are called Gill-Morell oscillators. 

Velocity-Modulated Oscillators. The diagram of Fig. 40 is of an 
early velocity-modulated tube called a Klystron. Electrons from the 
cathode are accelerated by the positive grid and are formed into what 
may be termed a beam. The electrons that do not strike the grid are 
further accelerated toward the grid-like structure of the buncher 
cavity. Some electrons are abstracted from the beam by the buncher 
electrodes, and others pass on to the catcher, where again some are 
abstracted, and the remainder flow on to the collector and back to 
the cathode. Because a beam of electrons is more or less random in 
nature, some natural grouping of electrons will occur, for fast electrons 
will overtake slow ones. These clusters of electrons will induce volt
ages and currents in the cavities. 

This action can be explained as follows: When a group of negative 
electrons in the electron beam approaches the first grid of the buncher 
cavity of Fig. 40, these electrons will repel electrons from the first 
grid and cause them to flow around the cavity walls to the second grid. 
As the group of electrons in the beam approaches the second grid 
of the cavity, these electrons drive electrons out of the second 
grid, around the walls of the cavity, and back to the first grid. This 
action causes the two grids to have different electric charges on them 
and results in a potential difference between them. Currents are caused 
to flow in the cavity walls. If groups of electrons continue to pass 
rapidly through the grids at regular intervals, high-frequency alter-
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nating voltages and currents will be induced in the buncher cavity. 
Of course, similar action will occur at the grids of the catcher 
cavity. 

The preceding action was based on random bunching of the elec
trons. If, now, energy is abstracted from the catcher cavity by a 
small loop placed at the "short-circuited" end where the current is 

~--j 
Variable 

- power + 
supply 

Collector 

Output 

Ma 

Fm. 40. Simplified drawing of an early Klystron and connections for use as an 
oscillator. The cavities are marked "Buncher" and "Catcher." Note that the 

grid is positive with respect to the cathode. 

largest (page 211) and if this energy is fed back through the connecting 
coaxial cable in the proper phase to excite and drive the buncher 
cavity, an alternating voltage that will intensify the grouping of elec
trons in the beam will appear between the buncher grids. This addi
tional bunching will cause an increase in catcher voltages and currents, 
greater feedback will occur, and the oscillations will build up until 
an equilibrium condition is reached. 

The reflex Klystron has a single resonant cavity, and a reflector 
electrode which is negative with respect to the cathode. 36 The elec
tron beam from the cathode is accelerated by the positive grids of the 
resonator, and some of these electrons flow through the resonator grids 
and on toward the reflector. The electrons are bunched as they pass 
through the grids. The negative reflector electrode reflects the elec-
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trans back through the resonator grids, and on this return passage 
energy is abstracted by the resonator from the electrons. By this 
feedback method oscillations are sustained. The frequency of the 
oscillations can be varied by changing the potential of either the 
accelerating voltage or the reflector voltage. This is called electron 
tuning. These tubes readily generate waves a few centimeters 
long. 

The Klystron can be operated as an amplifier. If the signal to be 
amplified is injected into the buncher cavity through the coaxial cable 
and small loop, this signal will cause the electron beam to bunch in 
accordance with it. When these high-speed electrons have reached 
the catcher cavity they are well bunched and impart signal energy to 

--~---------~ + 

Fm. 41. Diagram of the traveling-wave amplifier tube. (Reference 38.) 

the cavity, the energy being abstracted by a loop and coaxial cable. 
Other Klystron amplifiers arc used. 3 3 Sometimes the ca vi tics are 
separate from the tube. 3 7 

Traveling-Wave Amplifier Tuhe. 38 The electron gun of Fig. 41 
shoots an electron beam through a wire helix. The electrons arc 
maintained in a beam by constant magnetic fields produced by the 
focusing coils. The signal to be amplified is introduced into the 
traveling-wave tube by a wave guide. This induces a signal voltage 
in the left end of the helix, and this n>ltage causes an electromagnetic 
wave to travel down the helix toward the right end. The velocity of 
this wave along the axis of the tube is much slower than along a 
straight wire, because the current component must flow around the 
turns of the helix. The tube is operated so that the velocity of the 
electron beam is slightly greater than the velocity of the wave along 
the tube axis. Under these conditions the traveling wave will absorb 
energy from the electron beam, and signal amplification will result. 
When the amplified signal wave reaches the right end of the tube, 
the signal energy is transferred from the helix to the wave-guide 
output. 
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The traveling-wave tube has an outstanding characteristic. It will 
amplify over the very wide frequency range of 800 m egacycles, the 
bandwidth limits being the usual -3 decibels at the upper and lower 
frequencies. Furthermore, this tube operates at the ultrahigh and 
superhigh frequencies of several thousand megacycles. This tube, in 
the form described or in a modified form with the helix omitted, 39 

may prove revolutionary in such applications as point-to-point radio , 
because of the very wide band that it will pass. 

The Magnetron. 4 0 The magnetron has ·wide application where 
large amounts of power at ultrahigh and superhigh frequencies arc 
desired. Peak powers of hundreds of kilowatts for a few microseconds 
are possible, and for this reason the magnetron is used very extensively 
in radar systems. At present (1949) the magnetron is not important 
in commercial communication. 

The Cathode-Ray Oscilloscope. The cathode-ray tube consists of 
three basic parts, an electron gun that produces a fine beam of rapidly 
moving electrons, a deflecting mechanism by means of which the 
electron beam can be controlled, and a fluorescent screen on which 
the beam produces a visible spot. 

The electron gun consists of a cathode that emits the electrons, 
one or more grids by which the number of electrons in the beam can 
be controlled, accelerating anodes, that cause the electrons to attain 
rapid motion, and often a focusing arrangement, although sometimes 
external coils are used for focusing. 

The deflecting mechanism often consists of two pairs of parallel 
plates between which the electrons flow. One pair is in a horizontal 
plane, and the other in a vertical plane. By impressing voltages 
between these plates the motion of the electron beam and the trace 
on the fluorescent screen can be controlled. Sometimes external mag
netic deflecting coils are used. 

The fluorescent screen consists of a suitable material deposited on 
the inside of the tube. The type of material used depends on the 
nature of the trace desired. 

Many of the uses of the cathode-ray oscilloscope are so familiar as 
to need no review. A use mentioned on pages 172 and 174 is for 
measuring phase angles, as explained in Fig. 42. 

Varistors. Varistors are solid electric semiconductors whose resist
ance varies greatly with the magnitude of the voltage impressed, the 
current being conducted, or with temperature. :Many types are used 
in communication, senral of which will be mentioned. 

Copper Oxide F aristors. The use of copper oxide varistors as recti
fi ers was discussed early in this chapter. They are widely used in 
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communication for other purposes, such as modulators and demodu
lators, which will be considered in Chapter 11. 

Silicon Carbide Varistors. The copper oxide varistor just discussed 
is a non-symmetrical varistor, its resistance being very low for one 

8=0 f/=45" 8=90° 9= 135° 9= 180° 

Frn. 42. If the phase relations between the input voltage to a circuit and the output 
voltage from a circuit are desired, the input voltage is impressed on one set of oscil
loscope deflecting plates, and the output voltage is impressed on the other set. For 
angles between O and 180°, sin 0 = B/A, the distances B and A being as shown. 

The figures represent the patterns on the end of the oscilloscope tube. 

Volts per disc (bonded SiC) 
direction of applied voltage and 
very high for the other direction as 
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Frn. 43. Comparison of copper 
oxide and silicon carbide varistors. 

(Reference 42.) 

metrical varistor. For this varistor 
the resistance varies greatly with the 
magnitude of the applied voltage but 
is independent of the direction of the 
applied voltage. 

These varistors consist of granules 
of silicon carbide firmly embedded in 
a vitreous ceramic matrix. 4 1. 4 2 By 
a suitable manufacturing process they 
are formed into strong hard disks, 
provided with suitable electrodes and 
vacuum-impregnated with a moisture
resisting material. 41 The change in 
resistance is not a characteristic of the 
silicon carbide granules but is caused 
by the many contacts between adja
cent particles. 4 1 

Thermistors. Thermistors are often classified as varistors, but 
they require a temperature change to produce the variations in resist
ance. Thermistors are made of semiconducting materials that have a 
large variation in resistance with change in temperature. 43 
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Fm. 44. Characteristics of a directly heated thermistor. 

Thermistors are made in many forms. In one type the semiconduct
ing material is controlled by the surrounding temperature. In the 
directly heated type, the cur
rent in the circuit in which 
the thermistor is inserted 
passes through the semicon
ducting material and heats 
it. In the indirectly heated 
type the semiconducting ma
terial is heated by a sepa
rate heater that is placed in 
the controlling circuit. 

The characteristics of a 
directly heated thermistor 
are shown in Fig. 44. As 
noted, this has a negative 
resistance characteristic, be
cause the voltage drop de
creases with increase in cur
rent. Thermistors possess 
many other interesting char
acteristics and are used in 
many ways. 43, 44 

The Transistor. 4 5 The 
Transistor shows great 

Emitter 

Crystal 

+ -
1 volt 30 volts 

(a) Transistor as an amplifier 

( b) Transistor as an oscillator 

Load 
impedance 

Load 
impedance 

Fm. 45. An amplifier circuit and an oscillator 
circuit using a Transistor. (Adapted from 

Reference 45.) 

promise in communication. 4 6 Early models consisted of two fine wires 
whose points press, about 0.002 inch apart, on a germanium crystal. 
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This will be recognized as a "double crystal detector." The Transis
tor, however, is used as an amplifier. 47 • 48 A very feeble input cur
rent through one contact can control a much larger current from a 
source connected to the second set of contacts. Preliminary tests have 
resulted in amplifications of 100, and currents up to 10 megacycles 
have been used. This device was developed by Bell Telephone Lab
oratories. The extent to which the Transistor may replace the vac
uum-tube amplifier is not yet generally known (1949). The input 
impedance of an experimental Transistor is about 1000 ohms, and the 
output impedance about 10,000 ohms. The power handling capability 
is 50 milliwatts, and the power consumption about 0.1 watt. Circuits 
for using the Transistor as an amplifier and as an oscillator are shown 
in Fig. 45. A coaxial Transistor, with electrodes on opposite sides of 
a thin germanium element, has been announced. 49 
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REVIEW QUESTIONS 

1. What devices are classed as meta llic rectifiers? 
2. Why is gas used in low-pressure tubes? In high-pressure tubes? 
3. E xplain the operation of the grid-controlled gas triode . 
4. What is the first alternating component in a half-wave rr.ctifier? In a full

wave rectifier? \Yhat is the re lat ion of the answers to filt ering ? 
5. What is cutout in rectifier filters? Can it be prevented? How does it affect 

regulation? 
6. Why are tetrodes and pent.odes superior voltage amplifiers? 
7. Distinguish between voltage amplification and power amplificat ion . 
8. Discuss the phase relations in a vacuum tube and its associated amplifying 

circuit. 
9. What determines the low-frequency response of a resistance-coupled ampli

fier? The high-frequency response? 
10. Explain how the decoupling resistors and capacitors of Fig. 19 fun ction. 
11. Discuss the application of Thevenin 's theorem and Xorton's theorem to 

amplifiers. 
12. \Vhat are the proper approximate relations of rp and Rr, in triode voltage 

amplifiers, triode power amplifiers, pentode voltage amplifiers, and pent.ode 
power amplifiers? 

13. Define class A, class B, and class C operation. What do the suffixes 1 and 2 
mean? 

14. D efine plate-circuit efficiency. What is a typical value for a class A amplifier? 
For a class C amplifier ? 

15. What steps are followed in the design of a push-pull class A audio amplifier? 
16. Repeat the preceding question for a class C radio amplifier. 
17. Explain how frequency multipliers opc>ratc. 
18. Wha t is the basic principle of neut ralization ? 
19. Describe voltage feedback and current feedback. What 1s a cathode fol

lower? 
20. D escribe the so-called distributed amplifier. 
21. Explain how a crystal-controlled oscillator operates. Repeat for a t ransmis

sion-line oscillator. 
22 . Briefi)' describe cavity oscillators and enumerate several types. 
23. Explain the principle of operation of a positiYc-grid oscillator. Name a 

pract ical application. 
24 . Explain the principle of operation of a basic Klystron, and of t he reflex 

Klystron. 
25. Discuss the traveling-wave tube. What is its outstanding cha racteristic? 
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26. Briefly explain how the magnetron operates. 
27. What are varistors·? Name scr eral types. Give a few applications. 
28. Repeat the preceding questions for thermistors. 
29. \Vhat is a Transistor? 
30. Discuss the role the Transistor may have in future telephone systems. 

PROBLEMS 
1. Calculate and plot the resistance characteristics of the crystal of Fig. 2. 
2. Plot the various terms of equation 2 and prove graphically that they combine 

to give the wave of Fig. l0 (b). 
3. In Fig. 12, the maximum value of the wave En, = 475 volts, and the funda

mental frequency is 60 cycles. Capacitors C1 and C2 arc each 4 microfarads. 
Inductor Li is chosen as 50 per cent greater than the minimum value that will 
keep cutout from occurring with RL = 5000 ohms. Inductor L 2 is the same 
as L1 . The resistances of t hese coils are 150 ohms each . Calculate the 
approximate magnitude of the voltage that each component causes to exist 
across load resistance RL. Justify any assumptions that must be made. 

4. Calculate the percentage ripple in Problem 3. 
5. Equation 12 gives the low frequency at which the gain of a resistance coupled 

amplifier is down 3 db, and at which the phase shift is 45°. What will be the 
frequency for the amplifier of Fig. 19 '? Does a phase shift of 45° mean that 
phase distortion is occurring'? 

6. For the amplifi er of :Fig. 19 calcula te the high frequency at which the ampli
fication is down 3 db. In Fig. 19 t riodes were used. How would the ampli
fication compare if two pentodes were used in an appropriate circuit ? How 
would the frequency response compare? 

7. Derive equation 18. 
8. For t he amplifier of Fig. 24, calculate t he power output, the p late-circuit 

effici ency, and the second harmonic distortion. 
9. Calculate the angle of flow for both the grid and plate currents for the prob

lem starting on page 296. 
10. R epeat the calculations for the class C amplifier starting on page 296, but with 

a Q point of E, = -600 volts, and E, = +2500 volts. 
11. A frequency t ripler is to be made using a tube that will put out 100 watts 

of power in class C. What should be the approximate angle of flow, and 
approximately what power output will be obtained? 

12. Derive equat ions 26 and 27. 
13. Derive equation 29. 
14. In the oscillator of Fig. 36, the tubes have amplification factors of 13.8 and 

plate resistances of 12,000 ohms. The grid bias is -5 volts, and the plate 
voltage is + 100 volts. In operat ion the oscillations build up until the grid of 
the first tube is driven slightly positive. For a typical circuit, what will be the 
maximum alternating output voltage? 

15. Present a theory for the operation of a Transistor. 



CHAPTER 9 

TELEGRAPH SYSTEMS 

Introduction. For many years telegraph messages were sent by 
hand-operated keys. Modern telegraph systems, however, now em
ploy the latest developments in circuits, electromechanical apparatus, 
and electronics. 1 Many interesting telegraph systems have been de
veloped. The following pages will consider certain of these, and will 
discuss the recent developments that seem destined to revolutionize 
the industry . The presentation will be confined to systems using 
open-wire lines and cables. Radio telegraph methods will be discussed 
in Chapter 13. 

Line Line 

FIG. 1. The open-circuit neutral single-current telegraph system. 

Neutral Direct-Current Telegraph Systems. With neutral direct
current systems, signal impulses of either polarity and zero-current 
spacing intervals are employed. 2 They are often called single-cur
rent systems, because, in sending a message, current flows in one 
direction only. Two types of systems have been developed: first, the 
open-circuit neutral, or single-current, system which is used in 
short " local loops," or circuits; second, the closed-circuit neutral, or 
single-current, system which has had wide use for main-line circuits. 

The open-circuit neutral system, the oldest and simplest of all types, 
is shown in Fig. 1. Current passes over the line only when a message 
is being sent ; no current flows when the line is idle. When the trans
mitting key at any one of the stations is depressed, the battery at 
that station is connected to the line and current flows as long as the 

316 
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key is closed. This current energizes the electromagnets at the other 
offices, and the sounders respond. 

The closed-circuit neutral system is shown in Fig. 2. When a sta
tion is not sending, the switch at that station, and all other stations 
as well, is closed and current flows through the line. 

When a station desires to send, the switch at that station (only) is 
opened and the key is operated manually in accordance with the Morse 
code. Dots and dashes separated by spaces are sent along the line. 
Thus, with the closed-circuit system, current flows at all times except
ing when spaces are made. If, during the transmission of a message, 
one operator wishes "to break" the circuit2 to send a message he can 
do so by opening his switch. All sounders cease to operate when the 

Terminal 
Station 

line ·line 

Fm. 2. The closed-circuit neutral single-current telegraph system. 

circuit is opened, and the operator, formerly sending, then closes his 
switch and waits for the message from the station desiring to send. 

The open-circuit arrangement is more efficient from an energy stand
point because current flows only when the circuit is closed. However, 
as seen from Fig. 1, a battery is required at each station, and this 
cost usually offsets the additional energy cost of the closed-circuit 
method. In some closed-circuit installations as many as 30 or more 
intermediate stations have been connected in one line. 

Nature of Currents in Neutral, or Single-Current, Systems. As 
mentioned in the previous section, the currents in a neutral, or single
current, system flow in one direction only and consist of a series of 
dots, dashes, and spaces. 

When the telegraph key is closed, current is allowed to flow through 
the line operating the relay or sounder to the closed or marking posi
tion. When the key is opened, the armature of the sounder moves to 
the open or spacing position. 

If the line is short and the inductance, capacitance, and leakage are 
negligible, the circuit may be assumed to consist of resistance only. 
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The current in such a circuit will be a series of rectangular code im
pulses. In practice, however, the circuits are long and have large 
amounts of inductance, capacitance, and leakage; also, the sending and 
receiving apparatus have considerable inductance and capacitance. 
These factors distort the signals and may cause them to deviate con
siderably from rectangular impulses. 

A long succession of unif arm dots and spaces may be considered as 
being composed of an infinite number of sinusoidal waves superimposed 

Fundamental 

Fundamental + 3rd+ 5th 
r--ff~~~~~~~ Fundamental+ 3rd ---

3rd 
D. C. Component __ _,___,.,,..,,.____,.....,__'----¼---+--+-------,......,.~-.....--

Fundamental 

Fm. 3. A periodic rectangula r wave, which is similar to a theoretical telegraph 
signal, is composed of a direct-current component and an infinite number of sinusoidal 
components. If all components above the third are neglected, the resulting wave 

is a fair approach to a rectangular wave, at least from the telegraph viewpoint. 

on a direct-current component. Pure rectangular waves as in Fig. 3 
consist of the fundamental and a complete series of odd harmonics, 
the equation being 

i = 
41 

(sin 0 + ½ sin 30 + ¼ sin 50 + · · ·), (1) 
7f" 

where I is the maximum value of the rectangular current wave. 
With hand operation a Morse operator can send an average of about 

30 words, of 5 letters and one space, per minute. This corresponds 
to a basic frequency of about 12 cycles per second. 3 An expert 
operator can send 50 words per minute, corresponding to 21 cycles 
per second. 3 If "square" waves are assumed and if all frequencies 
up to and including the third harmonic are transmitted, it is evident 
from Fig. 3 that a Morse circuit can be operated over a channel that 
will pass from zero to about 100 cycles. 4 

A rectangular telegraph current ,rnve will operate the receiving 
device in a quick arid decisive manner with little distortion, and from 
this standpoint is desirable. Such a wave, however, would cause con
siderable crossfire (page 331) and thump (page 339) in paralleling 
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communication circuits, because the high-frequency harmonic compo
nents would cause greater induction. In practice, series inductance 
either with or without shunted capacitance is often inserted at the 
transmitting end to eliminate the higher harmonics in the telegraph 

~ 
I I 

~ace Dash 

Time-

FIG. 4. Because of the inductance and capacitance of telegraph lines and equipment, 
telegraph signals are rounded off somewhat as indicated. 

signals-in other words to "round off" the otherwise rectangular signal 
waves and produce currents as in Fig. 4. 

Neutral, or Single-Current, Telegraph Relays and Repeaters. 5 

In the circuit of Fig. 2, the received currents energize the sounders di
rectly. In long lines, however, there is insufficient received energy to 
operate the sounders. In such instances the line is connected to a 

West 
Station 

(Sending) 

Line Line 

Repeater 

.J.iounder 

~ East 1 Stat~, 
(Receiving) _ 

"'a" 

FIG. 5. Early repeater installed near the center of a line to increase telegraphing 
distances. The feeble signal from line west operates the repeater relay, sending 
toward the east station a new impulse. Note also that the received signals operate 

a relay that causes the sounders to be energized from a local battery. 

very sensitive relay (Fig. 5) instead of directly to the sounder. The 
operation of the relay by the incoming telegraph signals will control 
the battery in the sounder circuit, thus giving satisfactory sounder 
operation. 

A telegraph repeater for telegraph transmission over very long 
distances is indicated in Fig. 5. The attenuated impulses coming in 
from the sending station are used to operate the relay which sends 
toward the receiving station an increased amount of power from the 
battery circuit. This simple arrangement is satisfactory for service 
in one direction only; that is, the receiving station cannot "break" the 
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Frn. 6. Shape of signal current in polar, 
or double-current, system. Inductance 
and capacitance are assumed negligible. 

circuit and send to the other 
station. A repeater system 
which provided the breaking fea
ture and permits transmission 
in both directions over one line 
wire was early developed. 

Polar Direct-Current Tele
graph Systems. 2 In a polar, 
or double-current, system the 
signal impulses arc as shown in 

Fig. 6 if the capacitive and inductive effects are neglected. A dot or 
a dash is caused by current in one direction, whereas a space 1s pro
duced by current flow in the 
opposite direction. This ac
counts for the term "double
current." 

The use of double current 
requires a relay which is polar
ized, 2 that is, which will oper
ate in only one direction for 
current flow in a specified di
rection. A relay may be po
larized by using a permanent 
magnet, or by the use of an 
auxiliary direct-current wind
ing which produces a polarizing 
magnetic flux. A diagram of 
a magnetically polarized relay 
is shown in Fig. 7. 

The polarized, or polar, 
relay consists of yokes of good 
magnetic flux-conducting ma
terial, such as Permalloy, and 
one or more operating windings 
that are connected to the line. 
A permanent magnet provides 
the polarizing effect. As indi
cated in Fig. 7, an armature 
( also of good flux-conducting 
material) operating in the air 
gap carries the contacts for 
closing the sounder circuit. 
When a current in one direction 

Non - magnetic 
spacers 

Adjustable 
pole piece 

Permanent 
magnet 

Frn. 7. Diagram of a polarized, or polar, 
telegraph relay. The magnetic flux pro
duced by the permanent magnet is as 
shown by solid arrows, and that produced 
by a given direction of current in the line, or 
operating, windings is shown by the dotted 
arrows. The armature, which deflects in 
one direction or the other in accordance 
with the telegraph signals in the operating 
windings, is located at the center. The 
contacts at the top operate the local circuit 
to the telegraph office equipment that re
ceives the telegraph signal. (Courtesy 

Bell System.) 
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(for instance, corresponding to a space) flows through the circuit, the 
steady magnetic flux provided by the permanent magnet will be de
creased in one yoke and the flux in the other yoke will be strengthened. 
The armature will then be drawn to the spacing position. When 
current in the other direction flows, the action is reYersed and the 
armature moves to the marking position, closing the sounder circuit 
and causing an audible sound corresponding to the signal being sent. 

A simplified polar, or double-current, system giYing single opera
tion 2 or simplex operation (that is, transmission in only one direc
tion at a time) is shown in Fig. 8. With the switches as indicated, 

Line 

Fm. 8. Double-current, or polar, system for providing single operation. Relays 
Rw and RE operate telegraph sounders at the west and east stations, respectively. 

transmission is from the west (left) to the east station. The relays 
Rw and RE are polarized relays actuating the connected sounders for 
current in one direction only. 

Nature of Currents in Polar, or Double-Current, Systems. The 
currents in a neutral, or single-current, system and in a polar, or 
double-current, system are shown for comparison in Fig. 9 (a). The 
transmission of current for spacing improves operation as follows: 
With the neutral, or single-current, system, the closing and opening 
of the relays and sounders on single current depends on some maximum 
value M and some minimum value N as in Fig. 9 (a). If for any 
reason the current in the circuit is reduced, the curve will be "flat
tened," M and N will be closer together, the length t2 of the signal will 
be decreased, and distortion will result. With the double-current sys
tem this does not occur, as illustrated by Fig. 9 ( b). If M 1 and M 2 

represent the closing values, and N 1 and N 2 the opening currents for 
a polarized relay, it is evident that the two closed periods t 1 and t 2 

depend but little on the maximum current values indicated. Thus, 
variations in the line constants with weather changes or variations in 
current strength due to the addition of other stations or equipmen1

G 

in the line do not cause serious distortion. 
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A double-current system is less affected by changes in insulation 
resistance than other systems. The leakage currents passing through 
the relays (Fig. 2) of the single-current system tend to keep the relays 
energized at all times, even when sending a space. They must there

i---- t2---+--''"" 

---- t1----t----a~ 

Time-
(a) Neutral, or single-current, signal 

r-----
' t---
1 

IM1 

(b) Polar, or double-current, signal 

Fro. 9. With the neutral, or single-current, 
system, a change in the current magnitude 
has a marked effect on the length of the 
signal. Thus, in (a), the relay would stay 
closed time t1 for a large current and t2 for 
a small current, and this may cause seri ous 
distortion. In (b ), the current magnitude 
has little effect on the length of time the 

relay stays closed. 

fore be adjusted as marginal 
relays to operate on changes 
in the magnitude of the cur
rent. Thus, as the line leak
age changes, a difficult ad
justment of the marginal 
operation of the relays must be 
made. With the double-cur
rent schemes used in practice, 
the artificial line (page 323) 
instead of the i'elays is ad
justed to compensate for line 
changes. 

Duplex Operation. 6, 7, 8 

The circuits previously con
sidered provide single, or sim
plex, operation, that is, a sys
tem that can be operated in 
only one direction at a time. 
Telegraph systems are in wide 
use, however , that provide 
duplex operation; 2 that is, 
simultaneous operation of a 
channel in opposite directions 
is possible with full-duplex 
operation. 2 When a duplex 
system is arranged for half
duplex operation, a tele

graph channel may be operated in either direction at a time, but not 
in both directions simultaneously. 2 

The Bridge Duplex System. The bridge duplex system is based 
on the principle of the Wheatstone bridge, as is evident from Fig. 10. 
When the operator at the west station presses the key for telegraphing 
to the east station, the pole-changing relay for sending the "double" 
current is pulled to the left, sending a current impulse out on the line 
as shown by the arrows . 

If the impedances of coils L 1 and L2 are identical and if the west 
artificial line exactly balances the impedance of the connecting line 
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and the entire east set, then I 1 and I 2 will be equal, the bridge will 
be balanced (page 74), and no current will flow through the west polar 
relay. Thus, the relay and the sounder at the west sending station 
will not operate when this station is sending. There are three paths 
for the current 11 through the receiving equipment as indicated by the 

West Station 

Line 

~ 
Polarized Relays 
and Sounders 

Artificial 
Lines East Station 

FIG. 10. A simplified bridge duplex system providing simultaneous two-way trans
mission over one grounded telegraph line wire. 

arrows at the east station. Of these three paths, the current through 
the polarized relay will cause it to operate if the current is of the 
proper polarity. 

The Differential Duplex System. A simplified differential duplex 
circuit operating on the double-current principle is shown in Fig. 11. 

I'" - _ _1'1-
1 ; Line ~ 

Artificial 

West Station 
Lines 

East Station <;=" 

Fm. 11. A simplified differential duplex system providing simultaneous two-way 
transmission over one grounded telegraph line wire. 

The two windings of the differential relays are identical. Thus, if 
the west station is sending and if the west artificial line exactly 
balances the impedance of the line and the entire east set, the current 
will divide equally through the two windings. The tendency of the 
two windings to produce magnetic attraction is then equal and oppo
site, and the sounder at the sending station is accordingly not operated. 

The current flowing over the line to the cast station passes through 
the relay windings as indicated, causing the contacts to close, thus 
energizing the sounder circuit and producing an audible signal. Either 
distant sounder is therefore operated by current from the opposite 
station, and simultaneous two-way transmission is possible over one 
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telegraph channel, ,vhich may be a grounded one-wire line. The dif
ferential duplex is widely used and is replacing the bridge duplex 
type. 

Printing Telegraphy. Methods were early devised for transmit
ting information telegraphically without manual operation and the 
use of the Morse code.· Among the schemes developed were the Creed, 
Murry, Potts, Siemens, Baudot, Morkrum, Kleinschmidt, and Western 
Electric. 6 · 7, 8, 9 , 10 Very little Morse operation is used now, most 
messages being sent by printing-telegraphy methods. 

Two systems of printing telegraphy are employed. In start-stop 
printing telegraphy the signal-receiving mechanism is normally at 
rest and is started in operation at the beginning and stopped at the 
end of each character transmitted. 2 In multiplex printing teleg
raphy2 the line circuit is employed to transmit in turn characters for 
each of two or more independent telegraph channels. 

Start-Stop Printing Telegraphy. Start-stop printing telegraphy 
employs an electromechanical device usually called a teletypewriter 
or teleprinter at the receiving end of the telegraph channel, and often 
at the transmitting end as well. Other names, such as simplex 
printer, printer, and teletype, are sometimes used. These instru
ments arc complex in mechanical detail, and only the general features 
will be presented. 

Before attempting to explain the start-stop principle, it will be well 
to consider briefly several possibilities. If a typc,niter keyboard were 
constructed so that when a key is depressed an electrical contact is 
made, if the printing portion were constructed with an electromagnet 
operating each printing element, and if one separate line wire were 
used to connect each sending key with each corresponding printing 
arm, then a message sent at the keyboard would be printed at the 
distant station. Such a system would , of course, require so many 
connecting wires as to be of little commercial value. 

If a signal code were used, however, the number of wires required 
could be reduced materially. A number of codes are possible, and 
the Baudot code shown in Table I has been adopted. Each element 
of the code is a dot, dashes not being employed. With this code, 
intelligence could be sent in the following manner: If the letter A 
were to be sent, keys 1 and 2 of Fig. 12 would be depressed, operating 
electromagnets I and 2 at the distant station. Similarly, if an F 
were to be sent, keys 1, 3, and 4 "·ould be depressed , operating the 
corresponding electromagnets at the distant station. This system 
would have little commercial Yalue. 

Suppose that, instead of the five sending keys being connected to 
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the receiving electromagnets by five line wires, they are connected to 
the segments of distributors and the brush arms arc connected by 
one line wire. If the arms of Fig. 13 are driven in synchronism and 

Sending Receiving 
Keys Magnets 

~ --1 l•-1 -------tt~ 1 

r<-11,1 ¾ 2 

.j;---r-1111 #:i. 3 
T 

~--11•1 @i4 
... 

r<--,1,1 ~5 

FIG. 12. Telegraph system consisting of five wires used to illllslrate the principle 
of the Baudot code and printing telegraphy. 

if keys 1 and 2 are closed, electromagnets 1 and 2 will be operated 
because the brushes pass over corresponding segments at the same 
instant. If these signals are now cleared and keys 1, 2, and 4 are 

Sending Receiving 

Line Wire 

CCfC( 
½ 

FIG. 13. This figure illustrates how distributors and revolving synchronized brushes 
eliminate four of the wires of Fig. 12 and make possible printing telegraphy over one 

line wire. 

closed, electromagnets 1, 2, and 4 will be operated on the next revolu
tion. Though more elaborate in detail, both the start-stop and the 
multiplex systems operate on this principle. Several types of dis-



START-STOP PRINTING TELEGRAPHY 327 

tributors have been perfected for sending and receiving the impulses; 
of these the segmented-ring distributors just described have been 
widely used. 

The elements of the start-stop equipment arc shown in Fig. 14. 
The sending distributor has connections to a set of six transmitter 
contacts, and the receiving distributor has connections to a set of seven 
contacts, five of which are connected to the receiving magnets. The 
keyboard is similar to a typewriter keyboard. 

SENDING STATION 

TRANSMITTER= 
CONTACTS ~ 

SENDING 
START MAGNET 

RECEIVING STATION 

LINE 

Fro. 14. Simplified circuit of a start-stop system. This figure illustrates the basic 
principle involved. :\fodern teletypewriters do not operate exactly as indicated. 

When a key is pressed, it operates the contact mechanism and ener
gizes the proper segments. 11 Suppose that it is desired to send the 
letter A, which consists (Table I) of the first two units. When the A 
key is depressed segmer1ts 1 and 2 will be connected to· the trans
mitter bus by a notched-bar arrangement. At the same time the start 
magnet is energized, releasing the sending brush arm which is driven 
by an electric motor. When the arm passes segment 7, a spacing 
impulse is sent out on the line to the distant receiving teletypewriter, 
releasing the line relay armature and operating the receiving start 
magnet which in turn releases the motor-driwn receiving brush arm. 

The two arms revolve at about the same speed, and, when the 
sending arm passes over segment 1, which is energized, an impulse 
is sent over the iine to segment 1 of the receiving distributor, which 
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in turn operates the connected receiving magnet. Similarly, when the 
sending arm passes over energized segment 2, an impulse is sent 
receiving magnet 2. The remaining segments 3, 4, and 5 are not 
energized, and thus no impulses are sent. When the sending brush 
moves on segment 6 a marking signal is sent, holding the receiving 
start magnet circuit open and the receiving arm in readiness for the 
next letter combination. The sending arm is also held for the next 
letter. The signals received by the magnets operate an arrangement 
of code selector bars which in turn permit the printing of the letter 
received. 

Line 

Art ,<f 
Line __r .1. 

~ --===-

Fm. 15. Simplified multiplex sending and receiving arrangement. 

Modern teletypewriters 1 L 12 operate on this basic principle just 
explained but differ in detail. In particular, a revolving-cam arrange
ment is used instead of the revolving brush and distributor of Fig. 14. 
Also, one receiving magnet, instead of five, is used. 13 

Two types of start-stop teletypewriters are available, the tape 
printer and the page printer. 1 1, 12 In the former the received mes
sage is printed on a narrow gummed paper strip which can be pasted 
on the message blanks. In the latter, it is printed on a page, and 
carbon copies may be made if desired. 

Multiplex Operation. With multiplex operation, two or more mes
sages are transmitted simultaneously in either or both directions over 
the same transmission path. 2 Multiplex equipment uses the Baudot 
code. The sending and receiving brush arms of Fig. 15 are kept in 
continuous synchronous rotation as long as the sets are in operation. 
In this respect, they differ from the start-stop apparatus previously 
described. The sending and receiving elements are combined on one 
distributor, and two-way operation is provided over a duplexed line. 
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In this diagram, S and S' and the segments with which these brushes 
make contact are the sending elements; and R and R' and the corre
sponding segments are for receiving from the distant station. Since 
th e sending and receiving arms rotate in synchronism, the code com
binations must be arranged and the proper segments energized at a 
constant rate so that when the arm rotates onto these segments they 
will be ready for sending the correct impulses. A paper tape, on 
which the message has previously been punched by a keyboard ar
rangement and fed into the transmitter at a uniform rate, is therefore 
used to actuate the transmitter equipment. The impulses pass over 
the line to the receiving magnets as in the start-stop system, and by 
an arrangement of code selecting bars the signals are translated into 
the proper letter combination, which is then printed. 

With the arrangement just described, two simultaneous messages 
can be handled over a duplexed grounded line. It will be observed 
in Fig. 15 that only one-fourth of the face of the distributor plate is in 
use. It is therefore possible to add three other sets of transmitting 
segments and three other sets of receiving segments. Then, when the 
brushes are passing over one set of segments, the signal impulses are 
being arranged for the other three sets of segments, and with a du
plexed line eight messages are handled in a sense "simultaneously" over 
one telegraph line.14 

Automatic Sending. Using start-stop equipment, the operator 
may "type" the message directly "onto the line" or the operator may 
record the message as perforations in a paper tape (Table I). This 
perforated tape, when fed into an automatic transmitter, sends the 
telegraph message to the distant station. Several possibilities exist: 
first, the tape may feed directly from the tape perforating equipment 
to the automatic transmitting equipment ; and second, operators may 
perforate tape at their convenience, and then the recorded messages 
may be transmitted continuously. 

Telegraph Lines and Cables. Telegraph messages are transmitted 
over telegraph channels, defined 2 as a "path which is suitable for 
the transmission of telegraph signals between two telegraph stations." 
These channels are provided over open-wire lines, cables, and by radio 
(Chapter 13). Telegraph facilities within the United States are pro
vided by The Western Union Telegraph Company and by the Bell 
System. 

The Western Union circuits are designed primarily for telegraph 
service. The open-wire mileage exceeds 2 million miles, of which 
about 72 per cent is copper, mostly No . 9 A.W.G., and 28 per cent is 
iron or steel with No. 8 B.W.G. predominating. 15 Cables used pri~ 
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marily for telegraph service are of the twisted-pair paper-insulated 
type. For intercity trunk-line service, No. 16 A.\V.G., or larger, 
copper conductors are used. For local distribution purposes the cable 
conductors are often of No. 19 A.W.G. copper wire. 

The Bell System lines and cables are designed primarily for tele
phone service, but simultaneous telephone and telegraph transmission 
is possible over many of the circuits. 

Telegraph Transmission Theory. In telegraphy, the information 
transmitted is conveyed by the timing of transitions from one steady
state condition to another. 16 In the single-current, or neutral, system, 
a dot is recognized as a certain time interval, that is, the differ
ence between the instant of a change from no current to a given cur
rent, and the instant of a change from the given current back to no 
current. In the double-current, or polar, system, a dot is transmitted 
as a time interval between the instant of transition, or change, from 
current in one direction to current in the other direction, and the 
instant of change back to the original condition. Thus in telegraphy 
the instant of transition is important, and signal spacings must be 
maintained. 

The shapes of telegraph signals ·were shown in Figs. 3, 4, 6, and 9. 
An analysis of the transmission problems involved can be made on 
either a transient basis, or on a steady-state sine-wave basis in which 
the Fourier method of analysis is used. 16 This method was indi cated 
in the consideration of Fig. 3. The transient basis " ·as used for many 
years and is sti ll used, but the sinusoidal steady-state mcthod 17 has 
proved to be more practicable. When the sine-wave method is used, 
the theory of the transmission of t elegraph signals is essentially the 
same as the transmission theory considered in preceding chapters. 

The sending speed with :Morse operation was discussed on page 318. 
With teletypewriter operation the standard operating speeds are 40, 
60, and 75 words per minute, although faster operation is used to a 
limited extent. Telegraph transmission speed is defined 2 as "the 
rate at which signals are transmitted, and may be measured by the 
equivalent number of dot-cycles per second, or by the average number 
of letters or words transmitted and receind per minute." A given 
number of dot cycles per second, each of which consists of an on-off, 
or a mark-space, signal , is equiYalent to twice that number of bauds, 2 

a baud being one pulse per second. A speed of 60 words per minute 
requires 360 operations per minute and gives a dot frequency of about 
25 cycles per second. If at least the third harmoni c is transmitted 
to produce an approximately square wave (Fig. 3) , then the theoretical 
band width required is about 75 cycles. In practice, band widths of 
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about 100 cycles are provided for telegraph service. It is emphasized 
that the figm cs just ginn , and those on page 318 arc approximate. 

Telegraph Distortion. I n general, distortion is defined as a 
cha nge in wave form. 2 T elegraph signal distortion is defined 2 as 
" the deviation of signals from a facsimile reproduction of the im
pressed signals as regards the time of beginning and the time of end
ing of the curre~ponding individual components, aside fro m the average 
lag of the signals." 

In most manual or M orse telegraph systems the incoming signals 
operate a relay 1d1ich in turn closes a local circuit (Fig. 5) actuating 
the sounder. In teletypewriter systems a local circuit energizes the 
receiving magnet. The volume of the received telegraph signal is 
relatively unimportant ; the sound prnduced or the letter printed " ·i ll 
be just as sat isfactory (1Yi thin limits of good operation) with weak 
as 11·ith strong rcccind signa ls, provided that the lengths of the sig
nals are not distorted. The amount of distortion can be determined 
by measuring the lengths of the impulses. 18. 19 , 20 

T elegraph distort ion is of brn types, 2 1 systematic and fortuitous. 
Systematic distor tion may be divided into bias and characteristic 
distortion. 

Bias. This consists of a lengthening of the marking impulses and 
a corresponding shortening of the spaces, or vice Yersa . If the signal 
impulses a rc lengthened, it is ca lled positive bias; if t he spaces a re 
lengthened and the signals shortened, it is negative bias. This form 
of distortion is usually due to differences in battery potentials , im
proper relay ad justment, steady duplex unbalance currents, earth 
potent ial differences, and leak age currents. 

Characten·stic Distorti'on. This is distor tion peculia r to a given 
signal combination resulting from the electrical characteristics of the 
particular line and relay being used. It is ca lled characteristic distor
tion if it changes in neither sign nor magnitude when the functions of 
the sparing and marking signals arc interchanged. 

Fortttd ons Distortion. This is an erratic (as contrasted with a sys
tematic) lengthening and shortening of t he impulses or spaces due 
either to chattering or sparking of re lays or to interfering currents 
from external sources. 

There are three general sources of external electrical interference. 
They are from para lleling te legraph circui ts, called cross6re; 2 from 
paralleling power circuits; and from natural sources. Crossfire trans
fers t elegraph signals from one circuit t o another through the electric 
and magnetic fi elds. It can be controlled by transpositions in metallic 
circuits but is particularly bothersome in grounded circuits. 22 
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The aurora borealis often is accompanied by one of the worst sources 
of natural disturbances. 2 3 During such displays (as well as at other 
times 24 ) very large earth currents flow, and these produce high dif
ferences of potential between the ends of grounded telegraph circuits. 
These earth currents and resulting potentials are sometimes so severe 
as to prevent service, operate protective devices, and damage cables 
and equipment. Such disturbances often affect large sections of the 
country simultaneously. 

Lightning also is a cause of interference with telegraph operation 
and by either direct strokes or induced potentials may affect transmis
sion or damage equipment. Trouble is also caused by storms driving 
charged particles of snow against the line, thus causing the line to 
assume a potential and currents to flow. Similar interference is caused 
by high winds driving charged sand and dust particles against the line 
wires. 

Regenerative Repeaters. Repeaters for neutral, or single-current, 
telegraph systems were discussed early in this chapter. Repeaters 
are also used on circuits operated by printing telegraph equipment. 
In addition to increasing the signal strength, the repeaters reshape 
the signal to compensate for distortion, and longer transmission dis
tances are possible. This reshaping is accomplished by regenerative 
repeaters, defined 2 as "a t elegraph repeater which receives mechani
cally sent, electrically transmitted signals and resends them in sub
stantially perfect form." 

,vhere circuits are composed of a number of repeat er sections, the 
distortion of each section is cumulative, and a point is reached where 
distortion alone limits the transmitting distance. The regenerative 
repeater eliminates distor tion and strengthens the line current by 
using a small part of the middle portion of the received impulse to 
determine the nature of the outgoing regenerated signal. The rela
tion between the distorted received signal and the corrected im
pulses in one system is indicated in Fig. 16. 

Regenerative telegraph repeaters are of several types, including 
repeaters operating on the non-rotary , rotary, and electronic prin
ciples_ 15, 25. 26. 21, 2s . 29 , 30 

The Varioplex System. 15 · 3 1. 32 Varioplex equipment, first in
stalled by Western Union about 1940, causes a multiplex system or 
other suitable telegraph transmission facility to be fully loaded at all 
times. The varioplex has been extensively used with multiplex sys
tems, and a multiplex channel will be used to explain the basic principle 
of operation of the varioplex. 

,vith a multiplex system, four two-way telegraph channels are made 
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available over one telegraph circuit which may be a single grounded 
wire of an open-wire line. The transmission is not simultaneous; in 
fact, use of the wire is shared on an equal time basis by the four two
way channels. If one channel becomes idle for any reason, the time 
assigned to it is lost, and hence the transmission circuit, or other 
facility, is not worked to maximum efficiency. 

r- - _,,__,_ r - - -'- ,_ 
,.,. - I' - /ffl - r--1 I 

.. ..,_,..____ - - <.,.,~,.,,~ ~~ i...._ 

FIG. 16. Oscillograms of distorted telegraph signals (below) and the regenerated 
signal (above). (Reference 26.) 

With the varioplex arrangement a number of subchannels are con
nected through the varioplex equipment to a multiplex system ( or to a 
carrier telegraph system). Each subchannel terminates in printing 
telegraph equipment. As many as 36 subchannels have been con
nected through varioplex equipment to one four-channel multiplex 
system that operates over one grounded transmission line wire. 

An operator of a subchannel sends at will. The incoming message 
signals operate a tape reperforator in the varioplex equipment and 
temporarily store the message. The varioplex apparatus connects the 
various subchannels in sequence to the multiplex system, giving each 
subchannel an opportunity to send a character. However, a "sensing 
circuit" causes the transmitting sequence equipment to "skip" any 
subchannel that at the instant has nothing to send, and to transmit 
immediately from a channel that does have a character to send. In 
this way, the transmitting speed is increased or decreased to accom
modate the number of subchannels that are in operation, and the 
transmission circuits are loaded to maximum capacity a large percent
age of the time. 

Varioplex has found wide application in providing printing tele
metered telegraph service to customers who have considerable traffic 
to send, but who could not use a circuit continuously. The subchannel 
provided to such customers is available to them instantaneously and at 
all times, and they pay on the basis of the words sent as measured by 
a telegraph character counter. 

Carrier Telegraph Systems. Carrier systems are used by both the 
Bell System (page 411) and Western Union to increase the message 
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handling capacity of transmission circuits. Two basic methods are 
used, amplitude-modulated carrier systems and frequency-modu
lated carrier systems. Because both modulation and carrier systems 
will be considered in detail in Chapter 11, the present treatment of 
carrier telegraph systems will be condensed. 

Amplitude-11fodulated Carrier Telegraph Systems. 1 "· l(i, :~-1- 3 7 A 
different carrier frequency , higher than the usual telegraph frequen
cies, is assigned to each incoming telegraph channel from printing 
telegraph equipment. In effect, carrier-frequency energy is caused to 
flow on the line to the distant receiving station in accordance with the 

A B 

Local 
bias 

Receiving 
r:::----~.L' _ relay 

C 

FIG. 17. Basic diagram of one channel of an amplitude-modulation canier telegraph 
system. The "line" in the upper diagram refers to the telegraph transmission line 
between the transmitting and the receiving stations. l\Iany channels, such as the 
one shown here, each operating at a different frequency, will be connected in parallel 
to this transmission line. In the lower figures are shown the approximate shapes of 

the currents at the corresponding points above. (Reference 3i .) 

incoming telegraph signals. Many such channels, each employing a 
carrier of different frequency, are connected in parallel to the telegraph 
line which usually is a two-wire , or metallic , circuit that is designed to 
transmit the carrier-telegraph signals. Because the amplitude of the 
carrier waYe is controlled or modulated by the incoming telegraph 
signals from the teletypewriters, the term amplitude modulation is 
used . Sometimes this is termed on-off modulation. At the receiYing 
station the high-frequency signals are demodulated by sui table recti
fying equipment, and the resulting current impulses are used to operate 
the connected printing equipment. 

The details of the seYeral carrier telegraph systems vary, but the 
basic idea is shown in Fig. 17 which is for one carrier channel. The 
incoming impulses from the sending telegraph equipment cause the 
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sending relay to connect the carrier source and transmit carrier im
pulses, such as in A, into the sending tuner. This "smooths out" 
the impulse by removing undesired high-frequency harmonics (sec 
also page 318) and impresses an impulse such as B on the line, together 
with other such impulses from other channels. The receiving tuner, or 
filter, tuned to a particular channel frequency, receives an impulse 
somewhat as shown at B, and, when th is is rectified, signals shaped like 
C result. These cause relay operation D, which in turn operates the 

Receiving 

r::----,~~1o--;:F7.M:--~'~r~el~ay~isi 

1:2...:.::::::..:.::'....2:jr
1
:-r-Q 
I I 

C D 

FIG. 18. Basic diagram of one channel of a frequency-modulated carrier telegraph 
channel. In an actual installation, many channels, such as the one shown , a re con
nected in parallel with the telegraph transmission line. The lower figures show the 
approximate shapes of the currents at corresponding points in the diagram above. 

(Adapted from Reference 37.) 

printing equipment. Other channels are connected in parallel and the 
signals are separated from each other by the tuners or filters. About 
1,700,000 miles of carrier telegraph channels are provided in the Bell 
System alone. It should be mentioned that many carrier-telegraph 
channels can be operated over one telephone chimnel. Carrier tele
graph systems have been classified as high-frequency telegraph sys
tems, 3 4 and as voice-frequency telegraph systems. 3 5 

Freqtlency-Modulated Carrier T elegraph Systems. 15 , 37, 38 Al
though amplitude-modulated carrier telegraph systems are used by 
both the Bell System and Western Union, the latter is standardizing 
on frequency-modulated systems. In these, the "carrier frequency" 
at which the channel operates is caused to move down 70 cycles by a 
marking signal, and to move up 70 cycles by a spacing signal. For 
this reason the terms frequency-shift modulation and F-S modu
lation are sometimes used. 

A block diagram of a typical system is shown in Fig. 18. A sending 
relay arrangement such as indicated would cause the frequency-modu-
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lated signal to have sudden frequency transitions and appear as in A. 
Electronic control is used, however, and the change in frequency is 
accomplished gradually. After removing undesired components, the 
transmitted and the received components arc more nearly represented 
by B. This signal is passed through a limiter, which removes all 
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amplitude variations, and 
then is demodulated in a dis
criminator, which gives out 
impulses such as C. These 
actuate the receiving relay. 
The action of the limiter and 
the discriminator and much 

35 information on frequency 
modulation will be found in 
Chapter 13. The Western 
Union has found frequency
modulation systems to be 
particularly free from inter

Fm. 19. Major frequency allocations of cer
tain Wes tern Union carrier systems. These 
bands are subdivided into individual mes
sage channels. (Adapted from Reference 15.) 

ference from all causes. 15· 37 Typical overall frequency assignments 
of carrier telegraph systems are shown in Fig. 19. The manner in 
which one system is furth er broken down into individual telegraph 
message channels is explained in reference 15. By 1947 Western 
Union was operating over 500,000 miles of carrier channels. A fre
quency-modulation telegraph system that does not employ the con
ventional telegraph relay has been developed. 39 

Teletypewriter Exchange Systems.40 , 4 1. 42 Many industrial 
firms, public agencies, and similar organizations utilize teletypewriter 
exchange service, or TWX, as it is known. Subscribers to this service 
are provided with a teletypewriter and with a nationwide directory 
of other subscribers and their TWX numbers. Connections between 
subscribers may be made by operators or by automatic equipment. 

After a connection has been established, the two parties type mes
sages back and forth, with the decided advantage th at typed copies 
of all transactions are available to both parties. Payment is made on 
a time basis. This service was established by the Bell System in 1931. 

Leased Wire Service. Large industries, the press, public agencies, 
and other organizations, such as financial houses, are provided with 
leased-wire telegraph service by both the Bell System and Western 
Union. These circuits arc usually terminated in printing telegraph 
equipment and may extend between offices and plants, branch offices, 
etc. 

Leased channels may be set up for long periods or may be of such 
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nature that occasional switching is necessary. Special apparatus, often 
designed on a customer basis, is available for this purpose. 1 5, 16 The 
varioplex system, described earlier in this chapter, and telegraph con
centrators2· 16 arc useful in providing the occasional transmission 
needed by TWX and leased-wire customers. 

Telegraph Switching Systems. The problem of routing telegraph 
messages in a large office is quite involved. Most telegraph messages 
are very short, often consisting of only a few words, and incoming 
lines bring messages to points scattered throughout the country. In 
the past, incoming messages have been received as printed letters on 
tape printers. The tapes then were gummed onto paper blanks, passed 
to route clerks, distributed to the proper outgoing operator, and re-sent 
by teletype equipment. 15 ·what is known as reperforator switching 
in automatic switching centers is now used. With this method, a 
message is both typed on the tape and recorded as perforations. An 
operator reads the destination on the tape and by push-button control 
routes the message which then is automatically sent, over the proper 
trunk, from the perforations.* 

Simultaneous Telephone and Telegraph Operation. If suitable 
equipment is used, it is possible to provide simultaneous telegraph and 
telephone service over the same line wires. This may be done by 
using high-frequency carrier systems as previously discussed. Other 
methods are the simplex circuit and the composite circuit. 

Simplex Telegraphy. The method of obtaining a simplex circuit 
over the four wires of a phantom group is illustrated in Fig. 20. 
Thus, with four line or cable wires, three telephone and one telegraph 
channel can be operated simultaneously. If the theory of the phantom 
circuit presented on page 224 is studied, no discussion of the theory of 
the simplex circuit will be required. A simplex circuit may be ob
tained from, and is often used on, one pair of telephone cable 
wires. 

Composite Telegraphy. The composite arrangement is extensively 
used because a telegraph channel can be obtained from each of the 
four telephone line wires of the phantom group of Fig. 21. With a 
composite circuit, 4 the upper telegraph frequencies transmitted are 
about 80 cycles per second. The inductor and capacitor combination 
in the telegraph circuits comprises a low-pass filter permitting the 
low-frequency telegraph currents to pass through to the telegraph in
struments. Similarly, the inductors and capacitors in the telephone 

* Methods of switching are receiving much attention; see TV estern Union 
Technical Review, January and July, 1948, Vol. 2, Nos. 1 and 3, and also Elec. 
Eng., July, 1948, Vol. 67, No. 7. 
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circuits constitute a high-pass filter permitting the relatively high
frequency voice currents to pass through. 

Line .-----------------, 

~---------------~ 
FIG. 20. A simplex telegraph circuit on a phantom group providing simultaneous 
telephone and telegraph service. A simplex circuit may also be provided on a 

pair of wires. 

Telephone 

Telephone 

Tele
graph 

Tele
graph 

FIG. 21. Simplified circuit of terminal equipment at one end of a composited 
phantom group. This provides four telegraph channels, in addition to the three 

telephone channels, and is particularly applicable to open-wire lines. 

Interference in Composited Circuits. Composite equipment is so 
designed that normally the telegraph signals do not interfere with tele-
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phone conversations. Also, the design is such that this equipment 
causes very little transmission Joss in the telephone circuits. The 
telegraph frequencies employed are not readily reproduced by a tele
phone receiver. The harmonics of these frequencies are in the voice 
range, however, and would cause interference if not suppressed by the 
composite arrangements. If, owing to defective or improper terminal 
apparatus, the telegraph currents are audible in the telephone circuit, 
the name telegraph, or Morse, thump is given to this interference. 
(See also page 318.) 

The Metallic Telegraph System. There is a gmwing tendency 
among communication companies to place important circuits in cable 
whenever it is practicable to do so. The metallic telegraph system 
was designed especially to provide telegraph service over such cable 
circuits. These telegraph channels are often provided by superim
posing the t elegraph messages on the cable pairs already carrying 
telephone speech currents. The composite arrangement is common. 
The cable conductors are very close together, are loaded, and are pro
vided with repeaters (page 399 ). Interference from the superposed 
telegraph would be excessive if the currents and voltages used for tele
graphing were not kept far below the values used for ordinary teleg
raphy.43 Line currents of 4 or 5 milliamperes are used in typical 
install ations, these being of the same order of magnitude as the tele
phone currents, but of lower frequency. 

Facsimile Transmission. Several facsimile methods have been 
deYeloped. In some systems the message, picture, or drawing to be 
sent is scanned with a light beam, and corresponding electric impulses 
are produced with a phototube. In other systems a special paper 
called Teledeltos recording paper is used at both the sending and 
receiving ends. This is a coated conducting paper which is caused 
to become black at a point where electric current passes through 
it. It is not affected by light and requires no "photographic" proc
essing.15 

When using Teledeltos paper for transmitting information, the mes
sage is impressed on the paper with a soft lead pencil or from a special 
carbon paper. As the message is written, a film on the surface is rup
tured, and a low resistance path through the paper is formed at each 
point. This makes possible an electric method of scanning and trans
mission. 44 A system transmitting from a sheet such as a telegraph 
blank is called the Telefax. 15 A system transmitting from a written 
message on a tape is called a Teletape. 44 

Submarine Telegraph Cable Service. 15 · 45· 46 The first cables 
laid for submarine telegraph service were operated by hand . At the 
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receiving end the signals were used to deflect the mirror of a sensitive 
moving-coil galvanometer. 4 7 This receiving device was superseded 
by the Kelvin siphon recorder, which not only was faster but also sup
plied a permanent record of the message. Automatic transmitting 
devices were developed which operated the cables at the maximum 
possible speed. Magnifiers, or amplifiers, which strengthened the 
received currents also were used. Cable printer telegraph equipment 
has been developed and installed. 

In illustrating the advances that have been made, one writer 4 B 

compared the output of a cable, laid 50 years ago, with the various 
methods of operation applied. With the galvanometer, the output was 
about 70 letters per minute; with the siphon recorder, about 80 letters 
per minute; when duplexed, about 160 letters per minute; with auto
matic transmission, about 220 letters per minute; and with printing 
equipment, about 375 letters per minute. 

Originally, most cables were operated in sections; 49 for example, 
between New Yark and London the messages were received and re-sent 
at Nova Scotia, Newfoundland, and Ireland. About 1918 the first 
successful through operation was made by connecting the sections 
through equipment which reshaped and amplified the signals. 

Two types of amplifiers 4 6 · 50 (magnifiers or repeaters, as they are 
often called) have been used. The first type consists of mechanical 
regenerative repeaters, including the rotary type, and the synchronized 
tuning-fork type. Vacuum-tube amplifiers (the second type) are su
perior to the mechanical devices, especially for high-speed work. 
The development and installation of loaded cables for submarine teleg
raphy (page 261) was a great advancement. 

The first high-speed loaded submarine telegraph cable was laid by 
Western Union in 1924. The capacity of this cable was 1500 letters 
per minute. Another similar cable was laid in 1926, having a speed 
of 2500 letters per minute. In 1928 a cable was laid which had a speed 
of 2100 letters per minute in one direction, but which could be duplexed, 
giving over 2800 letters per minute. Pictures are transmitted over 
transoceanic cables. 51 

Submarine cables are subject to interference, 52 and this is one of 
the factors limiting cable-transmission speed. The interference comes 
from artificial sources, such as electrical power plants and railway 
systems in the vicinity of cable terminations, and from natural 
sources, for example, electrical and magnetic storms accompanying the 
aurora borealis. At certain times these natural disturbances may 
render the submarine cables inoperative. 
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REVIEW QUESTIONS 

1. What is meant by the terms single-current and neutral telegraph systems? 
2. Explain the difference between open-circuit and closed-circuit systems. 
3. What are the average and maximum rates of manual, or Morse, operation? 
4. If perfectly rectangular impulses such as shown in Fig. 3 are transmitted, what 

will be the maximum alternating frequency components present? 
5. About what are the maximum frequency components transmitted in an 

average telegraph channel? 
6. In modern practice what type of relays are used in single-current systems? 
7. Explain the operation of the double-current or polar telegraph system. 
8. Give seyeral reasons why the polar system is preferable. 
9. What two types of duplex systems have been developed, and what type 

usually is employed at present? 
10. Explain the basic principle of the start-stop teletypewriter. 
11. Explain the basic principle of the multiplex system. 
12. Could a hand-operated teletypewriter operate directly into a multiplex 

system? 
13. Why are perforated tapes used with multiplex operation? 
14. What is meant by the term telegraph channel? Xame several systems that 

provide multichannel operation o,·er one grounded line. 
15. Briefly discuss the two possible bases for analyzing telephone transmission. 

Which is usually employed? 
16. ·what is meant by the word baud? 
17. If 60 words per minute will produce a third harmonic of about 75 cycles, 

why are wider channels sometimes provided for telegraph sen-ice? 
18. Why is bias distortion so very important in telegraphy? Does this haYe any 

bearing on the use of the polar system? 
19. Name and distinguish between the several types of distortion. 
20. What two functions are performed by regenerative repeaters? What types 

are used? 
21. Briefly explain the basic principle of the varioplex system. Will it operate 

into multiplex equipment? Into carrier telegraph systems? 
22. What types of carrier telegraph systems are used? Which type is most 

widely used in the Bell System? In Western Union systems? Can you give 
reasons for this? 

23. Describe the amplitude-modulation telegraph system. 
24. Describe the frequency-modulation telegraph system. 
25. Describe the teletypewriter exchange system. 
26. What is meant by reperforator switching? 
27. Briefly describe the means by which simultaneous telephone and telegraph 

service arc given over the same circuits. 
28. Why is the so-called metallic telegraph system of increasing importance? 
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29. Explain the difference between the telefax and teletape systems. 
30. Briefly describe methods of giving transoceanic telegraph service over cables. 

PROBLEMS 

1. Referring to the circuit of Fig. 22, calculate the magnitudes and indicate 
the directions of the current flowing in each part of the circuit with the keys at 

West Station Line Res. = 1550 ohms East Station 

Art. 
Line 
Res. 
2034 
ohms 

200 ohms 1200 ohms 

y110Volts 

Art. 
Line 
Res. 
2034 
ohms 

200 ohmsl 200 ohms 

y11ovo1• 

FIG. 22. Simplified differential duplex system showing typical resistance values. 
(Adapted from Reference 14.) 

each station in the positions shown. Determine whether each relay armature, 
with the magnetic polarities indicated, will rest on the marking (m) or the 
spacing (s) contacts. 

2. Repeat Problem 1 for each of the four possible positions of the sending and 
receiving keys, drawing the equivalent circuits and indicating the magnitudes 
and directions of the currents on these circuits, and also showing the resulting 
relay positions. 



CHAPTER 10 

TELEPHONE EXCHANGE 

SERVICE AND SYSTEMS 

Introduction. Telephone service is of two types, exchange service 
(often called local service), and toll service (also called long distance 
service). This chapter will consider exchange service and systems. 

A telephone exchange 1 is a "telephone system for providing tele
phone communication within a particular local area, usually within or 
embracing a city, town or village, and environs." Service within an 
exchange is usually rendered at a fixed monthly rate or on a metered 
basis. 

In a telephone system, the various lines are switched at the central 
office, defined 1 as "an office in a telephone system providing service 
to the general public where orders for or signals controlling telephone 
connections are received and connections established." A telephone 
exchange serving a small community may have only one central office 
and thus is a single-office exchange. 1 For large towns and cities, 
more than one central office is needed, requiring a multioffice ex
change. 1 The offices just mentioned are local central offices, de
fined 1 as "a central office arranged for terminating subscriber lines 
and provided with trunks for establishing connections to and from 
other central offices." 

The trunk 1 mentioned in the preceding paragraph is a "telephone 
line or channel between two central offices or switching devices, which 
is used in providing telephone connections between subscribers gen
erally." By means of interoffice trunks, 1 a call that originates in 
one central office can be passed to another office for completion. 

The telephone customer or subscriber 1 is provided with a telephone 
set, 1 A telephone station 1 is a telephone set and associated wiring 
and apparatus installed on the subscriber's premises. A telephone set 
is sometimes called a subscriber set or subset. Telephone sets are 
of two general types, local-battery telephone sets, and common-battery 
telephone sets. 

Simple Telephone Systems. A simple two-way telephone circuit 
is shown in Fig. 1. This circuit is objectionable because of the losses 
offered by the unused transmitter and receiver to the direct-current 
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component for the transmitters and to the alternating-current speech 
component. Transmitters and recei,·ers are often connected in series 
for interphones such as those used in apartment houses. 

Two transmitters and two receivers could be connected in parallel 
to a line and battery as indicated in Fig. 2. This arrangement will 

give two-way conversation, 
but it also 1s inefficient. 
Under some conditions2 its 
use may be more efficient 
than that of Fig. 1. 

Variable and Invariable 
Substation Circuits. Satis
factory telephone communi

cation could be carried on over a system in which the receiver was 
removed from the circuit at the sending end when speaking was in 
progress and in which the transmitter was removed from the receiving 
end when listening was going on. Such an arrangement would be effi
cient because it would eliminate the losses in the other units not being 
used. Such a circuit is known as a variable telephone circuit. A 
circuit in which such changes cannot be made is an invariable tele
phone circuit. 2 

-o-------tl1l11------<J,__, 

Fm. 1. A simple series telephone circuit. 

To eliminate troublesome switching operations, the invariable tele
phone circuit is commonly employed. There is consequently a loss of 
power in the receiver of a set 
during talking, and also a loss 
of power in the transmitter of 
a set during listening. 

Types of Telephone Sys
tems. Classified on the basis 

, , : 
,1,1,1 

of the method of switching Fm. 2. A simple parallel telephone circuit. 
the telephone subscriber lines, 
telephone systems are either manual systems or dial systems. In 
the manual system the switching is done by telephone operators. 1 

These systems will be considered in the first part of this chapter, and 
dial systems will be considered in the last part. 

Manual telephone systems are of two general types, local-battery 
systems and common-battery systems. A hand-operated generator 
or magneto is used in signaling in the local-battery system; hence, 
the designation magneto telephone system, or magneto local-battery 
telephone system. 

Magneto Local-Battery Telephone Sets. In early telephone sys
tems a local battery was installed at each telephone station to supply 
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the direct current for the telephone transmitter, and a magneto was 
provided for signaling. These sets were very satisfactory and are 
often used today, particularly for rural lines, forest-service systems, 
and similar purposes. A typi-
cal circuit is shown in Fig. 3. 

The magneto is provided with 
a switch which removes it from 
the circuit and thus prevents it 
from introducing a loss when it 
is not in use. The switch is en
gaged when the handle is turned. 
The ringer is of high impedance 
and is usually connected or 
"bridged" across the line at all 
times. 

When the receiver is removed 
from the switch hook, the con

Fm. 3. 

Office-

Local-battery, or magneto, tele
phone set. 

tacts at the switch hook are closed and direct current flows through 
the transmitter. When sound waves strike the transmitter diaphragm, 
a pulsating current as shown in Fig. 4 flows through the primary of the 

t 

Time -

Normal 
Direct 

Current 

induction coil and induces 
an alternating voltage in 
the secondary circuit. A 
corresponding alternating 
current will thus flow 
through the line, reproduc
ing the sound waves at the 
distant station. 

The induction coil 

Fm. 4. Pulsating current flowing through a (transformer), which ap
transmitter and associated circuit when a trans- parently was introduced at 

mitter is excited with a pure tone. about the same time3 by 
both Berliner and Edison, 

greatly improves telephone transmission. In particular: (a) It sepa
rates the transmitter and receiver currents so that the direct current 
for the transmitter does not pass through the receiver. ( b) The in
duction coil may have other than a one-to-one ratio, thus "stepping 
up" the voltage impressed on the line, or, in other words, the coil 
matches the impedance of the transmitter to the higher impedance 
of the line. (c) The use of even a one-to-one ratio repeating coil 
will greatly increase the percentage change in resistance and thus 
increase the useful alternating-current component. For instance, if 
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the transmitter is in series with a battery, a receiver, and the line, 
the percentage change in the resistance of the circuit due to the varia
tions in transmitter resistance will be smaller than if the transmitter 
is connected in series with only the primary of the induction coil and 
the battery. 

A capacitor is often connected as shown by the dotted lines in Fig. 3, 
especially where a number of local-battery sets are on the same line. 
This is known as a "sure-ring condenser," and it prevents a set with a 
receiver off the hook from shunting the ringing currents. Thus, on 
lines where a number of sets are connected, if one party leaves the 
receiver off the hook the low impedance of the set will prevent another 
person from ringing a third party on the line. With a sure-ring con
denser, however, the low-frequency ringing currents are not shunted 
because of the high reactance. 

Line Connections of Magneto Telephone Sets. The telephone 
sets are connected in parallel or bridged across the line. Ten sets on 
a given line is regarded as the maximum number for good service, 
although as high as twenty or more are sometimes used. 

From Fig. 3 it can be seen that with the telephone sets bridged 
across the line there will be a corresponding number of bells in parallel 
across the line at all times. It is important that these bells offer a 
high impedance to the talking currents and that they have the same 
impedance. The ringing currents, of 15 to 20 cycles ( depending on 
how rapidly the magneto is turned), readily pass through the coils 
and actuate the bells. 

The grounded telephone line is sometimes used in rural areas and 
forest telephone systems, but not so extensively as in the past. Only 
one wire is used, the earth acting as the other side, or the "return" 
for the voice currents. Grounded circuits are very susceptible to 
inductive interference (Chapter 14). 

Some rural and forest lines use iron wire for the conductors. Iron 
wire has, however, a much greater resistance than copper. Also, 
owing to the high permeability compared to copper, the skin-effect 
losses (page 215) and the resulting attenuation are greater in iron than 
in copper wires. A very small percentage of telephone line conductors 
are iron, copper usually being used. 

Polarized Ringers or Bells. The polarized ringer or bell has been 
used very extensiYely from almost the beginning of telephony. In 
Fig. 5 (a) and (b), simplified schematic views are shown. 

In these figures, c and c1 are soft-iron cores connected at the upper 
end by a soft-iron strap s-s1 . This strap also serves to hold the gongs 
g and g1 . The soft-iron armature a-a1 is pivoted as indicated and has 
attached to it the ringing device. Two high-impedance windings w 
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and w 1 are placed on the cores as indicated. The resistance of these 
windings is of the order of from one thousand to several thousand 
ohms, and the impedance is very much higher, depending on the fre
quency of the current. A permanent magnet m-m1 is placed as shown. 

There are, therefore, two magnetic circuits. The first of these is for 
the flux produced by the ringing current through the coils and is along 
the soft-iron core c, through the 
soft-iron strap s-s1 , through the 
other core c1 , across the air gap 
to the armature a 1 , along the 
armature to a, and then back 
across the air gap at a to the 
core c. The other path is for 
the magnetic flux produced by 
the permanent magnet m-m1 . 

This path is from the lower end 
of this permanent magnet across 
the large air gap to the center 
of the armature a-a1 where the 
flux divides, half of it passing 
through the armature and across 

m, 
(a) Front 

a, m, 
(b) Side 

Fm. 5. A polarized ringer. 

the air gap at a, and the other half passing through the armature and 
across the air gap at a1 . Each half of the flux produced by the per
manent magnet then passes through the coil c or c1 , and through 
the strap s-s1 to the end of the permanent magnet. 

The operation of the bell can be explained in the following manner. 
Suppose the magnet is poled so that it gives the ends of the armature 
a-a 1 a south polarity. With no current flowing, no unbalance will 
exist and the armature will occupy the balanced position shown. 
When an alternating ringing current flows through the bell, flux will 
be produced by the windings. Assume that the current at a particular 
instant has the direction indicated by th e arrow; then, the flux <j, pro
duced by this current will have the directions indicated and will tend 
to make the end of core c1 a stmnger north pole, and c a weaker north 
pole. The armature will therefore be unbalanced and will be attracted 
to the pole c1 , and the bell will ring. When the opposite part of the 
alternating current passes through the winding, the action will be 
reversed and the bell will again ring. 

Magneto Local-Battery Switchboard. When one telephone user 
wishes to talk with another on the same line of a magneto local-battery 
system, the first will call the second party by ringing with the magneto. 
This signal will be sent out before either receiYer is removed from the 
hook, and thus all the parallel or bridged bells on the line are operated. 
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Coded signals are used to call the desired party. When a magneto 
telephone user wishes to talk with another on a difjerent line, the con
nections are made through a magneto switchboard (such as Fig. 6) 
in the central office. 

To call the operator, the ca1ling party turns the magneto crank 
several times and then removes the receiver from the hook. The 
magneto sends out an alternating current on the line and through the 
relay R. This energizes the relay, causing it to attract the armature A, 
which trips the armature A1 , allowing it to drop forward and raise 
the shutter S, which displays to the operator the number of the calling 
line shmvn on A1 . The operator amwers this incoming call by insert
ing the plug P of one of the aYailable vacant switchboard cords into 
the jack J of the calling line. 

When the plug is inserted, the connection of the relay R to the other 
side of the line is broken, and the talking current is not shunted 
through the relay windings. This plug also completes the battery cir
cuit shown, and the relay winding R 1 is energized by the battery B. 
The armature A1 is then attracted to its original position and the 
signal is cleared. In some boards this drop must be restored manu
ally by the operator. 

After inserting the plug P of the cord circuit into the jack of the 
calling line, the operator throws the key K of the cord used to the 
(left) listening position L. This connects the operator's telephone to 
the cord circuit and to the calling party, and the operator takes the 
number of the party desired. The operator then inserts the plug P1 on 
the other end of the cord circuit into the jack J 1 of the called line and 
throws the key K to the (right) ringing position R. This disconnects 
both the operator's set and the line of the calling party from the circuit, 
and the called party is connected and can be rung by turning the 
central-office magneto. In some instances two separate keys are pro
Yided for listening and ringing, and in the larger magneto systems a 
ringing machine supplants the hand generator or magneto. ·when the 
conversation is completed, either party signals the operator by ringing 
on the line. This causes the disconnect drop D to operate, indicating 
to the operator that the connection may be cleared. 

Common-Battery Telephone Sets. In the common-battery tele
phone system, one battery at the central office supplies the direct cur
rent to all transmitters in use at a given time; hence, the term 
common battery. The history 3 of this type of set is of interest, many 
circuits, some of questionable merit, having been developed. 2 • 3 , 4 , 5 

Common-battery telephone circuits may be classified as sidetone 
circuits or as antisidetone circuits. With the first type, considerable 
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energy is transferred from the transmitter to the receiver, and thus a 
sound actuating the transmitter is plainly heard in the associated 
receiver as sidetone. The antisidetone circuit greatly reduces this 
effect. 

Sidetone Circuits. A typical common-battery sidetone circuit is 
shown in Fig. 7 (a) . The transmitter receives direct current from the 
battery in the central office over the two line wires. When sound 

waves strike the transmitter 
Ringer Ringer diaphragm, the current is 

caused to vary in accordance 
with these sound waves (Fig. 
4). The alternating voltage 
generated at the transmitter 
will force a current through 
the series path consisting of 
the receiver, winding A of the 

(a) Sidetone circuit (b) Sidetone- reduction induction coil, and the capaci-
circuit tor. In a typical telephone 

Fm. 7. Connections of common-battery set, this capacitor neutralizes, 
sidetone telephone sets. to some extent ( depending on 

the frequency), the inductive 
reactance of the receiver, thus lowering the impedance and increasing 
the current flow in the receiver circuit. This current produces side
tone as previously mentioned. In addition, this current induces an 
electromotive force in the winding B of the induction coil (which has an 
unequal ratio of turns and thus acts as a step-up transformer), and this 
induced voltage adds to the alternating voltage produced at the trans
mitter terminals, hence increasing the total voltage impressed on the 
line. 

With the sidetone-reduction circuit of Fig. 7 (b), the direct current 
received by the transmitter is about the same as in the sidetone circuit, 
and thus the alternating voltage output corresponding to the impinging 
sound waves is about the same. This voltage causes a current to flow 
through winding B of the induction coil, and this current induces a 
voltage in winding A. Since the induction coil now acts as a step
down transformer, the induced voltage in A is considerably less than 
the voltage impressed across the receiver circuit in the sidetone set. 
A smaller current flows through the receiver under these condi
tions, and less sidetone is produced. The receiving efficiency is in
creased but the sidetone-reduction circuit does not impress so high a 
voltage on the line as the sidetone circuit and is less efficient in 
transmitting. 
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Antisidetone Circuits. The sidetone circuit just discussed has de
sirable characteristics such as high transmitting efficiency. N everthe
less, noises actuating the transmitter, and amplified by it (page 94), 
are heard in the receiver and interfere 
with conversation. Also, if the tele
phone user hears his voice loudly 
reproduced by the receiver when he 
speaks, he involuntarily lowers his 
voice, 6 thus reducing the useful output. 

Several antisidetone sets have been 
developed. One problem is to design 
a circuit that is effective in largely 
preventing sidetone, yet is efficient in 
transmitting and receiving. 

Antisidetone Circuit Using a Bal
ancing Network. 6 , 7 The balancing 
network of Fig. 8 is used in several 
antisidetone sets. It is the circuit of 
Fig. 7 with the addition of the bal
ancing network C-N. 

Line 1 

A 

Line 2 

Fm. 8. An antisidetone tele
phone circuit with network C-N 

for reducing sidetone. 

In the circuit of Fig. 7 (a) the transmitter forces speech currents 
through coil B, and also through coil A and the receiver, this current 
causing sidetone. Coil C of Fig. 8 is wound on the magnetic core of 

Line 1 

the induction coil ( trans
former) in such a direc
tion that the voltage in
duced in it tends to cause 
speech currents to flow 
through the receiver in 
the direction opposite to 
the flow of Fig. 7 (a). 

Cw This cancellation reduces 
Line 2 

Fm. 9. Simplified connections of an antisidetone 
circuit using a hybrid coil, or bridge transformer. 

sidetone. The resistor N, 
which may be the resist
ance of coil C, is effective 
in producing the correct 

phase relations in the circuit so that the sidetone cancellation is 
effective over a wide frequency range. 

Antisidetone Circuit Using a Hybrid CoiL The theory of the 
hybrid coil is considered on page 401. Briefly, the circuit of Fig. 9 
is so adjusted that the output of the transmitter divides, and, for the 
correct values of Cw and Rw (which may be the resistance of coil P), 
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the speech currents flowing through coils P and S are equal. Since 
these currents will also be opposite in direction, the output of the 
transmitter produces (theoretically, and at a given frequency) no 
induced voltage in coil A, and no sidetone. 
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FIG. 10. Comparison of the response-frequency characteristics of telephone sets. 
Curve D is typical of the sets now (1949) in use. (Reference 11.) 

Modern Telephone Sets. The transmitters and receivers used in 
modern telephone sets were discussed in Chapter 4. As was explained, 
much progress has been made in the design of transmitters and re
ceivers. 7, 8 , 9, 10 

Antisidetone circuits are used in modern telephone sets. The capaci
tors, inductors, and other components are of superior design. The 
performance of modern telephone sets is similar to that of curve D of 
Fig. 10. Most new telephones are of the handset type. 1 

In early handsets, the mechanical coupling afforded by the handle 
to the transmitter and receiver was an important factor in causing 
sustained oscillations or "howling." In certain early European hand
sets this difficulty was met by using insensitive transmitters and 
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receivers so that howling did not develop. In the design of the modern 
handset, howling because of mechanical coupling is controlled. 9 But, 
even with the antisidetone circuit, some of the output from the receiver 
does reach the transmitter through the air, and this acoustic coupling is 
a very important factor limiting the sensitiveness of the set. New 
telephone sets, somewhat revolutionary in nature, are now (1949) in 
the practical trial stage. 

Line Connections in Common-Battery Systems. Individual, two
party, and four-party services are provided by most common-battery 
systems. That is, a telephone user can obtain service over a line on 
which no other sets are connected (individual line 1 ), or over a line 
used jointly with one other customer (a two-party line), or over a 
line used jointly with three others (a four-party line). For talking, 

: ...t.. I 
I g;: 1 To 

i I li'~ 
I T I 
(__Two party__J 
I selective I 

~Four party semi-selective~ 

FIG. 11. Methods of ringing to 
ground giving the services indicated. 
The talking equipment is connected 

between wires. 

the telephone sets are connected 
directly between the two wires of 
the subscriber line 1 (sometimes 
called the subscriber loop) lead
ing to the central office. 

The ringers ( or bells) are not con
nected directly between line wires, 
the arrangement depending on the 
particular system and the type of 
ringing provided. In the selective 
ringing method used on two-party 
and four-party lines, the ringer of 
the called subscriber's station only 
is rung. 1 In the semiselective 

ringing method, the ringers of two subscribers' stations are rung, 
differentiation between subscribers being by a one-ring, two-ring 
code. 1 

Two-Party Selective, Four-Party Semiselective Systems. One of 
the most common methods of connecting the subsets to the line for 
ringing is illustrated by Fig. 11. This system provides two-party 
selective ringing and four-party semiselective ringing. Two bells are 
connected between one line wire and ground, and two are connected 
between the other line wire and ground. It is possible to ring two 
bells over this ground connection without ringing the other two. In a 
four-party connection of this type, a coded signal is used, and each 
party hears the other party's signal. 

Four-Party Selectivity, Biased Ringers. If the armature of a po
larized ringer (page 348) is held against one of the electromagnet 
cores by a small spring, the ringer is said to be a biased ringer, and 
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it will respond only to pulsating current of one polarity. A pulsating 
current in one direction will ring the bell; one in the opposite direction 
will merely attract the armature more strongly to the pole piece. If 
now the ringer is biased with a spring on the opposite side so that the 
armature is held against the opposite pole piece, then it will ring on 
a pulsating current of the opposite polarity. 

It might be inferred that, if biased ringers were used in Fig. 11, 
four-party selectivity would be obtained, but such is not the case. 
To prevent the flow of direct current, which would operate central-office 
supervisory equipment, the ringers must be connected in series with 
capacitors, and these con
vert the pulsating currents 
into alternating currents 
and eliminate the polarity 
feature. 

The connections of Fig. 
12 are used with a biased 
ringer to obtain four-party 
selectivity. A sensitive 
high-impedance relay is 
connected in series with 
a capacitor and across the 

+ + 
FIG. 12. A method of giving four-party 
selective ringing. Plus and minus signs 
indicate the polarity of the currents to which 

the biased ringers respond. 

line at each of the four stations. Two oppositely biased ringers are 
connected between each line wire and ground through contacts which 
normally are open, but which may be closed by the relay. Pulsating 
ringing voltage is impressed between one side of the line and ground, 
with the other line wire grounded. The ringing current causes the 
armatures of each relay to close the contact, and then the properly 
biased bell rings. The relays open as soon as the ringing current 
ceases. It is evident that this system requires considerably more 
apparatus and maintenance than the semiselective system previously 
described. 

From the standpoint of inductive interference between paralleling 
power lines and telephone circuits, it is desirable to have as high an 
impedance as possible between the telephone line wires and ground, 
and also to have these impedances the same. Grounded ringers in 
grounded two-party and four-party semiselective ringing may, under 
bad power exposure conditions, cause noisy lines (page 549) . In 
some instances, where there is a high direct ground potential , it may 
be necessary to have the four-party selective ringers connected between 
the wires instead of to ground, and the relays and capacitors con
nected to ground instead of across the line. 



358 TELEPHONE EXCHANGE SERVICE AND SYSTEMS 

Biased ringers used on systems having alternating ringing current 
prevent tapping of the bells due to inductive or other electrical dis
turbances. 

Cold-cathode gas tubes (page 277) are used in some instances instead 
of relays to make possible selective ringing on four-party lines. 1 2, 1 3 

As shown in Fig. 13, the tubes are connected with a resistor of about 
100,000 ohms in the starter, or control anode, and th e main anode is 
connected in series with the ringer. When party A is to be rung, 
line 1 is grounded and line 2 is made negative. This causes the 
control gaps at A and C to break down. The main gap at tube A 
also breaks down (page 277), and the alternating component of the 
pulsating ringing current causes ringer A to operate. The main gap 

D C B A 

Line 1 

To 
office -

Line 2 

Fm. 13. Connections of ringers and cold-cathode gas triodes for giving four-party 
selective ringing. The small circular electrode is the cold cathode. The small 
straight electrode is the starter, or control, anode, and the large straight electrode 
connected to the ringer is the main anode. The black dot indicates that the tube 

contains gas. 

at C does not break down and pass current because the main anode 
is negative with respect to the cathode. To cause ringer C to respond 
instead of A , line 2 is made positive, rather than negative. For r ing
ing B or D , line 2 is grounded and negative pulsating ringing voltage 
is placed on line 1 to operate ringer B; positive pulsating ringing vol
tage is placed on line 2 t o operate ringer D. This system offen, many 
advantages over the relay method of providing four-party selective 
service. 12 

Four-Party Selectivity, Harmonic R inging. The harmonic system 
of providing selective service is widely used in the rnited States on 
common-battery circuits. The harmon ic ringer has an armature tuned 
mechanically to the desired natural period of vibration. The arma
ture and clapper rod are supported by stiff springs; and , by varying 
the thickness of the spring used and the mass and the position of the 
weights on the clapper rod, the ringers can be made to respond to 
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the frequency desired. In one system, one bell rings on a current of 
16! cycles per second; another, on 33¼ cycles; another, on 50 cycles; 
and the fourth, on 66! cycles. The bells are connected through 
capacitors and directly across the line. These frequencies are gener
ated with rotating equipment. 

It is evident that all these currents are multiples of the 16f-cycle 
current. There is accordingly a strong t endency for each ringer to 
respond to the current for the others and to ring or buzz lightly. The 
development of the vibrating ringing-current generator made practi
cable a system in which the frequencies were not multiples. One of 
th ese employs frequencies of 30, 42, 54, and 66 cycles per second. 
The fact that four-party selective service can be provided by a har
monic system without a groitnd connection is one of its greatest ad
vantages. Electronic devices have been used to a limited extent to 
generate the harmonic ringing impulses. 

Subscriber Lines. These lines ( or loops) connect the subscriber 
station equipment and telephone set to the central office. A telephone 
drop 1 of insulated paired wires extends from the terminals of the 
interior wiring of the telephone station to the aerial cable box. The 
various aerial cables are brought together and spliced into larger 
cables leading to the central office. These cables terminate in an 
"underground" cable box where the aerial and underground cables are 
connected , usually through suitable protection to prevent the exposed 
aerial cables from bringing hazardous currents or voltages into the 
underground cables (page 568). If the cable terminals are a con
siderable distance from the location of the telephone set, a few spans 
of iron open wire are often installed inst ead of making the entire 
connection of paired conductors. 

The cables (page 250) used are paper insulated and have lead or 
plastic sheaths (page 236). The development of exchange cable is 
shown in Table I. Experimental work 14 has been done on having 
3030 pairs of No. 28 A.W.G. wires in a standard 2j -inch outside 
diameter sheath . Cables having such small conductors can be used 
only in congested areas where the subscriber lines are short. For 
longer lines, larger conductors must be used, so that the transmitters 
will receive sufficient direct current from the central office and so that 
the losses to the speech currents will not be too large. 

Common-Battery System-Non-Multiple Switchboard. The com
mon-battery, non-multiple switchboard is suited for either a village 
or a private branch exchange (P.B.X.) in a large store, hotel, or 
similar establishment. In this system, the line jacks of each party 
served by the switchboard are within reach of each operator. The 
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TABLE I 

PAIRS OF WIRES IN EXCHANGE CABLES 

Year No. 19 Gauge No. 22 Gauge No. 24 Gauge No. 26 Gauge 
1892 100 
1895 152 
1896 208 
1901 303 404 
1902 606 
1912 909 
1914 1212 
1918 455 
1928 1818 
1939 2121 

number of lines that can be handled is limited by at least two factors: 
first, an operator can handle only a certain number of incoming calls 
per unit of time; and second, an operator can reach only a given 
switchboard area without moving from her chair. 

To explain the operation of Fig. 14, suppose that party A wishes 
to call B. To attract the attention of the operator, A will remove the 
receiver from the hook, which will close the switch-hook contacts and 
allow direct current to flow through the line relay LR. When this 
relay is energized it will pull up the armature closing the path through 
the line lamp LL and thus signal the operator. 

The operator will answer this signal by inserting the answering plug 
of a cord circuit into the line jack LJ of the calling party which is 
indicated by the lighted line lamp. The insertion of this plug does 
three things. First, the contacts will be spread apart, de-energizing 
the line relay LR, allowing the armature to fall back due to gravity, 
and thus extinguishing the line lamp. Second, the tip contact T and 
the ring contact R of the plug will make contact with T and R of the 
line jack. The closing of these two contacts will permit direct cur
rent from the common battery CB to flow out to the calling telephone 
A. The path of. this current will be from the positive battery 
(grounded) terminal through one half of the inductive supervisory 
relay SR to the tip of the plug, then, through the telephone set, back 
through the ring of the plug, through the other half of the supervisory 
relay SR, and to the negative battery terminal. The current through 
the two halves of the supervisory relay SR will attract the armature, 
opening the contact C. Third, the sleeve contact S on the plug will 
touch the ground contact S on the jack. The supervisory lamp SL 
would now light if the supervisory relay had not previously opened. 
The circuit of the supervisory lamp is, however, now in a condition to 
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light the lamp as soon as this relay contact closes, as it does in a later 
operation. 

The operator then throws the listening key LK to the listening posi
tion. This closes the contacts at the key and connects the operator's 
telephone set across the line. The desired number is obtained from 
the calling party, and, if the called line is not busy, the operator inserts 
the plug of the calling cord corresponding to the answering cord pre
viously used into the line jack of the called party. 

·when this plug is inserted, the contacts of the line jack LJ 1 are 
opened, and therefore when the receiver of the called party B is re
moved from the hook the line lamp LL1 does not light. The insertion 
of the plug does, however, light the supervisory lamp SL 1 through the 
grounded battery and ground on the sleeve. It should be remembered 
that the receiver at B is still on the hook and that no current is flowing 
through SR 1 to hold open the armature contact of this relay. The 
operator now throws the ringing key RK to the ringing position. This 
action connects the called line to the ringing supply and opens the con
tacts to the line of the calling party so that the calling party will not 
receive the unpleasant ringing current. The operator will continue to 
ring until the called party responds. 

When the called party B removes the receiver from the hook, the 
contacts at the receiver are closed and current from the battery flows 
out to the called set B through the two halves of the supervisory relay 
SR 1 . This current pulls up the armature of this relay, thus opening 
the contact and extinguishing the supervisory lamp SL 1 , indicating to 
the operator that called the party has answered and that ringing may 
be discontinued. The two parties A and B then converse. Attention 
is called to the fact that all the switchboard lamps associated with 
this switchboard circuit are dark when conversation is in progress. 

When A and B have completed their conversation they replace the 
receivers on the hooks. This opens the receiver-hook contacts at both 
of the sets and breaks the path of the currents through SR and SR 1 , 

respectively. The armatures of these relays drop back, closing the 
associated contacts and permitting current to flow through each of the 
lamps SL and SL 1 . The lighting of these lamps indicates to the op
erator that the conversation is completed, and the connection is accord
ingly cleared by removing each plug from the jack. After the conver
sation the operator can be called by slowly moving the receiver hook 
up and down, causing the supervisory lamps SR or SR 1 to flash if the 
connection has not been cleared, or causing the line lamp to flash if 
the connection has been removed. 

Common-Battery System-Multiple Switchboard. In the pre
vious section the non-multiple, common-battery system was considered. 
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As explained, in this system the various lines are connected to the board 
only through an individual line jack. It was mentioned that this type 
was limited to small cities or to private branch exchange installations. 
One operator can effectively handle only about 150 to 200 lines, 
depending on the make of the board and the type of service given. 
Thus, when the number of incoming lines approaches this amount, a 
second position must be provided, or if required, a third position 
added. By reaching in front of each other, the operators can complete 
each incoming call. If more than three positions are required, how
ever, this method would be unsatisfactory, and transfer circuits ( or in
terposition trunks) would be necessary between the different positions. 

The multiple switchboard was early designed:, to eliminate this 
trunking or transfer problem. With this type of board, each operator 
receives certain calls and completes all calls for parties connected to 
that central office. Each operator must 
therefore be able to reach calling jacks con
nected to each line in that central office area. 
Accordingly, in a central office serving 10,000 
users, each operator must be able to reach 
10,000 calling jacks. An operator can, by 
reaching in front of the two adj a cent opera
tors, cover three positions, and thus each line 
must terminate in multiple ( or parallel) call
ing jacks at every third position down the 
board. As an illustration, if the party con
nected to line 250 wishes to talk with the 
party on line 5050, the first party will be 
answered by the operator at whose position 
the answering jack for line 250 appears. 
This operator then completes the call by 
selecting from the multiple line 5050 and con
necting line 250 to it. 

Since one operator can reach conveniently 

Multiple Jacks for 
Completing 

Calls 

Trunk Jacks for 
Transferring Calls 

Incoming Line or 
Answering Jacks 

FIG. 15. Typical arrange
ment of jacks in a common
battery multiple switch-

board. 

only about 10,000 multiple jacks, a city having more than this number 
of telephone users must have more than one central office. ,vhen a 
customer connected to one central office wishes to talk with one con
nected to another office, the calls must be trunked to the second office 
for completion. Each operator must accordingly be supplied ·with 
trunks to each of the other offices in an exchange. Thus, in addition 
to the multiple calling jacks and answering jacks, trunk jacks appear 
before the operator somewhat as shown in Fig. 15. 

Operation of the Common-Battery, Multiple Switchboard. In 
Fig. 16 is shown a simplified circuit of a typical common-battery 
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multiple switchboard. The operation of this board when a call is 
completed from a party in one central office to a party in the same 
central-office district will now be considered. 

To call the operator the customer at A removes the receiver from 
the hook, thus allowing the switch to close and permitting current to 
flow from the battery up through the line relay LR, through the line 
wires, and through the transmitter of set A. This energizes the line 
relay, pulling up the armature and lighting the line lamp LL in the 
face of the switchboard near the line answering jack. Upon observing 
the lighted lamp, the operator inserts the plug of an answering cord 
into the answering jack indicated by the lighted line lamp. 

When this plug is inserted, the "tip," "ring," and "sleeve" (indi
cated by T, R, and S) connections are made. The cutoff relay CR 
is then energized over the circuit completed by the sleeve connection 
from the battery below the supervisory lamp SL, and the armature is 
pulled up, opening the line-lamp circuit. At the same time direct 
current flows from the central-office battery through the supervisory 
relay, SR, pulling up the armature of this relay, which shunts the 
lamp SL and prevents it from lighting. This direct current provides 
the transmitter talking current. 

The operator's set is connected by throwing the listening key LK, 
and the desired number is taken by the operator. The talking cur
rents arc shunted through the non-inductive windings shown above the 
supervisory relays SR and thus do not have to pass through the in
ductive windings. 

After ascertaining the desired number, the operator tests the called 
line by tapping the sleeve of the multiple jack of that line with the tip 
of the plug of the calling cord associated with the answering cord 
previously used. A click notifies the operator that the line is busy. If 
the line is not busy, the operator inserts the plug in the jack. When 
this is done, the tip, ring, and sleeve connections are completed, but, 
owing to the fact that the receiver is on the hook, no transmitter cur
rent flows to the called telephone, and thus the supervisory relay SR 1 

does not operate. Current therefore flows through the supervisory 
lamp SL1 , through the sleeve connection and the windings of the cutoff 
relay CR 1 , and thus the lamp SL 1 burns brightly. Also, the relay CR 1 

pulls up the armatures opening the contacts in series with the line 
relay LR 1 . When the ringing key is operated , the calling party is dis
connected from the line, and the bell of the called party is rung. When 
the called party removes the receiver from the hook, the transmitter 
current flows through the relay SR 1 , pulling up the contact and ex
tinguishing the lamp SL 1 by shunting it. 



366 TELEPHONE EXCHANGE SERVICE AND SYSTEMS 

The talking circuit has now been established, and conversation 
takes place. Each station receives direct current for the transmitter 
from the central-office battery through the repeating coil windings. 
Transfer of energy of the talking currents from one part of the circuit 
to the other is made possible by the repeating coils. 

When either or both parties replace the receivers on the hook, the 
direct-current path is broken, and the two supervisory relays release, 

5051 
5052 
5053 
5054 

3031 
3032 
3033 
3034 

1011 
1012 
1013 
1014 

Broadway Office 
r------------~ 
I : 

__ _._ ... "'C Broadway -o-• ---. 
ro Trunk cij 

1----i-,H O 0 
I CI) CI)...,;.--

University Office 
i 7 __ _._... I 

removing the shunts from the su
pervisory lamps, thus permitting 
them to light and to signal the 
operator to remove the connection. 

Telephone Service in Multiof
fice Exchanges. In a large ex
change consisting of many central 
offices a small percentage of the 
incoming calls from the lines con
nected to an office is completed 
within that office. Many of the in
coming calls are for telephones con
nected to other offices and must be 
transferred for completion over 
trunks connecting the two offices. 
As the number of trunk jacks is 
increased (Fig. 15), there is less 
room for the calling multiple jacks; 
also, this multiple is used less, and 
the trunk jacks more. Further
more, in each central office addi
tional separate multiples must be 

Fm. 17. Interconnections of offices in provided for completing calls 
a multioffice exchange. trunked to that office from other 

offices. A point is therefore 
reached at which it is best to trunk aU calls before completion even 
though some of the calls may be for lines connected to the office orig
inating the call. 

In the offices of multioffice exchanges it is common to have the func
tions of answering and completing the calls performed by two opera
tors working at separate boards. These are known as "A" and "B" 
operators, and the switchboards at which they ·work as "A" and 
"B" boards. The "A" operator takes the incoming calls, and the "B" 
operator completes the calls. The overall working of a typical system 
is illustrated schematically in Fig. 17. 
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In considering this system, assume that the party using line 5051 
connected to the Broadway office wishes to talk to Broadway 5054. 
The "A" operator will place a cord-circuit plug in the jack of the 
calling line and will take the call as explained in the preceding section. 
Instead of completing the connection, the "A" operator will pass the 
call to a "B" operator for completion. In one system that has been 
used, the "A" operator calls the 
Broadway "B" operator over a 
call circuit, and states "Broad
way 5054." 

The "B" operator assigns a 
vacant Broadway trunk to the 
"A" operator, who then inserts 
the other end of the cord which 
is being used in the 5051 answer
ing line jack into this vacant 
trunk jack. The "B" operator 
then completes the call by plac
ing the plug of the trunk as
signed to the "A" operator in the 
calling multiple of the desired 
line. The called party is then 
rung, usually automatically. 

If the party using the line 5051 
of the Broadway office desires to 
talk to University 1014, the pro
cedure is similar. When the 
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FIG. 18. Average number of daily total 
telephone conversations in the United 

States in millions. 

line lamp lights, indicating that a call is to be placed, the operator 
answers by plugging an answering cord into the calling line jack. The 
operator, informed that University 1014 is desired, passes the call to 
a "B" operator in the University office much as explained in the pre
ceding paragraph. 

The call-circuit method of passing calls was considered in the pre
ceding discussion. Often the straightforward method is used. 
With this plan of operation, the number that is desired is passed by an 
"A" operator to a "B" operator over the circuit that is used for com
pleting the call. 15 The magnitude of the task of switching t elephone 
calls is indicated by Fig. 18. 

Common-Battery Connections. As explained in the discussions 
accompanying Figs. 14 and 16, direct current is supplied from the 
central-office common battery to the transmitters of the telephone 
sets. If the cord circuits of these two figures are examined, it will be 
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observed that the methods of connecting to the common battery are 
different. 

The simplest method of connecting several telephone sets to a com

Fm. 19. One method for connecting 
telephone sets to a common battery. 
This is often used with simple telephone 

systems such as interphones. 

mon battery is shown in Fig. 19. 
The inductors ( choke, or retard, 
coils) offer low resistance to the 
flow of direct current to transmit
ters A and B . However, they pre
sent high impedance to the alter
nating speech currents which, 
therefore, flow through the telephone 
sets and are not short circuited by 
the common battery. This method 
is sometimes used in interphone 

systems for offices, etc. Often, only one inductor is used, in which 
event the circuit is unbalanced. 

The common-battery connections of Figs. 14 and 16 are shown in 
Fig. 20. These are more widely used, 
particularly the transformer, or repeat
ing-coil, method. A simple direct-cur
rent analysis will show that Fig. 19 is a 
series-parallel combination and that the 
resistance of each circuit affects the 
amount of transmitter current that flows 
to the other. Such an arrangement is, 
therefore, suitable only ,vhen the resist
ances of the two circuits that arc con
nected are approximately the same. If 
the internal resistance of the common 
battery is negligible, and usually it is, 
then with the connections of Fig. 20 the 
resistance of one circuit does not affect 
the direct current that fl o,vs to the trans
mitter of the other. 

Arrangement of Central-Office 
Equipment. As indicated in Fig. 21, 
the various subscriber lines entering a 
central office are in cables that terminate 
on the line side of the main distributing 
frame, abbreviated M.D.F. At this 
point, protection in the form of lightning 

A B 

(a) 

A B 

(b) 

Fm. 20. Impedance-coil method 
(a) and repeating-coil method 
(b) for connecting two or more 
telephones to a common central-

office battery. 

arresters and heat coils is inserted in the circuits (page 568). The 
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cable terminations are marked with the number of the cable and with 
the cable-pair number for identification. 

On the opposite side of the M.D.F. the terminations are marked 
with the multiple numbers, or with what might be termed the tele
phone number designations. These numbers correspond with the 
numbers on the calling multiple on the "B" board. These M.D.F. 

Incoming 
Cables 

Call Circuit 
Jack 

Operator's 
Jumper Telephone 

Set 

To Panel and Jack 
on "A" Board 

Fm. 21. Typical arrangement of apparatus for the "A"-"B" board operation with 
100 per cent trunking. The "A" operator's telephone is connected to the call circuit 
by a key arrangement. One circuit only is shown. Switchboard cord circuits are 
not shown. This shows the use of a call circuit between the two operators, but often 

the straightforward method is used (page 367). 

terminations are permanently connected with the intermediate dis
tributing frame or I.D.F. terminations as shown in Fig. 21. Wires 
also lead from I.D.F terminations to the multiple on the "B" board. 
From the opposite side of the I.D.F., wires go to the answering jacks on 
the "A" board. These are marked with switchboard panel and jack 
designations. 

One purpose of the M.D.F. and the I.D.F. is to provide a flexible 
method for terminating the telephone sets on the switchboards, and 
thus to provide a means for distributing the switchboard load. When 
a customer requests telephone service a vacant pair in the cable near 
his residence is selected. A vacant multiple jack on the "B" board 
is also chosen, and the "A" board panel and jack determined. These 
latter must be at a position where the "A" operator is not already fully 
loaded during the busy hour. As can be seen from Fig. 21, after these 
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selections are made, twisted wires called jumpers are used to connect 
the line to the corresponding points on the M.D.F. and I.D.F. That is, 
a jumper is placed on the M.D.F. between the cable-pair termination 
and the multiple termination on the opposite side of the frame. This 
completes the connection to the multiple on the "B" board. The mul

FIG. 22. Between e::,,ch two offices in a multi-
office area two groups of trunks are required, 
each group connecting the "A" board of one 
office with the "B" board of the other. (Refer-

ence 16.) 

tiple side of the I.D.F. is 
then connected by a jumper 
to the proper panel and 
jack terminations on the 
opposite side of the l.D.F. 
In this manner the connec
tions are made to the "A" 
board. 

Tandem Trunking. In 
a very small community, 
limited telephone service 
could be given without a 
central office for connecting 
the lines. Each telephone 
user, however, would re
quire a telephone line to 
each of the other sub
scribers. To use a simple 
illustration, it is easily 
shown 16 that without a 
central-office switchboard a 
total of 28 connecting lines 
and 56 line jacks ( seven 

at each location) would be required to give service between only eight 
telephone users. With a simple switchboard, however, only eight lines 
and eight jacks are required. 

From the comparison just given, and from the discussions of tele
phone trunking in multioffice exchanges (page 366), it is evident that 
connecting the different central offices in an exchange with trunk cir
cuits offers a problem similar to connecting telephone sets. Just as a 
number of lines and jacks can be saved by using a switchboard to con
nect telephone sets, so a tandem office and a tandem switchboard can 
be used to connect telephone offices and thus reduce the number of 
trunks and the amount of central-office equipment required. 1 7 It will 
be recalled that, in a large exchange having many offices, a very large 
percentage of the calls originating in one office must be trunked to 
another office for completion. 
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The saving in trunks and equipment is indicated by Figs. 22 and 23. 
The tandem office may be considered a central office for switching 
central offices. This principle is used in both manual and dial systems. 

Dial Telephone Systems. 1 In these systems the desired telephone 
connection between two persons is established by electrical and me
chanical apparatus in dial central offices. 1 The operation of the 
apparatus is controlled by 
the manipulation of the dial 
on the telephone set of the 
calling party. 

When the dial telephone 
handset ( or the telephone 
receiver) is removed from 
position, prior to dialing, the 
calling subscriber line is 
immediately connected to 
the central-office switching 
equipment. When the call
ing party dials the desired 
number, the connection is 
extended through various 
switching stages to the de
sired subscriber line. 

If the called line is busy, 
busy tone is sent to the call
ing party. If the called line 
is idle, the bell of the called 
party is rung. When the 
telephone is answered, the 

Fm. 23. When the tandem plan is used, only 
two groups of trunks to the tandem office are 

required. (Reference 16.) 

central-office equipment completes the talking circuit and holds con
nection during the talking period. When both parties replace their 
receivers, the central-office equipment is released immediately for use 
on other calls. 

Dial systems appear complicated and difficult to understand; how
ever, the basic principles are relatively simple if a system is analyzed. 
Nevertheless, it is recognized that those entirely unfamiliar with dial 
systems may have to do considerable reading elsewhere to understand, 
in particular, the details of the panel and crossbar systems. 

Five different types of dial systems are used in the United States: 
(1) the step-by-step or Strowger system, (2) the all-relay system, 
(3) the rotary dial system, (4) the panel system, and (5) the crossbar 
system. Each of these systems is controlled by electric impulses trans-
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mitted from the dial of the calling party to the central office over the 
subscriber line, or loop. A brief description of the operation of the 
dial will now be considered before studying the different types of 
central-office equipment.* 

The Dial.1 A typical dial consists of the following parts: finger 
plate, number plate, impulse springs, impulse cam, speed-control gov
ernor, shunt springs, and driving mechanism. The dial is operated by 

Shunt 

Dial..---
/,,- ', Impulse 

springs 
\ 
I 

Induction coil 
or transformer 

Ringer 

Line 2 

To 
central 
office 

Fm. 24. Circuit of a typical common-battery antisidetone dial telephone set. 
The transformer windings are on a common core (not shown). 

inserting the finger in the appropriate hole and turning the dial in a 
clockwise direction. This winds · a spring with sufficient tension to 
return the dial to normal. When the dial is released and returns to 
normal, a pawl engages in a ratchet which is fastened to a shaft. This 
shaft is geared to a governor and to an impulse cam which opens and 
closes the impulse springs shown in Fig. 24 in accordance with the 
selected digit, and at a regulated speed of approximately 10 interrup
tions per second. 

The shunt springs close when the dial is first rotated and remain 
closed until the dial returns to normal. The shunt is placed on the 
receiYer (Fig. 24) to prevent a clicking noise during dialing, and it is 

* Most of the material on dial systems in this book was prepared by 
Mr. Dwight L. Jones. (See Preface.) 
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placed on the transmitter to keep transient current impulses from 
flowing through it. 

The basic principles of dial-operated equipment and the dial by 
which it is controlled have been presented. The details of the five 
different dial switching systems will now be considered. 

Step-by-Step Dial Equipment. 4 • 18• 19 Step-by-step central-office 
equipment consists of three fundamental units: ( 1) line switches or 
line finder switches, (2) selector switches, and (3) connector 
switches, all of which may function in establishing a connection be
tween two lines. (In a very small exchange the selector switches are 
not required as will be shmvn later.) 

When a subscriber lifts the handset or the receiver, the line switch or 
line finder switch connects the calling line to a selector switch ( or con
nector switch in a small installation), thereby closing a circuit from the 
subscriber line to the central-office equipment. When the dial is 
operated, this circuit is interrupted at regular intervals (depending 
upon the digit dialed), and the central-office switches are operated to 
connect the calling line to the called line. 

Because much of the step-by-step apparatus is based on a two
motion switch invented by Strowger in about 1887, this switch will be 
described before proceeding with the operation of the step-by-step 
system. 

The Strowger Step-by-Step Switch. 18 · 20 , 21 The Strowger 
switch consists of three main parts: (1) the relays, (2) the bank as
sembly, and (3) the switching mechanism including the shaft and 
wipers, magnets, frame, etc., as shown in Fig. 25. 

Relays. A relay is defined 1 as "an electromechanical device by 
means of which a change of current or potential in one circuit can be 
made to produce a change in the electrical condition of another 
circuit." The relays to be considered are operated by current changes. 

The magnetic circuit of a relay consists of the coil core, frame or 
base (sometimes called "heel piece"), and armature, all made of good 
magnetic materials annealed to provide a good magnetic path. The 
coil is wound with many turns of insulated copper wire having the 
desired resistance and number of turns to meet circuit requirements. 
In dial-telephone applications it is sometimes necessary to have relays 
that are slow to close or slow to release. This time delay can be 
produced by locating a copper slug, or sleeve, on the core. This acts 
as a short-circuited turn, and any change in magnetic flux linking this 
slug will cause current flow in the slug, which will produce magnetic 
flux in opposition to the flux change. A copper slug on the armature 
end of the coil core will make the relay slow to close and also slow to 
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release. A copper slug on the opposite, or heel, end will make the relay 
slo\\· to release but will not affect the closing time. 

The contacts of the telephone-type relays are usually of platinum, 
palladium, silver, or other special metals on nickel-si!Yer or phosphor

bronze springs. The spring 
assemblies are actuated by 
the movement of the arma
ture and proYicle the de
sired circuit switching con
neclions. 

Bank Assembly. The 
step-by-step switch bank 
assembly is made up of 
two banks of contacts 
shown at the bottom of 
Fig. 25. The upper of the 
two is called the sleeve 
bank and consists of 100 
contacts arranged in 10 
horizontal rows of 10 con
tacts each. These contacts 
are arranged in a semicy
lindrical form so that a 
pair of spring wipers 
mounted on the switch shaft 
may make contact with any 
of the l 00 contacts. 

The lower of the two is 
called the line bank and 
has 200 contacts also ar
ranged in 10 horizontal 

FIG. 25. A Strowgcr step-by-step connector rows or levels, each con-
switch. (Courtesy Automatic .Electric Co.) sisting of ten sets of two 

contacts, the two contacts 
of each set being placed one above the other with a thin insulator 
between them. Another pair of wipers on the switch shaft makes 
contact with the line bank. The two pairs of wipers are so arranged 
on the shaft that when the sleeve wiper is raised to a given level of 
the upper bank contacts, the line wiper is raised to the corresponding 
level on the lower, or line, bank. 

Switching Mechanism. The switching mechanism of the step-by
stcp switch consists of the vertical, rotary, and release magnets and 
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associated armatures which control the motion of the shaft and wipers 
of Fig. 25. The vertical armature, actuated by the vertical magnet, 
steps the shaft up one step for each dialed impulse where it is held. 
The rotary magnet actuates the rotary armature to step the s,vitch in 
the rotary direction where it is held at the desired position. When the 
release armature is operated by the release magnet, the shaft and wipers 
are allowed to return to the normal unoperated position. 

Line Switches. The line switch is a switch connected to each 
subscriber line and has access to a number of trunks to succeeding 
switches in the step-by-step system. This line switch operates auto
matically when the calling party raises the handset or the receiver, and 
it connects the calling line to a trunk leading to an idle selector switch 
(or connector switch in small installations) . These switches are 
referred to as non-numerical switches because they do not require 
dial impulses for their operation. There are two common types of 
line switches: (1) the plunger type with associated master switch 
and (2) the rotary type. 

The plunger line sv.:itches are arranged in groups of 25 to 100 line 
switches under the control of one master switch and have access to ten 
trunks to selectors (or connectors). The plunger line switch consists 
of a slow-operate type of line relay and an operating magnet which 
actuates a pivoted plunger. This plunger may engage any one of ten 
sets of bank contacts connected to trunks leading to selectors. The 
master switch keeps the plungers of all the idle switches of the group 
resting opposite an idle trunk; therefore, the master switch preselects 
the trunk before the call is initiated. 

The rotary line su-itch is sometimes used instead of the plunger line 
switch. A rotary line switch is associated with each line and is entirely 
independent of any other rotary line switch and, therefore, does not 
require a master switching mechanism. The rotary line switch con
sists of a set of wipers which is rotated over a semicylindrical bank of 
contacts by means of a magnet-operated rachet mechanism. Each 
rotary switch has an associated relay assembly consisting of a slow
operate type of line relay and cutoff relay. 

Line Finder Switches. 22 The line finder is another type of non
numerical switch which connects the subscriber line to an idle trunk 
leading to a selector ( or in a small system to a connector). The line 
finder serves the same purpose as the line switch except that the 
method of accomplishing the connection is reversed. The line finder 
is directly associated with a selector (or connector), instead of being 
associated with the line, and it finds the line which is originating the 
call. The line finder switch may be of the rotary type having access 
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to 25 or 50 subscriber lines, or it may be of the step-by-step type 
having access to 100 or 200 subscriber lines which terminate on its 
bank contacts. 

The Selector Switch. 20 The selector switch used in the step-by
step system is of the basic type described on page 373. This switch 
is used for making intermediate connections between the line finder 
and connector switch in systems having more than 100 lines. A group 
of selectors is required for each of the digits of the call number 
except the last two (sometimes three). The vertical motion of the 
selector, controlled by the incoming impulses from the dial, raises the 
shaft and wipers to the desired level. Then, the selector switch auto
matically rotates its wipers over the contacts of that level to the first 
idle trunk in that group. The rotary motion of the selector is not 
controlled by the dial. 

The principle functions of the selector may be summarized as 
follows: (1) to hold preceding switches operated until the control cir
cuit is extended to the succeeding switch; (2) to connect dial tone to 
the calling line if it is a first selector; (3) to step to the selected level 
and hunt for an idle trunk in that group; ( 4) to clear the line of all 
attachments after the succeeding switch is seized; ( 5) to return busy 
tone to the subscriber if all trunks are busy on the selected level; 
(6) to release without interference to other trunks when the calling 
party replaces the handset or receiver. 

The Connectol" Switch. 21 The connector is another switch based 
on the step-by-step mechanism of page 373. The connector switch is 
always used for the final unit in the step-by-step system. It differs 
from the selector in that it operates in response to the dial impulses 
for both the vertical and the rotary motion. The two digits of the 
called number which control the connector are usually the last two 
digits (tens and units digits). 

The functions of the connector switch may be summarized as follows: 
(1) to hold all preceding swikhes operated until the connection is 
released; (2) to step the wipers to the desired line under control of the 
dial impulses; (3) to test the called line for busy and return busy tone 
if the called line is busy; ( 4) to extend the connection to the called 
line if it is idle; (5) to clear the called line of all attachments; 
(6) to guard both lines against intrusion by other calls; (7) to ring 
the called line and to return ring-back tone to the calling party, 
thereby indicating that the called line is being rung; (8) to remove 
ringing current from the called line when the called party answers; 
(9) to supply transmission battery to both lines; (10) to release when 
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the call is completed and to cause the release of all other switches used 
in the connection. 

Step-by-Step Dial Systems. 18 · 19 • 23 In a small community dial 
office having 100 lines or less, the line switches (or linefinders) are 
used to connect the calling line to an idle connector switch, as shown 

Calling I 
subscriber I Linefinder ! 
o-{ 

I Called I Connector ! subscriber 

}--Q 
Schematic diagram for 100- line system using linefinder switches 

Fm. 26. The linefinder makes connection to the calling line, and the connector 
selects the called line. 

in Fig. 26. The drawing for step-by-step switches is simplified by 
using 10 heavy horizontal lines to represent the 10 levels having 10 
sets of contacts per level. Each single connecting line of the diagram 
represents several wires required for the particular circuit. 

In a telephone system having more than 100 lines, a similar plan 
is used, except that one or more groups of selector switches are used 
between the line finders and the connectors. As an example, a 

Line 
switch 

1st selector 2nd selector Connector 

Called 
subscriber 

Fro. 27. A step-by-step system for a 10,000-line exchange. This uses a line switch 
instead of a linefinder as in Fig. 26. 

10,000-line system is divided into 10 groups of 1000 lines each. Each 
1000-line group is subsequently divided into 10 groups of 100 lines 
each. This requires two sets of selector switches as shown in Fig. 27. 

Suppose calling party 1563 desires party 7861. When the receiver 
or handset is raised, the line switch selects a vacant first selector, and 
dial tone is sent out. The party calling 7861 then dials the digit 7. 
This causes the wipers of the first selector to step up to the seventh 
level and then to rotate until a trunk to an idle second selector is 
found. The party then dials the digit 8, and the wipers of the second 
selector step up to the eighth level and rotate until a trunk to an 
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idle connector is found. Dialing the third digit, 6, causes the wipers 
of the connector to step up to the sixth level, and dialing the last 
digit, 1, causes them to rotate to the first contact of that level; the 
desired telephone, 7861, is then rung. 

Multioffice Dial Exchanges. Before considering the details of 
making a call in a multioffice exchange, the following additional pieces 
of equipment will be explained briefly. 

Outgoing Trunk Switches. Outgoing trunk switches sometimes are 
called outgoing secondary line switches and are used as selecting 
switches between the selector banks and outgoing impulse repeaters. 

Impulse Repeaters. Impulse repeaters are used in multioffice sys
tems and are associated with the interoffice trunks. There are three 
reasons for using these impulse repeaters on interoffice trunks: first, 
they eliminate the need for the third wire (control circuit); second, the 
repeater reduces the distance over which direct current must be sup
plied; third, the repeater provides capacitors to insulate the local
office battery from the interoffice trunk. 

In a multioffice step-by-step exchange having the arrangement shown 
in Fig. 28, the "G" office is shmYn in detail; however, other offices are 
similar, except for the manual office "S." The toll, information, and 
other services requiring the help of operators are concentrated at 
"M" office. 

When a call is initiated in the "G" office, the line finder finds the 
calling line, connects it to an idle local first selector, and dial tone is 
received by the calling party. The first digit dialed will operate the 
first selector to choose the office to which the call is being made. If 
this digit is "G," which corresponds to the digit 4, the called line must 
be terminated in the "G" office, and the call will be directed to the 
local second selector in the "G" office. The second digit will operate 
the second selector to the level corresponding to the dialed digit, thus 
selecting the desired group of local third selectors. Likewise, the third 
digit will step the third selector to a level leading to the desired group 
of connectors. The last two digits operate the chosen connector switch 
to extend the connection to the called line. 

Calls to other offices proceed in a similar manner. The first digit 
dialed selects the chosen office, and the outgoing trunk switch selects 
an idle impulse repeater and associated trunk to that office. The suc
ceeding digits operate switches in the distant office to give the desired 
connection. 

If it is desired to make a call to the manual "S" office, the first digit 
must be a seven, corresponding to the "S" on the dial. This steps 
the local first selector to the seventh level and selects an idle outgoing 
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trunk switch, which in turn selects an idle trunk and associated impulse 
repeater to the manual office. These trunks from the dial offices 
usually terminate at a "B" operator's position in the manual office. 
The calling party may, in some systems, dial only the first digit and 
then speak the desired number to the operator. In other systems the 
complete number is dialed and the last four digits stored in call 
indicator equipment and then displayed visually in front of an idle 
"B" operator, who reads the number and plugs the calling line in on 
the proper calling multiple, thus completing the connection to the line 
desired. 

Community Dial Exchanges. Manual switchboards in rural com
munities are being replaced by dial systems. These small offices, called 
community dial offices, may be left unattended, yet are ready to 
operate at all times. If the services of an operator are required by 
a subscriber, it is necessary only to dial "O" to obtain the toll operator 
at the operator office. This office is usually the nearest attended 
office and may handle all the operator services for several community 
dial offices. 

A community dial office usually has a large number of party lines. 
These lines require either dialed code ringing or harmonic ringing to 
signal the desired party. Means must be provided for one party to 
call another party on the same line. A subscriber in dialing another 
party on the same line will ordinarily receive busy tone and the called 
line will not be rung. Reverting call equipment is used to over
come this. The calling subscriber dials either the directory number 
of the desired party or a special number. Busy tone is received after 
dialing this number; then, the calling subscriber replaces the hand
set, and the called station will be rung. Also the calling party's bell 
will be rung. When the called party answers the ringing will stop, 
thus indicating to the calling party that the call has been answered. 
The first person lifting the receiver on that line will cause the ringing 
to be cut off. 

All-Relay Dial Systems. The all-relay system is particularly 
adaptable to the type of small unattended exchange previously men
tioned. It is available, however, for larger systems. 

Special multicontact relays that close a large number of contacts at 
one time are used. The one-line diagram of Fig. 29 shows the basic 
principles of an all-relay system. 

When a call is initiated by a subscriber in the thirties group shown, 
the finder F-30 "tens" multicontact relay operates, connecting all 10 
lines of the group through to their "units" relays. If the calling line 
is line 35, the finder "units" relay 5 will be operated, thus connecting 
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line 35 to the control relays. Dialing the desired number, for instance 
37, will cause the connector "tens" relay (also a multicontact relay) 
C-30 and the connector "units" relay 7 to operate thus connecting lines 
35 and 37. A 10-line system is shown in Fig. 29; however, this basic 
system is extended to serve larger numbers of lines. 

Rotary Dial System. 24 · 25 The rotary dial system is used exten
sively abroad and only recently has been installed in the United 
States. The equipment used in the rotary dial system is characterized 
by the following features: first, the brushes of the selecting mech
anisms are moved in a circular arc by a rotating member; second, the 
rotating members of the selecting mechanisms are driven by power 
apparatus; third, the dial pulses are received and stored by controlling 
mechanisms which go-vern the subsequent operations necessary in 
establishing the connections for a telephone call. 

The switching mechanisms used in this system consist of finder 
switches, selector switches, sequence switches, and relays. 

Rotary Finder Switch. The driving mechanism of the rotary finder 
switch consists of two flat gears. The driving gear is mounted on a 
continuously rotating shaft, and the driven gear is mounted on the 
center shaft of the finder switch. The driven gear is flexible and is 
held out of mesh with the dri-ving gear by a downward pressure of the 
helical spring on the armature of the control magnet. The operation 
of the control magnet removes this pressure from the driven gear, 
which springs upward and engages the dri-ving gear. 

Rotary Selector Switch. The selector switch is similar in construc
tion to the finder switch. The selector has two control magnets. One 
controls the meshing of the brush carriage dri-ving gear, and the other 
controls the meshing of the driving gear to what is known as the trip 
spindle. The trip spindle has ten fingers which are arranged so as to 
unlatch one of the ten sets of brushes corresponding to the desired 
le-vel or group of lines. 

There are two types of selectors; first, the group selectors, and 
second, the final selectors. 

Sequence Switch. The sequence switch is actually a power-driven 
relay which permits 18 different switching conditions with one com
plete re-volution of the contacting disks. This switch is used to control 
ringing, busy signal, and closing of the talking circuit. The sequence 
switches are associated with the selectors. 

References 24 and 25 are suggested for further details on the rotary 
dial system. 

Panel Dial System. 4 • 19• 2 6 The panel dial system was developed 
by the Bell System in about 1920 for use in large exchanges. The 
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switching in this system is accomplished on large frames on which are 
mounted several hundred terminals arranged in a number of groups, 
or banks. Connections are made to these terminals by brushes which 
arc moved up and dmvn on vertical rods, or elevators. 

Except for the line finder, each of the major switching frames, or 
panels, has five of these banks. Thirty elevators may be located on 
each side of the frame, each having access to all the lines or trunks 
connected to the banks. At the bottom of the elevators are flat strips, 
called racks, which are controlled by magnetic clutches. When the 
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Fm. 30. Schematic diagram of the panel dial system. 
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elevator is to be driven upward the associated rack is pressed against 
continuously rota ting electric motor-driven cork rolls. 

When a call is initiated, an idle finder in the line-finder frame 
moves upward to connect to the calling line (see Fig. 30). The other 
end of the line finder terminates on a district-selector frame. The 
operation of the line finder is directed by the associated start and trip 
circuit, link circuit, and the line circuit of the calling line. At the 
same time an idle sender also is connected through the link circuit. 
The sender transmits dial tone to the calling party to indicate that the 
equipment is ready for the dialing. The sender proceeds to direct 
the completion of the call as soon as dial impulses are received. An 
elevator on the district-selector frame selects an idle trunk line to the 
proper office. In central offices of large cities, another group of frames, 
called office-selector frames, are necessary at this point to multiply 
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the possible number of outgoing trunks. Each incoming trunk from 
other central offices is terminated on an elevator of the incoming
selector frame. The banks of the incoming-selector frame are con
nected to elevators of final-selector frames. The incoming-selector 
elevator, therefore, must select a trunk to an elevator on the particular 
final frame to which the called line is terminated. 

Crossbar Dial System. 2 7, 2 8, 29 The crossbar dial system was 
developed by the Bell System in about 1937 and is similar to the panel 
system in certain respects. However, it provides greater fl exibility, 
and it uses a switching mechanism that is different and superior. It 
is probable that the crossbar system will eventually replace the panel 
system. 

Two outstanding features of the crossbar system are the crossbar 
switch, which is used for all maj or switching operations, and the 
marker system of control, which is used in establishing connections. 
The advantages of the crossbar switch are the high speed relay-like 
operating characteristics and the use of a few common control circuits 
having the selecting and trunk-hunting features. These control cir
cuits are used for only a few seconds in setting up a connection and 
then are released for use on another call. The advantage of the 
marker system of control is its ability to make two or more attempts 
to establish a path over alternate switches and trunks when the nor
mally used paths are busy. Before it releases from a connection, it 
checks the circuit to ensure that the proper connection has been made. 
It operates an alarm when trouble conditions are encountered . The 
opera ting time of a marker is considerably less than one second, there
fore, only a few markers of each type are required. 

The Crossbar Switch. 2 9 The crossbar switch is the basic unit. 
This switch consists of three major parts: first, 20 separate vertical
circuit paths; second, 10 separate horizontal-circuit paths; and third, 
a mechanical means of connecting any one of the 10 horizontal-circuit 
paths to any one of the 20 vertical-circuit paths by the operation of 
electromagnets. The 20 vertical units consist of a multiple relay-like 
structure having 10 sets of contacts in each vertical row and a holding 
electromagnet. There are five horizontal bars, each provided with 20 
selecting fingers (Fig. 31) made of wire. There are two electromagnets 
associated with each horizontal bar so that it can be operated in either 
of two directions. 

The selecting fingers are mounted at right angles to the bar, with 
one finger at each vertical row of contacts. ·when the selecting bar 
is rotated through a small arc by one of its electromagnets, the selecting 
fingers move up or down into a position such that, if one of the holding 
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bars (Fig. 31) is operated by its electromagnet, the selecting finger at 
the crosspoint of the two bars will operate the set of contacts at that 
point. The selecting bar can then be released, and the selecting 
fingers not being used will return to normal, but the one finger used 
to operate the contacts will remain latched under control of the holding 
bar. 

SELECTING 
BAR 

Fm. 31. Simplified schematic of the selection elements of the crossbar switch. 
(Reference 29.) 

A single crossbar switch (Fig. 32) having 200 points with 20 vertical 
units, each connected to a subscriber line, and 10 trunks wired to the 
horizontal units, provides an arrangement for any one of the 20 lines 
to be connected to any of the 10 trunks. The addition of other 
switches, which have their vertical units wired to other groups of 20 
lines and connect the horizontal units in multiple (parallel) to the 
horizontal units of the first switch, will provide additional lines having 
access to the same 10 trunks. Still greater trunking access may be 
obtained by using two groups of switches, referred to as "primary" 
and "secondary" in a link frame. 

A link frame (Fig. 32) is made up of 20 crossbar switches arranged 
in two vertical files of 10 primary and 10 secondary switches. Each 
primary switch has 20 lines connected to the vertical units, and 20 
trunks are connected to the vertical units of each secondary switeh. 
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The horizontal multiple of each primary switch is connected (Fig. 32) 
to the horizontal multiple of the secondary s,,vitches so that each pri
mary switch has one horizontal path connected to each of the 10 sec
ondary switches. This gives any of the 200 lines access to any of 
the 200 trunks on the secondary switches. 

Operation of the Crossbar System. In the crossbar system the 
selection of the talking path is under the control of three common
controller circuits. The switching frames are as follows: line-link 
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FIG. 32. A portion of the trunking a rrangement of a line-link frame. Ten crossbar 
switches are in each vertical row, as indicated by the wording "to similar units." 

frame, district-link frame, office-link frame, and incoming-link 
frame. The district, office, and incoming frames of the crossbar 
office are used for the same switching functions as the district, office, 
and incoming selector frames of the panel office, but the line-link 
frame may be considered as two frames since it does the work of two 
frames. On outgoing calls it acts like a line finder connecting the 
calling line to the district-link frame; on incoming calls it connects 
the trunks from the incoming frames to the called line. 

Each crossbar frame consists of primary and secondary switches. 
The connections between these two sets of switches in the same frame 
are called " links," and the connections between frames are called 
"junctors." 
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The progress of a call through a crossbar system can be divided 
into the four following stages. 

First Sta(}e. When the calling party lifts the handset or the receiver, the line 
relay operates and seizes a line-group controller circuit that is common to the 
line-link frame associated with the calling line (Fig. 33). This control circui t 
finds the calling line and simultaneously selects a path to an idle district junctor. 
Before an idle line link to the district junctor is chosen, the control circuit 
determines which of the district junctors are available to the line links and also 
determines which of t hese has access to an idle sender. The primary selection 
is then made, connecting the line link through to the district junctor. This 
junctor is connected to a particular sender-link frame, and the associated sender
link control circui t then selects an idle subscriber. After this connection is com
pleted between the calling line and the originating or subscriber sender, the two 
control circuits a re released and made available for other calls. The originating 
subscriber sender furnishes dial tone to the calling party, indicating that dialing 
may be started. 
Second Sta9e. The originating, or subscriber, sender connects to the originating 
marker through its connector circuit , and, as the number is dialed, the sender 
transfers the called-office code and the district-link frame identification to the 
marker circuit. Through the identification of the district junctor that has been 
chosen, the marker knows the incoming end-point for this stage of the connection . 
Also, by selecting an idle trunk leading to the called office, the marker can 
establish the outgoing end-point for this stage of the connection. Now the 
marker selects an idle path between these two points to complete this stage of 
the connection. This path will consist of three sections: the district link, office 
junctor, and office link. Some of these possible paths may already be in use on 
calls of other combinat ions; therefore the marker tests each link of a path before 
choosing the route. When the marker has completed the connection between 
the district junctor and the outgoing trunk, it checks the connection to ensure 
that it has been properly made and then releases itself from the connection. The 
connection is then held under the control of the district. junctor. The marker 
completes its functions in approximately 0.5 second and then is released for use 
on other calls. 

When the district junctor has been connected to the outgoing trunk, the orig
inating sender closes a bridge across the trunk conductors, thus operating the 
line relay of the incoming trunk circuit in the terminating office. 
Third Sta9e. The sender-link control circuit (Fig. 34) associated with the 
sender-link frame on which the incoming trunk appears establishes a connection 
between the incoming trunk and the terminating sender. This sender-link 
control circuit is then released for other calls. At this time the calling subscriber 
is still connected to the originating sender, and the dialing may not yet be com
pleted. When the dialing is completed the originating sender transfers the dialed 
number to the terminating sender and then releases itself from the connection. 
The calling line is now connected through the district junctor to the incoming 
trunk. 
Fourth Stage. The terminating sender now has the dialed number, connects to 
the terminating marker through the terminat ing-marker control-circuit, and 
transfers the called line number and the incoming-link iden tification to the 
marker. The marker then sets up a preliminary connection to the called line 
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through the associated "number-group connector" and a frame on which the 
called line appears in numerical sequenee. The marker tests for a busy condition. 

If the called line is idle, the terminating marker will connect through the line
choice connector to the line-group control circuit. The marker must then select 
an idle path through the incoming-link frame and the line-link frame in a manner 
similar to that used in the district-link and office-link frames. This path will 
consist of three parts: an incoming link, line junctor, and line link. After the 
connection is made to the called line, the marker causes the incoming trunk circuit 
to start the ringing of the called line and return ring-back tone to the calling line. 
The terminating marker, sender, and sender-link frame are then released, and the 
transmission circuit between the calling and called line will be completed when 
the called party answers. 

When the terminating marker finds the called line busy, it will cause the 
incoming trunk circuit to return busy tone to the calling line. 

Crossbar Senders. The functions of the crossbar originating 
senders thus far explained have been based on the assumption that 
the call was to a crossbar dial office. These sender circuits are, how
ever, arranged for all possible conditions, such as for calls to a panel 
or manual office. In such instances the sender guides the panel se
lectors in completing a call to a panel office or operates a call indicator 
(page 380) in a manual office. 
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REVIEW QUESTIONS 

I. Distinguish between the terms central office and telephone exchange. 
2. Distinguish between the terms telephone set and telephone station. 
3. From the standpoint of the location of the battery, how may telephone 

systems be classified? 
4. From the standpoint of the method of switching, how may telephone systems 

be classified? 
5. Why is a capacitor sometimes used as indicated in Fig. 3? 
6. What is the difference between a sidetone-reduction circuit and an anti

sidetone circuit? 
7. What two principles are used in antisidetone circuits? 
8. Discuss the methods used for making line connections in common-battery 

systems. 
9. Describe a typical subscriber line. About what would be the resistance of a 

typical subscriber line, or loop? 
10. In a common battery system, when a "B" operator starts to plug in on a 

called line, how does she know if the line is busy? 
11. What is meant by a cord circuit, and what equipment does it contain? 
12. Explain the principle of tandem trunking. 
13. What types of dial systems are used in the United States? 
14. Discuss the functions of the shunt springs in t he dial. 
15. About what is the normal speed of a telephone dial? Why not speed it up, 

so that dialing can be faster? 
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16. What is an important difference in the operation of a selector switch and a 
connector switch? 

17. In the step-by-step system, what devices are used to interconnect the central
office equipment and the calling subscriber line? 

18. What is the bank assembly in a step-by-step system? A wiper? 
19. What major functions are performed by a selector switch? By a connector 

switch? 
20. Name several uses for step-by-step connectors outside of telephone systems. 
21. What is accomplished by reverting call equipment? 
22. What is a typical field of application of an all-relay system? What major 

pieces of equipment are used? 
23. What is a fundamental difference between the step-by-step system and the 

panel and rotary systems? 
24. What is a fundamental difference between the step-by-step system and the 

crossbar system? 
25. What types of dial systems involve the extensive use of sliding contacts to 

switch the circuits? What type of contact is used in the crossbar system? 
26. Describe the operation of a crossbar switch. 
27. What switching frames are used in a crossbar system? 
28. What types of switches are on each crossbar frame? 
29. What is the difference between a link and a junctor? 
30. Enumerate the stages involved in the progress of a call through a crossbar 

system. 

PROBLEMS 

I. Two simple telephone sets each composed of a 50-ohm transmitter and a 
75-ohm receiver are to be connected by a 500-foot 22-gauge cable circuit and 
fed by a 12-volt battery in series midway betweC'n the two sets. For maximum 
direct current through the transmitter, should the transmitter and receiver 
at each end be in series or parallel? 

2. For what distance is the efficiency of the two connections the same as judged 
by the transmitter current? 

3. The internal impedance as measured between the output terminals of a 
typical local-battery telephone set at a frequency of 1000 cycles is 433 ohms 
effective resistance and 0.043 henry inductance. This set delivers an alternat
ing voltage of 0.70 volt to a 600-ohm load when the transmitter is excited by a 
1000-cycle tone. Calculate the open-circuit voltage of the set. 

4. Referring to Fig. 16, the direct-current resistance of the various units is as 
follows: each repeating coil winding, 22.5 ohms; supervisory relay (S.R.), 
9.4 ohms; line relay (L.R.), 1000 ohms for each winding; transmitter, 50 
ohms; receiver, 80 ohms; induction coil primary, 9 ohms, and secondary, 14 
ohms; ringer, 1400 ohms. The set is connected to the central office by one 
mile of 22-gauge cable, and the battery voltage is 24 volts. Calculate the 
current which will flow from the central office, and the current through the 
transmitter, when the receiver is removed from the hook. 

5. Make the same calculations for the circuit when the operator plugs in on 
the line and the receiver is off the hook. 

6. The inductors or telephone "retard coils" of Fig. 19 have a direct-current 
resistance of 20 ohms, line A has a resistance of 600 ohms, and line B has a 
resistance of 100 ohms. The battery voltage is 24 volts. Calculate the cur-
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rents that will flow through 100-ohm transmitters in the sets A and B. Now 
assume that the connections are as in Fig . 20(b) and that each winding has a 
resistance of 20 ohms. Calculate the currents that will flow through the same 
transmitters at A and B as before. 

7. Seven central offices exist in an exchange area. Each office must have a 
trunk cable to each other office. How many trunks will be required for the 
arrangement of Fig. 22? If six offices are located on the circumference of 
a circle having a radius of 6 miles and one office is at the center, estimate 
the trunk miles saved if the tandem system of Fig. 23 is used. Assume that 
the number of trunk circuits between each office must be the same. 

8. Draw a diagram similar to Fig. 27 for a system that theoretically will handle 
a maximum of one million lines. Explain how a call is completed to a given 
party. 



CHAPTER 11 

TELEPHONE TOLL SERVICE 

AND SYSTEMS 

Introduction. Toll and long distance service, to be considered in 
this chapter, are not precisely the same although the terms are often 
used interchangeably. Toll service is telephone service between two 
parties located in different exchanges and for which a special toll 
charge is made. If the two exchanges are far apart, long distance 
service is the term applied. Occasionally the term intercity service 
is used. 

Toll service is provided over toll lines, defined 1 as "a t elephone 
line or channel between two central offices in different exchanges." A 
telephone channel is defined 1 as "a path suitable for the transmission 
of voice-controlled electric waves between two stations." The tele
phone channel providing toll telephone service may be supplied over 
lines, cables, or by radio. 

Exchange 1 

ioll 
line 

Exchange 2 

FIG. 1. Illustrating how a toll call originating in exchange 1 is completed to dista nt 
exchange 2 when a direct toll line exists between the two exchanges. 

Toll lines, or more correctly, toll channels, are interconnected, or 
switched, at toll offices.1 At present (1949) most of the switching is 
by toll operators, and manually operated toll switchboards. Toll 
dial-switching equipment is used in some instances, and this method 
is being extended rapidly. 

Typical Toll Connection. Toll systems are de~igned to meet 
special situations and are less standardized than local systems. The 
basic arrangement is shown in Fig. 1. 

The line of the calling party is connected by the local operator ( or 
dial equipment) to the toll office and is there connected to a toll line, 

394 



TOLL OPERATING METHODS 395 

or channel, to the distant exchange. There the line, or channel, ter
minates at the toll office, and connections are made through the proper 
local central office to the called party's line. 

Toll Trunking Methods. A toll operator in one toll office contacts 
an operator in another toll office and passes a call over a toll line, 
or channel, called a toll trunk. The manner in which the trunks 
are arranged and used is known as the toll trunking method, or 
trunking method. 2 Several methods have been used, as follows: 

Call-Circuit Trunking Met hod. 2 When a toll call is to be passed, 
the toll operator at the originating office presses a key that connects 
her telephone set to a call circuit leading to a toll operator in the 
desired distant toll office. The distant toll operator assigns a vacant 
toll channel, or trunk, to the originating operator, and the toll call is 
completed over this assigned trunk. This procedure has been largely 
replaced by the method that follows. 

Straightforward Trunking Method. 2 The toll operator at the 
originating office connects her telephone set to a vacant toll trunk to 
the desired office. At this office the operator passing the call is con
nected automatically to an operator who will complete the call. The 
required information is passed, and the toll connection established, over 
this same circuit. Note that in the call-circuit method the trunk selec
tion is made by the operator at the terminating office, whereas in the 
straightforward method the trunk is selected by the originating 
operator. 

Ringdown Trunking Method. 2 This is used where it is not eco
nomical to install the equipment for the straightforward method. In 
this system the originating operator plugs in on a trunk to the desired 
city and presses a key which operates a signal at the distant toll 
switchboard. An operator connects her telephone set to the trunk and 
answers. The call is then passed to the distant operator and completed 
by her over the same trunk. 

Dial Trunking Method. 2 In some installations, the operator in 
the originating office connects to a trunk to the called locality and dials 
the called number directly. 

Toll Operating Methods. By toll operating methods is meant the 
process by which a toll call is received, recorded, completed, and 
timed; this process is designated 2 as "handling the call." The actual 
methods of handling toll calls depend, among other factors, on the toll 
trunking system used. In the past, a single-ticket method, a two
number method, a two-ticket method, the A-board toll method, and the 
combined line and recording method have been used. 2 At present, 
only the last two are in use, and the discussion will be limited to them. 



396 TELEPHONE TOLL SERVICE AND SYSTEMS 

A-Board Toll (AB) Method. 2 This is the simplest and most direct 
method of handling toll calls. The calling party signals his local 
A-board operator by lifting the handset or receiver, or by dialing "0" 
in dial systems. This operator takes the call, records it, and trunks it, 
usually by the straightforward or the dial method, to the desired 
point. These additional duties decrease the number of local calls an 
operator can handle but give the customer substantially the same 
service as for local connections. 

Combined Line and Recording (C.L.R.) Method. 2 This is an out
growth of the single-ticket method 2 formerly used. The calling party 
asks the A-board operator for , or dials, "Long Distance." The out
ward toll operator takes the call, plugs in on a trunk to the desired 
city, and rings on the line if ringdown trunking is being used. While 
waiting for the called operator to answer, the calling operator records 
the call. When an inward toll operator in the desired city answers, 
the call is passed and completed over the trunk being used. 

These paragraphs have described the simplest calls only; person
to-person calls, for example, often introduce delays and variations of 
the methods considered. Also, direct circuits are not provided for all 
possible originating toll calls. But, in most instances, the calling party 
remains at the telephone until the call is completed. 

Toll Switching Plans. The extent of the telephone system in the 
United States is indicated approximately by Fig. 2. It is evident that 
plans for switching toll lines must be made carefully. About 1930 a 
toll switching plan3 was devised as follows: 

·within a given area, such as a state, so-called primary outlets were 
chosen at important centers, and each of these outlets was directly con
nected with toll lines. Each outlying toll center in an area was directly 
connected to at least one of these primary outlets. Thus, any two toll 
centers in a chosen area, even though remotely located, could be con
nected by a maximum of only two intermediate switching operations, 
and in many cases with only one. 

In the United States and eastern Canada approximately 150 pri
mary outlets were required to serve the 2500 toll centers, and of these 
150 outlets, eight were chosen as regional centers. Each primary 
outlet was directly connected with at leas t one of these regional centers, 
and each regional center was directly connected with each of the other 
regional centers. Thus, each primary outlet could be connected to any 
other primary outlet in the country by a maximum of only two switch
ing operations, and within an area served by a regional center, by only 
one switching operation. 

The original toll switching plan has been modified .2 With the ad-
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vent of toll dialing and a reduction of manual toll operating, further 
revision of the basic system of handling toll calls will occur. 

Toll Switching Equipment. Special electromechanical dial and 
key-operated equipment have been developed for completing toll calls 
to subscribers connected to dial offices, and for interconnecting toll 
offices. The many details involved in this special equipment preclude 
its consideration. Suffice it to say that step-by-step and crossbar 
apparatus is used for these purposes. 4, 5 

Nationwide Dialing.,:, During the past 25 years there has been a 
conversion from manual to dial local offices and now there is a growing 
trend toward conversion from manual to dial switching for toll calls. 
The arrangements now being made provide that the toll operator at 
the calling end dial the called subscriber; however, these plans are 
being made so that direct dialing by the calling subscriber may be 
added at a later date. This will necessitate the use of automatic 
toll ticketing, 7 • 8 , 9 • 10 that is, a means of recording the calling and 
called line and timing of the call for billing purposes. 

One of the first problems of nationwide dialing is the selection of a 
numbering scheme whereby the operator can reach any particular sub
scriber without conflict because local numbering of subscribers in 
different towns is the same. 11 Before investigating a possible number
ing scheme, it is necessary to examine the numbering on the dial itself. 
The following numbers and letters are found in the ten holes on the 
standard telephone dial. 

Letters

Numerals- 1 

ABC DEF GHI JKL MNO PRS TUV WXY Z 

2 3 4 5 6 7 8 9 0 

From this it will be noticed that the letters used in office names ap
pear in only eight of the holes on the dial. The first position is a voided 
because of the possibility of a single digit being transmitted by a 
"fumble" of the switch hook, thus giving a wrong number. The "O" 
position is reserved for dialing the operator with a single pull of the 
dial. For toll dialing purposes, it is proposed to set up numbering 
areas on a basis similar to that used for choosing office codes in local 
systems, but in such a way that it will not interfere with the method of 
dialing local calls. 

In New York, for example, it was necessary to assign numerals in
stead of letters to the third digit ,11 therefore using only the first two 
letters of the office code such as ADams-2, or BEacon-3, or even 

* Material for this section was prepared by Mr. Dwight L. Jones. (See 
preface. ) 
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ADams-2 and ADams-3. Under this method of assigning office codes, 
it is possible theoretically to have 8 X 8 X 10 = 640 local offices in a 
single numbering code area, and, with each office having 10,000 lines, 
the capacity of each numbering code area would be 6,400,000 sub
scribers. This is only theoretical, however, and actually the number 
per area will be considerably fewer than this figure because many offices 
have far less than 10,000 lines and because there are only approxi
mately 500 office codes that are useful. It has been estimated that 
between 50 and 75 numbering code areas will be sufficient to serve the 
United States and Canada and that this would handle many times 
the present total of about 40,000,000 telephones in these two countries. 

For dialing purposes, the United States may be divided by states 
in some regions and by groups of two or three states in others, and 
the more thickly populated states may be divided into two or three 
numbering code areas. 1 1 

Each area will be handled on a seven-digit basis, and two digits will 
be required for the toll code, giving a total of nine digits which will be 
sufficient to give every telephone subscriber a toll number without 
interfering with the local numbering. For calls within the same 
numbering code area, seven digits will suffice, but on calls to other 
areas it is desired for routing purposes to have something to distinguish 
this call from a local call. As already pointed out, neither the "l" 
nor the "O" appear in the first two digits of a local office code, therefore 
if a "l" is inserted as the second digit, the code for a call to area "65" 
would be "615." This makes ten the maximum number of digits 
required for nationwide dialing. 

In reference 11, which considers the preceding matters in detail, 
nationwide dialing with step-by-step equipment and with crossbar 
equipment are compared. It is shown that with the use of crossbar 
toll-switching equipment nationwide dialing, using the ten-digit code, 
is a definite possibility. It will, no doubt, be some years before this 
plan is in effect, although at present (1949) the groundwork has been 
well laid. 

Telephone Repeaters. 12 The attenuation loss of the largest size 
telephone open-wire line is 0.03 decibel per mile (page 222), and of 
the largest and heaviest loaded telephone cable about 0.27 decibel per 
mile (page 253). The loss that can be tolerated in a given section of 
line depends on many factors, such as the grade of service and the 
amount of crosstalk and noise present (Chapter 14). For open-wire 
lines the line transmission loss should not exceed about 10 decibels, 
and for a cable (which is less susceptible to noise) about 20 decibels. 
This means that for voice-frequency telephony, 1 effective trans-



400 TELEPHONE TOLL SERVICE AND SYSTEMS 

mission over open-wire copper lines of the largest size wire requires 
amplifiers at most about 300 miles apart. For voice-frequency trans
mission over the largest and heaviest loaded cables amplifiers must be 
at most about 60 miles apart. 

The amplifiers 1 used in telephone lines and cables are often small 
class A power amplifiers (page 291) for the voice-frequency circuits. 1 

The entire amplifying device is called a telephone repeater, defined 1 

as "a combination of one or more amplifiers together with their as
sociated equipment for use in a telephone circuit." 

If the signal magnitude is permitted to fall until it is comparable to 
the noise and crosstalk ( that is, if the signal-to-noise ratio becomes 

Input 

Fm. 3. Principle of the Shreeve mechanical 
repeater. The permanent magnet exerts a 
constant pull, preventing double-frequency 

effects (page 119). 

low) , then the signal is 
masked out and cannot be 
recovered. Also, if the sig
nal is amplified at any point 
until it is strong compared 
with the signal strength in 
adjacent circuits, the strong 
signal may cause excessive 
crosstalk to these adjacent 
circuits. 

Early Telephone Re
peaters. The search for a satisfactory telephone repeater began early 
in the history of telephony and followed many lines. 1 2 , 13 With the 
exception of the device now to be considered these investigations were 
without success. 

As explained on page 94, the carbon-granule transmitter is an am
plifier. It follows therefore that a receiver element mechanically con
nected to a transmitter provides an amplifying element as illustrated in 
Fig. 4. 

The mechanical repeater element perfected by Shreeve was the 
most satisfactory device of the receiver-transmitter type, and in 1904 
it was successfully used commercially between New York and Chi
cago. 12 As can be seen from Fig. 3, the element consists of receiving 
windings which actuate the movable magnetic core. This is connected 
to a plunger varying the resistance of the carbon-granule path, thus 
controlling the output from a connected battery. 

The amplifying element of one model consisted of two main parts, 
the cartridge and the socket. The cartridge contained all the working 
parts likely to become defective in service and could readily be re
moved from the circuit and a new one substituted. The Shreeve 
repeater was, relatively speaking, widely used until the advent of the 
vacuum-tube repeater about 1913. 
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Vacuum-Tube Telephone Repeaters. 12 As indicated in Fig. 4, 
a vacuum-tube telephone repeater consists of two parts: the vacuum
tube amplifier (page 285) and the 
associated circuit and equipment. Brid~e_T.:~~f_9~mer 

The repeaters used for voice-fre- ' ' Line 
quency circuits employ either tri- -°'L_in_e_w_e_st.,:--.-!J~-All--+--t---o ~ 
odes or pentodes in class A (page 
291). In the carrier-frequency 
circuits the repeaters arc often 
pentodes in class A feedback am
plifier circuits (page 300). Only 
voice-frequency repeaters will be 

L 

+ Amplifying 
Element 

Fm. 4. A simple two-way repeater using 
discussed in the pages immedi- a hybrid coil. 
ately following. 

The Hybrid Coil. 1 This hybrid coil is a special transformer having 
three sets of windings, although only two sets will be considered in 
the following discussion. The hybrid coil, also called a bridge trans
former, operates on the principle of the impedance bridge. In Fig. 
5 (a), if corresponding elements are identical the bridge will be bal
anced, the receiver terminals will be at the same potential, and no sound 
will be produced by the receiver. If now the circuit is rearranged as in 

(a) (b) (c) 

Fm. 5. Circuits for developing the principle of operation of the hybrid coil from 
the theory of the impedance bridge. 

Fig. 5 (b), no difference of potential will exist across the receiver ter
minals, and the bridge will still be balanced. Introducing the energy 
into the bridge circuit as in Fig. 5 ( c) does not alter the condition of 
balance. 

The last bridge circuit has been redrawn in Fig. 6. In this figure, 
Zw and Ze represent the impedances of the lines west and east, respec
tinly, and Zi and Z0 represent the impedances of the input and output 
circuits of the amplifying element of Fig. 4. 

When an impulse comes in over line west of Fig. 6, it is impressed 
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across the input Z; of the clement and the amplified signal is introduced 
on the line by the output coil Z0 of the transformer (see also Fig. 4). 
This amplified impulse must not again introduce energy into the input 
circuit or continuous oscillations will be produced and the repeater will 
sing or hou:l. The action and requirements are similar for an impulse 
from line east. There are then three sources of voltage to consider: 
first, a voltage impressed at Zw as in Fig. 6(a); second, a voltage (not 
shown) impressed at Ze; and third, a voltage impressed at Z0 as in 
Fig. 6(b). 

Zo Zo 

~ ~ 

~'· 
1~3 

~z, 'T' ,.~ ~z, 
(a) (b) 

Frn. 6. The hybrid coil (or bridge transformer, as it is sometimes called) is connected 
as shown, except that in practice a balanced hybrid coil with additional line windings 

would be used (Figs. 4, 7, and 8). 

In Fig. 6 (a) the voltage impressed in series with Zw represents an 
incoming impulse from line west. Assume that Ze is temporarily dis
connected, leaving terminals 3-4 open; then the impressed voltage will 
cause a current flow as indicated by the arrows. If the value of Z0 and 
the turns ratio are such that the impedance measured between termi
nals 1-2 (with the remainder of the circuit disconnected) equals Z;, 
then the opposing voltage drop across the coil 1-2 will equal that across 
Z;. The identical coil 2-3 is linked by the same flux as coil 1-2 and 
will therefore have a voltage induced in it equal to and in the same 
direction as the voltage across coil 1-2. This induced voltage will also 
be equal to the voltage drop Z;. Thus, points 3 and 4 are at the same 
potential, and no current will flow through Ze when line east is again 
connected. For the ideal conditions assumed, one-half of the incoming 
energy from line west is dissipated in Z0 , and the remainder is available 
in the input circuit Z; for actuating the amplifying element. The 
action is similar for a signal voltage at Ze instead of Zw. 

Fig. 6 (b) represents the output of the amplifying element being 
induced into the telephone line. Coils 1-2 and 2-3 are connected in 
series aiding, and one-half of the total voltage will be induced across 
each. Currents will flow at a given instant as indicated by the arrows. 
The voltage drops across the equal impedances Ze and Z,r will be the 
same, and thus no difference of potential will exist across Z; and no 
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current will flow through the amplifier input as indicated by the op
posing current arrows at Z;. Thus, the output circuit will not feed 
back into the input circuit and will not cause sustained oscillations. 

The bridge transformer has other uses in communication and is 
also adapted to numerous measuring circuits. Thus, with a voltage 
impressed at Z0 , differences in impedances connected at Ze and Zw are 
readily detected by a tone heard in the headphones connected at Zi. 
A mathematical treatment of the hybrid coil is given in reference 14. 

The 21-Type Repeater. 12 · 15 The circuit of this repeater, shown 
in Fig. 7, is fundamentally the arrangement of Fig. 6. To explain 
the operation of this circuit , assume 
that a voice-frequency signal comes 
in from line west. If the imped-
ances of the input and the output ~~;t-

Bridge 
Transformer 

Line_ 
East 

circuits are equal, the incoming --1 ,--=~~1#{.;---
energy will divide, half being dissi-
pated in the output circuit and the 
other half being introduced into the 
input circuit where it is amplified. .. 
This amplified power is again intro- Fm. 7. Simplified diagram of a 21-
duced on the line, where it divides, type repeater. 

one half flowing west where the 
speaker hears his voice as an echo, and the other half flowing to the 
listener on the east line. 

The 21-type repeater is very simple in operation, requires but a 
small amount of equipment, is relatively cheap to install and operate, 
but is limited in application. To prevent oscillations, or singing, 1 

the impedance of line west must equal that of line east, for, as the 
preceding section shows, if these relations do not hold the output and 
the input circuits will be coupled. 

Because the 21-type repeater sends amplified energy in both direc
tions, the repeater is not suited for tandem operation ( several repeaters 
installed at different points in the same line) because the energy flowing 
back tmvard the speaker (and toward the listener) would be ream
plified and reintroduced in both directions on the line at each repeater 
point, causing bothersome echoes. 

The 22-Type Repeater, 1 2 , l 5 These limitations are largely over
come in the 22-typc repeater shown in Fig. 8. Two amplifying ele
ments are used, and each line is balanced by a network. Thus, lines of 
different characteristics may be connected to the repeater without 
causing singing. 

Assume that a voice-frequen<'y signal comes in over line west. The 
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energy will divide at the bridge transformer, one half being dissipated 
in the output circuit of element 2 and the other half entering the input 
circuit of element 1. This energy is then amplified and introduced into 
line east, where it divides, one half being lost in the balancing network 
and the other half flowing over the line to the distant listener. Thus, 
in order for a 22-type repeater to sing, an unbalance must exist between 
each line and its balancing network; that is, the west bridge trans
former must be unbalanced to introduce energy into the input of 

Line West- Line East 

Element No. 1 Element No. 2 

FIG. 8. Simplified diagram of a 22-type repeater. 

element 1, and the east transformer must be unbalanced to permit 
energy flow into the input of clement 2 and again couple with the 
west transformer. The purpose of the low-pass filter shown in Fig. 8 
is to eliminate currents above the voice-frequency range, thus making 
it unnecessary for the balance between the line and the network to 
hold accurately at high frequencies. This amplifier has been widely 
used in telephone systems. 

Four-Wire Repeater. 2· 1 6 Often it is desirable to use four-wire 
circuits 1 for telephone toll purposes. With this method, talking is in 
one direction owr one pair of wires, and in the other direction over 
another pair. Such an arrangement is especially suited to toll cables; 
simpler repeaters can be used, and these can be operated at higher gains 
than with two-wire circuits, thereby necessitating fewer repeaters. 
Although twice as many cable wires are used, they may be smaller, and 
this fact, combined with the advantages of fewer and simple repeaters, 
often makes the four-wire circuit economical to use. 

A block diagram of the four-wire arrangement including four-wire 
44-type repeaters is shown in Fig. 9. It will be noted that at each 
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repeater point only one-way repeaters are required and that hybrid 
coils and balancing networks are not necessary. Hybrid coils and 
balancing networks reduce the four-wire circuit to a two-wire circuit 
at each end. Four-wire repeaters are worked at high gains, and thus 
the conductors transmitting in opposite directions must be separated as 
much as possible to prevent crosstalk between the high- and low-energy 
level cable pairs. Special cable arrangements and office wiring are 
used, and the circuits are segregated into the groups and separated. 

FIG. 9. A four-wire circuit, equipped with 44-type telephone repeaters and ar
ranged for connection to two-wire circuits at the terminals. 

The Vl Repeater. 1 7 The basic 22-type repeater and the modifica
tions 22Al and 22A2 were standard from about 1915 to 1940. In these, 
hybrid coils, balancing networks, filters, etc., which in a sense are as 
much line equipment as repeater equipment, were associated with the 
amplifying elements. About 1940 the Vl repeater was perfected. 
This is a voice-frequency repeater in which the line equipment i,s 
physically separated from the amplifying units, giving increased flexi
bility, reduction in space requirements and cost, and other advantages. 

A simplified diagram of the VI-repeater arrangement is shown in 
Fig. 10. The center portion, consisting of the amplifiers, is mounted, 
together with amplifiers of other similar repeaters, in one location. 
The two end portions, consisting of line equipment, are at another loca
tion. Of importance is the fact that two transformers, or repeating 
coils, instead of a hybrid coil, are used to connect to the incoming 
circuits. The operation is summarized 1 7 as follows: 

The + and - signs adjacent to the windings of the repeating coils 
indicate the relative "poling" of the windings; that is, they indicate 
the relative directions of the induced voltages. A speech signal coming 
from line west passes through coils Al and Bl and produces equal 
magnetic fluxes in the cores of each transformer. The flux in the core of 
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transformer A induces voltages in windings A2 and A3, and the flux in 
the core of transformer B induces voltages in windings B2 and B3. 
The voltages induced in A2 and B2 are opposite in sign, and the design 
is such that there is complete cancellation and no current flow in the 
balancing network if the impedances connected to A3 and B3 are equal. 

L--....l 
Balancing network 

Line equipment 

Amplifier 1 , 

L __ ...J 

Balancing network 

Regulating network 
Line equipment 

FIG. 10. Simplified diagram of the VI-repeater arrangement. Note that the trans
formers, networks, and filters are associated with the line and that the VI-repeater 
consists of the amplifiers. The four transformers are shown enclosed with broken 

lines. (Reference 17.) 

The energy coming in over line west divides equally between the input 
to the upper branch, where it is amplified and passed to the line east 
at the right, and the output to the lower branch where it is dissipated. 

An amplified speech signal, such as that coming from the lower am
plifier passes through winding B3 and produces a magnetic field in the 
core of transformer B. This magnetic field induces voltages in the 
Bl and B2 windings, and these voltages cause curren t to flow to line 
west and to the assoc iated balancing network. If the line impedance 
and the network impedance are equal , these currents produce no mag
netic flux in the core of transformer A, because windings Al and A2 are 
opposite in their magnetic action. Thus, no current fl ows through the 
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A3 winding and into the input of the upper amplifier, preventing sing
ing. The signal energy from the lower amplifier divides equally be
hveen line west and the associated balancing network, and none goes 
to the upper amplifier. Later developments in repeaters have retained 
the basic VI-repeater principles. 

It appears possible (1949) that repeaters of the future may be 
affected by the development of the Transistor (page 311). 
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FIG. 11. Power levels of San Francisco-New York open-wire connection at 1000 
cycles, when power of 1000 microwatts is applied at San Francisco. (Although 
this particular voice-frequency circuit is not used at present, this illustration is 
retained because of its simplicity and historical in terest. The loss and gain in Tu 
refers to an old unit of measure, the transmission unit, which has been superseded 

by the decibel.) (Reference 18.) 

Repeater Applications. The function of a telephone repeater is to 
amplify the weakened currents at various points along the line or cable. 
The manner in which this was accomplished for an early transcon
tinental open-wire connection is illustrated by Fig. 11. It may appear 
that all the amplification could be supplied at the sending end instead 
of at various points along the line. That this is impracticable is shown 
by the following statement: l8 

Let us suppose, ho\\"ever, that a 50,000-kilowatt generator delivered it s 
entire 011tp11t to the circuit at San Francisco , and overlook, for the moment, 
what would happen to the line if any such amount of energy were applied. 
The power received at New York would be of the order of one five-hundredth 
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of a microwatt, which would have to flow for about 25,000 years in order to 
equal the energy required to light a 25-watt lamp for one minute.* 

It may seem possible to do all the amplifying at the receiving end. 
This cannot be done because the ratio of the useful speech currents to the 
undesired noise current level must always be kept high. If at any time 
the level of the speech currents fall below the noise currents, then at 
the receiver the noise will be greater than the speech. Repeaters must 
be installed at regular intervals along a line. In Fig. 12 is shown the 
loss at various frequencies over a 30-mile loaded cable section. This 
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Fm. 12. Loss-frequency curves of a 30-mile section of a 16-gauge, H- 44-25 loaded 
cable circui t . (Reference 15.) 

loss, it is seen, varies with frequency . Not only does t he repeater 
ampli fy the speech current and overcome the loss, but it also correct s 
the frequency distortion.1 5 

On long aerial toll cables special provisions must be made to com
pensat e for changes in attenuation caused by temperature variations 
affecting the resistance and to some extent the capacitance of the 
circuits.19 This is sometimes accomplished by a Wheatstone-bridge 
arrangement. Two yacant wires in the cable are connected to form 
one side of a bridge. The change in resistance of these wires operates 
the bridge mechanism, which in turn changes the repeater amplifi cation 
to compensate for the greater or less line attenuation. 

Repeaters are applied to voice-frequency circuits in several forms. 
First, they are installed at various points along an open-wire line or 
cable circuit, in which event they are called 1 intermediate repeaters, 
or sometimes through-line repeaters. Second, they are inst alled at 
the ends of transmission circuits and are hence called 1 terminal re• 
peaters. Third, repeaters may be installed in the cord circuit of a toll 
switchboard and are hence called cord-circuit repeaters. The toll 
operator uses this particular cord circuit for interconnecting toll lines 
having high loss. F ormerly this practice was widely used, but in 

* R eprinted by permission, courtesy H . H . Nance and 0 . B. Jacobs, and the 
American Institute of Elertrical Engineers. 
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modern systems most toll circuits are provided with repeaters (if 
necessary) and are so designed that for all possible connections the loss 
is not excessive. 3 

Echo Suppressors. It is not practicable to remove all impedance 
irregularities from telephone circuits, and those remaining may under 
certain conditions cause wave reflections producing serious "echo" 
effects. 20, 21 To be troublesome, the reflected wave must return 
after a certain perceptible time interval, and hence two factors are 
involved. Troublesome echoes are most likely to occur in long circuits 
where the time required to travel is appreciable and in loaded cables 
where the velocity of propagation is low (page 246). In fact, the 
low velocity obtained with heavy loading limits its use. 

An early echo suppressor, 1 consisted of two high-impedance vac
uum-tube amplifier-detectors bridged across the line. Each amplifier
detector was connected to a relay, and, when an alternating speech 
voltage of sufficient strength was 
impressed across the detector, the 
relay was operated, placing a 
short circuit on the opposite line. 
This short circuit prevented re
flected echo waves from travel
ing back on the other side of 
the four-wire circuit to the 
speaker. 22 

Balancing Networks. As ex
plained on page 404, the imped
ance offered by a line or cable 
connected to a hybrid coil in a 
telephone repeater must be bal
anced by the impedance of a 
network also connected to the 
hybrid coil. For the usual open

~~lttJI I IJ 11 
200 400 600 800 1000 1200 1400 1600 1800 2000 

Frequency 

Frn. 13. Curve 1 is the resistance compo
nent, and curve 2 is the capacitive reac
tance component of the input impedance of 
a typical open-wire line terminated in its 
characteristic impedance. Curve 3 is the 
resistance component, and Curve 4 is the 
capacitive reactance component of the in
put impedance of the balancing network of 
Fig. 14(b). The frequency is in cycles 

per second. 

wire telephone line, the impedance offered to the hybrid coil will be 
approximately the characteristic impedance of the line. For a loaded 
cable, the impedance offered to the hybrid coil will depend on the 
type of cable, type of loading, and the terminating sections used 
(page 248). 

Impedance variations for an open-wire telephone line composed of 
165-mil hard-drawn copper wires spaced one foot apart are shown in 
Fig. 13. Curve 1 is the resistive component of the input impedance, 
and curve 2 is the capacitive reactance component of the input im
pedance, with the distant end properly terminated. 12 Theoretically, 
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these curves should be perfectly smooth, but small irregularities cause 
minor reflections and introduce the small impedance variations. 

It is evident that the resistance component is by far the larger of 
the two, and hence the line could be approximately balanced with a 

(a) 

(b) 

600-ohm resistor. Accurate balancing, 
such as in repeater circuits, demands a 
closer simulation, and this can be accom
plished by adding a capacitor in series 
with the resistor as is done in Fig. 14 (a). 
The network can be made to balance the 
line more exactly by adding another 
capacitor and another resistor as in Fig. 
14 ( b). The curves for this final balanc
ing network are numbers 3 and 4 of Fig. 
13, and as is evident they closely balance 
the line impedance over a wide range of 

Fm. 14. Simple balancing net- frequencies. 
works sometimes used with 

The balancing networks just described open-wire lines. 
simulate the impedance of an open-wire 

line. Balancing networks 23 , 24 are also needed for use in repeaters 
connected to loaded cables. 
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Fm. 15. Attenuation-frequency characteristics of line equalizer and 50 miles of 
16-gauge, B-22 cable circuit. (Reference 25.) 

Attenuation Equalizers. 23 · 24 Communication circuits usually 
offer greater attenuation at certain frequencies than at others. This 
is well illustrated by Fig. 15, which shows the losses offered by a 
cable circuit. 25 Since this circuit was for radio program networks, 
the distortion would be excessive. 
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To compensate for this distortion, an attenuation equalizer 1 was 
inserted in the line. This equalizer had characteristics which are com
plementary to those of the line, and thus, when the loss in the line and 
that in the attenuation equalizer are combined, the overall loss is almost 
the same at all frequencies, as is illustrated by Fig. 15. The total 
attenuation is greater than that due to the line alone, but this can 
easily be compensated for by repeaters. 

Delay Equalizers. 26 In high-quality circuits, such as radio pro
gram networks, it is desirable that all frequencies travel along a cir-
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Fm. 16. Delay-frequency characteristics of 50 miles of 16-gauge, B-22 cable with 
and without delay equalizer. (Reference 25.) 

cuit at the same velocity or the program will be distorted. Fig. 16 
illustrates this effect in a loaded radio program cable. It will be 
observed that for the cable alone the lower frequencies travel faster 
than the high-frequency components. When a delay equalizer 1 is 
inserted in the line, however, the overall velocity of transmission is the 
same, and distortion from this cause is prevented. 

Carrier Telephony. 27 Early in the history of telephony efforts 
were made to develop methods for transmitting more than one tele
phone conversation over a pair of wires. This led to the use of 
carrier transmission, defined 1 as "that form of electric transmission 
in which the transmitted electric wave is a wave resulting from the 
modulation of a single-frequency wave by a modulating wave." Car
rier transmission is employed in systems of carrier telephony, defined 1 

as "that form of telephony in which carrier transmission is used, the 
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modulating wave being a voice-frequency wave." Ordinarily, the term 
is applied only to wire telephony. Carrier telephone systems were 
used first in about 1918. 

The principle of operation of the usual multichannel carrier tele
phone system is as follows: For each channel the incoming voice-fre
quency signals are used to amplitude-modulate a carrier wave of higher 
frequency. As will be explained (page 413), the modulation results 
in the creation of two sidebands, each of which is at a higher frequency 
than the voice-frequency signals, and each of which contains all the 
signal variations necessary for the transmission of speech. 

In most carrier telephone systems one sideband only for each channel 
is transmitted simultaneously with sidebands from other channels over 

Cd) r O O II II II O II fl II II II fl II O II O O O II V V V \TvlJ \TO VlJYv vlJ ITV V V V 

FIG. 17. An amplitude-modulated carrier 
wave a is composed of a carrier-frequency 
component b, a lower sideband c, and an upper 
sideband d, The modulating wave used was 
a single frequency of constant amplitude. 

(These curves are only approximate.) 

the same pair of wires or 
cable circuit. Carrier re
peaters are used to offset 
circuit attenuation. 

At the receiving end the 
signals are separated by fil
ters, and each signal is de
modulated by a process fun
damentally the same as that 
of modulation. As a result, 
the desired voice-frequency 
component is created from 
the otherwise unintelligible 
carrier signal. The voice
frequency component is 
transmitted over the sub
scriber line to the listener. 

Analysis of an Ampli
tude-Modulated Wave. 2 8 

By definition 1, modulation 
is the "process whereby the 
amplitude (or other charac
teristic) of a wave is varied 

as a function of the instantaneous value of another wave. The first 
wave, which is usually a single-frequency wave, is called the carrier 
wave; the second wave is called the modulating wave." In ampli
tude modulation the amplitude of the impressed carrier wave is caused 
to vary in accordance with the voice-frequency modulating wave to 
be transmitted. 

A portion of an amplitude-modulated output wave (of the type 
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transmitted in radio-broadcast systems, page 489) is shown in Fig. 
17(a). The modulating signal is a sinusoidal wave, such as a 1000-
cycle tone. 

The instantaneous magnitude of a sinusoidal current wave is 

i = Im sin wt. (1) 

In amplitude modulation, the value of Im of a carrier-frequency wave 
we = 21rf c is caused to vary in amplitude by a voice-frequency signal 
wave of frequency f v in accordance with the relation 

Im = le+ mle sin Wvl, (2) 

where 10 is the maximum value of the unmodulated carrier wave, m 
is the percentage modulation, and wv = 21rf v• 

Substituting equation 2 in equation 1 and writing we for w gives, as 
the instantaneous value of an amplitude-modulated wave such as 
Fig. 17(a), 

i = le sin Wet + mlc sin Wvi sin Wet. (3) 

From trigonometry, sin Wvt sin Wet = ½ cos (we - Wv) t - ½ cos (we+ Wv)t, 
and if these substitutions are made equation 3 becomes 

. mle mle 
i = le sin wet + 2 cos(wc - wv)t - 2 cos(wc + wv)t. (4) 

This is the equation for an amplitude-modulated wave such as shown 
in Fig. 17(a), and the equation shows that this wave contains three 
components as follows: first, a carrier-frequency component, I c sin wet, 
which is not affected by the modulation process and is shown by Fig. 

17(b); second, the lower sideband,1 ~le cos(wc - wv)t, of maximum 

amplitude mle/2 and frequency (we - Wv) or Uc - fv), and as shown 
21T 21T 

ml 
by Fig. 17(c); third, the upper sideband,1 ~ cos(wc + wv), of maxi-

mum amplitude m/0 /2 and frequency (;; + ;;) or (fc + fv), and as 

shown by Fig. 17(d). It is important to note that, in amplitude modula
tion, sum frequencies (f0 + fv) and difference frequencies (fe - fv) are 
created. 

The preceding analysis and Fig. 17 are for amplitude modulation by 
a single-frequency wave. In this instance the sidebands (more cor
rectly, side frequencies) also will be single-frequency waves. For 
example, if the carrier frequency is 10,000 cycles, and the modulating 
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frequency is 1000 cycles, the lower side frequency will be a single fre
quency of 9000 cycles, and the upper side frequency will be a single 
frequency of 11,000 cycles. 

If the carrier frequency is 10,000 cycles and the modulating fre
quency is a telephone conversation that is contained within a band of 
from 200 to 3500 cycles, then the lower sideband will be a complex 
wave lying within the band 9800 to 6500 cycles, and the upper side
band will lie within the band 10,200 to 13,500 cycles. It is important 
to note that in amplitude modulation two s idebands are created and 
that each of these varies in accordance with the modulating signal and 
contains all the information of the telephone conversation to be trans
mitted. The component of carrier frequency is unchanged by the 
amplitude-modulation process and contains no information. The idea 
that the component of carrier frequency, or "carrier," as it is usually 
called, in some way "carries" the information to the distant station is 
incorrect. In fact, most carrier telephone systems and many radio 
systems suppress the carrier and one sideband and transmit only one 
sideband to the distant station. 

Types of Carrier Telephone Systems. Some of the systems that 
have been devised are listed in Fig. 18. This chart does not include all 
models of certain systems. The type A and type B systems are no 
longer used but are of fundamental interest. 

The various carrier systems have features in common, yet each has 
distinguishing characteristics. They provide excellent telephone chan
nels, and their importance in comparison with other facilities is indi
cated by Fig. 19. The types C, .J, and K systems listed in Fig. 18 and 
the type L system are of most importance and will be considered in 
greatest detail. 

Type A Carrier Telephone System. 2 7 The original carrier used 
by the Bell System was designated type A. The carrier component 
and one sideband were suppressed, and one sideband from each channel 
was transmitted. In this system four talking channels, operating at 
different frequencies, were provided over one open-wire pair. The 
same frequencies were used for talking in each direction as indicated 
by the double-headed arrows of Fig. 18. Because of this it was neces
sary to use a carrier-frequency hybrid coil to separate the "talking" 
and "receiving" sidebands. This hybrid coil and the required balanc
ing networks , which operated at carrier frequencies, were objectionable 
features. The type A system transmitted a master 5000-cycle fre
quency throughout the system. This was distorted at the various car
rier terminals, and the harmonics were selected by filt ers and amplified 
to supply the carrier frequencies necessary for modulation (page 418) 
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FIG. 18. Approximate frequency allocations of certain carrier telephone systems 
used in the United States. The improved type C5 carrier uses the CS and CN 
allocations. The type E is a power-line carrier system. Two systems not shown 
are the type L (page 432), used on coaxial cables, and the type M (page 434), used for 
giving service over rural power lines and for other purposes (page 434). Of the 

systems shown, only the types B and G transmit the carrier component. 

and demodulation (page 
421). Several type A sys
tems were installed about 
1918, one of which re
mained in service until 
about 1940. 29 

Type B Carrier Tele
phone System. 27 The 
second carrier, developed 
and installed about 1920, 
was designed type B ; one 
set remained in operation 
until about 1940. 29 The 
carrier component and one 
sideband were transmitted. 
Because of this and the 
fact that stable oscillators 
had been developed, it was 
no longer necessary to 
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transmit a master 5000-cycle control frequency throughout the sys
tem.27 Also, as Fig. 18 indicates, different frequencies were used for 
"talking" and "receiving," or for "east-west" and "west-east" trans
m1ss10n. Thus, the "talking" and "receiving" sidebands could be 
separated by filters, and carrier-frequency hybrid coils and balancing 
networks were not necessary. With the type B system, both the 
transmitted carrier and the sideband were attenuated by the line. 
Because the magnitude of the demodulated voice-frequency wave 
depends on the magnitude of both the carrier and the sideband, the 
voice-frequency wave was decreased by the square of the attenuation. 
Variations in transmission, caused by weather changes, were pro
nounced.27 

Type C Carrier Telephone Systems. The type C system was first 
installed about 1925 and has been very extensively used. It incor
porates the most desirable features of the systems just considered. 
Like the type A system, the carrier is suppressed, and hence the effect 
of line attenuation is minimized. Like the type B, different frequencies 
are used for transmitting and receiving, and filters, instead of carrier
frequency hybrid coils, are used to separate the talking and the 
receiving signals. The original type C carrier telephone system was 
extensively modified about 1938 to take advantage of developments 
in communication. 

Original Type C Carrier Telephone System. 3 0 The schematic dia
gram of the original type C carrier is shown in Fig. 20. To explain 
the operation of this system, assume that a person whose telephone is 
connected to channel 1 at the left is speaking to a person whose tele
phone is connected to channel 1 at the right. 

The incoming speech signals pass through the voice-frequency hybrid 
coil, and to the modulator at the top. This is a balanced modulator 
(page 421) that eliminates the carrier but produces both sidebands. 
The band filter selects one sideband and rejects the other. The se
lected sideband passes down to the common wires leading to the trans
mitting amplifier, where all the incoming signals to be transmitted 
are amplified to the proper le,·el for impressing on the line. The am
plified signals from the three channels pass through the high-pass filter 
and hence to the line. Each of the three modulators is fed with a 
different carrier frequency, and hence each of the three sidebands that 
are transmitted simultaneously is at a different frequency as Fig. 18 
shows. 

At a repeater point the carrier frequencies are separated from the 
voice frequencies by the high-pass and low-pass filters. At the carrier 
amplifier the transmitting and the receiving signals are separated by 
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directional filters. The equalizer functions as explained on page 410 
The sideband signals of the three channels are amplified in the "west 
to east" amplifier, 30 pass through the directional filter, the high-pass 
filter, and the amplified signals are then impressed on the line toward 
the "east terminal" at the right of Fig. 20. 

At the east terminal the received sidebands from the transmitting 
"west terminal" are passed by the high-pass line filter upward to the 

directional filters. Since the 

FIG. 21. This illustrates the principle of 
modulation (and demodulation) that was 
used in early telephone carrier systems em
ploying vacuum tubes in the modulators 
(and demodulators). This is known as the 
van der Bijl method. Distortion and the 
creation of sidebands occur in the plate circuit. 

east terminal now is being 
considered as receiving from 
the west terminal, the three 
incoming sidebands will pass 
through the lower directional 
filter and to the common cir
cuit leading to the demodu
lating apparatus. The side
band from channel 1 ,vill be 
passed by the band-pass filter 
of channel 1 to the demodu
lator (page 421). The output 
of the demodulator will con
tain the original message at 
audio frequencies, and this is 
passed by the voice-frequency 
hybrid coil to the telephone 
set of the listener. Channels 
2 and 3 function in a manner 
similar to that just explained. 
The pilot channel noted on 
Fig. 20 is for monitoring and 

adjusting the transmission to ensure that the signal strength is correct 
at all times. 3 o 

M od1tlation in the Original Type C Systems. :io As discussed in 
the preceding paragraphs, sidebands, which contain the information to 
be transmitted, are created in the modulator. A modulator is de
fined 1 as "a device to effect the process of modulation. It may be 
operated by virtue of some non-linear characteristic, or by a controlled 
variation of some circuit quantity." Modulation was defined on page 
412. 

In the original type C carrier system the non-linear relation between 
grid voltage and plate current in triode thermionic vacuum tubes was 
used to produce modulation. To accomplish this, the speech signals to 
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be transmitted and the carrier frequency are impressed simultaneously 
on the grids of t ubes so biased th a t operation is on the non-linear 
portion of the characteristic curves as shown in Fig. 21. As will be 
explained, the sidebands are created in the process of distortion. This 
statement has been italicized because sometimes it is thought that 

(a) 

(b) 

(c) 
~• v~v 

(d) ~~AD~ 

(e) 

(f) 

FIG. 22. Circuit for the van der Bijl system of modulation of Fig. 21 , and analysis 
of currents and voltages in various parts of the circuit. (See also Fig. 17.) 

merely "mixing" two waves, or "beating" two waves, creates side
bands. This is not true: the sidebands are created by simultaneously 
distorting the two waves, and the modulating tubes must be operated 
so that they distort, and not merely amplify, if the sidebands are to 
be created. 

If a single tube is operated so that it distorts as shown in Fig. 21 , 
the shapes of the resulting waves will be as shown in Fig. 22. As indi
cated, the final signal is a modulated wave containing the carrier and 
two sidebands as explained on page 413. 

Over the curved portion used in modulation as shown in Fig. 21, the 
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equation for the plate current is approximately 

ib = aeu + beu 
2 + · · · . (5) 

In this equation a and b are constants, and eg is the instantaneous 
grid voltage. When the instantaneous input carrier voltage wave is 
E e sin wet and when the instantaneous modulating voltage wave is 
Ev sin wvt, then 

Cg = Ee sin Wet + Ev sin Wvl, (6) 

When this expression is substituted in equation 5, the instantaneous 
plate current becomes 

ib = aEe sin Wet+ aEv sin Wvt + bE/ sin2 Wet + bEv2 sin2 Wvt 

+ 2bEeEv sin Wet sin Wvt, (7) 

From trigonometry, 

sin Wet sin Wvt = [½ cos (we - Wv)t - ½ cos (we + Wv)tJ. 

Also, 

sin2 wet = (½ - ½ cos 2wcl), and sin2 wvt = (½ - ½ cos 2wvt). 

If these substitutions are made, equation 7 becomes 

ib = aEe sin wet + aEv sin wvt + bE/ (½ - ½ cos 2wet) 

+ bEv2 (½ - ½ COS 2wvt) 

+ 2bEeEv[½ COS (we - Wv)l - ½ COS (we + w.v)tJ. (8) 

When the indicated multiplications are performed and all constant terms 
dropped (since the alternating portions only are of primary interest), 
equation 8 may be written 

bEe2 bE/ 
ib = aEe sin wet + aEv sin wvt - -

2
- cos 2wct - -

2
- cos 2wvt 

+ bEcEv COS (we - w,:)t - bEcEv COS (we + Wv)l. (9) 

Thus, remembering that f e = We represents the carrier frequency, and 
271' 

w 
that f v = -':' represents the voice frequency, the following alternating 

271' 
components exist in the modulator output: 

1. !1: (the Yoice frequ ency, represent ed by the second term). 
2. 2fc (b,·ice the carrier frequency, represented by the third term). 
3. 2f v ( twice the Yoice frequency, represented by the fourth term). 
4. f c (the carrier fr equency, r!.'presented by the first term). 
5. fc - f,. (the lower sideband, represented by the fifth term). 
6. fe + f,, (the upper sideband, represented by the last term). 
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If the first three components are eliminat ed (with the filters), then 
the resulting wave v,·ill have the shape of Fig. 22 (/) and will han the 
characteristics discussed on page 414. In the type C carrier system the 
carrier and one sideband are suppressed. The carrier is suppressed in 
the push-pull balanced modulator of Fig. 23. In this circuit the 
carrier voltage drives the two grids in phase, but the voice-frequency 
signal voltage drives the two grids 180° out of phase. The unwanted 
sideband is suppressed by the band-pass filter associated with each 
modulator in Fig. 20. 

FIG. 23. A balanced modulator a rranged for suppressing the carrier in a carrier
telephone system. 

The statements made regarding cancellation of the carrier can be 
proved as follows: Let the instantaneous carrier voltage be expressed 
as before, E,, sin wet. Let the instantaneous voice-frequency modulat
ing voltage be + E,. sin w,.t for one tube, and -E,. sin w,.t for the other 
tube. Expansions arc then made for the pl ate current of each tube as 
previously explained for one tube, and the expressions are subtracted, 
because each current flows through one half of the primary in a direc
tion opposite to that of the other. 

Demodulation in Original T ype C Carrier Systems. 30 Demodula
tion is defincd 1 as "the process whereby a wave resulting from modu
lation is so operated upon that a wave is obtained having substantially 
the characteristics of the original modulating waYc ." 

The demodulating circuit of the origina l type C carrier system is 
essentially the circuit of Fig. 23 used for modulation. Because the 
carrier frequency is not transmitted, it must be supplied by an oscil
lator associated with the demodulator. Studies similar to those made 
for modulation will show that , if the received sideband and the locally 
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generated carrier are impressed on the circuit (Fig. 22) , a difference 
frequency will be created. This is the desired voice-frequency signal 
wave, having the characteristics of the original modulating wave and 

(a) 

(b) 

Carrier 

(c) 

FIG. 24. This figure illustrates the principle 
of modulation and demodulation using copper 
oxide varistors. The direction of the "arrow" 
indicating the varistor is the direction of low 
resistance. Thus, when the carrier voltage 
varies in polarity, the equivalent circuits a re 

as shown by (b) and (c). 

containing the in formation 
that has been transmitted. 

M od1llation and demod1l
lation are the same funda
mental processes of distor
tion by virtue of u·hich the 
desired new signa.ls ( side
bands) are created. In 
modulation, the information 
contained in the voice-fre
quency wave is translated 
(or moved) to a new and 
higher frequency band ( the 
sidebands) for transmission. 
In demodulation, th e infor
mation contained in the re
ceived sideband is translated 
back to the original voice
frequency band to operate 
the telephone receinr of the 
listener. Thus, if the re
ceived sideband extends from 
6500 to 9800 cycles and the 
locally generated carrier is 
10,000 cycles, the le - f v 
term (page 420) will be an 
audible speech signal occu
pying a band of frequencies 
from 200 to 3500 cycles. 

Improved Type C Carrier T elephone System. 3 1. 3 2 , 33 In about 
1938 an improved type C system was developed. The improved sys
tem incorporated changes that were revolutionary, parti cularly with 
regard to modulation and demodulation. The improved system pro
vides three talking channels in about the same frequency range (about 
6000 to 30,000 cycles) as the original system. It is, however, smaller 
and cheaper and gives improved transmission performance. Ampli
fi ers3 1. 34 with negative feedback (page 300) are used in the carrier 
repea ters which are spaced at intervals of 125 to 250 miles on open
wire lines. Regulating circuits adjust for changes in line attenuation. 
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The method of selecting the various sidebands and other details are 
much as shown in Fig. 20. 

M adulation in Improved Type C Systems. Copper oxide varistors 
are used for modulation in the improved system instead of vacuum 
tubes as in the original system. Many 
circuit arrangements can be used; a 5 the 
one being employed is shown in Fig. 
24 (a), and the shapes of the various 
waYes are in Fig. 25. 

The characteristics of a typical copper 
oxide varistor are shown in Fig. 43, page 
310, and are similar to those shown in 
Fig. 4, page 274, for the selenium varis
tor. The numerical values of resistance 
for varistors of various types are dif
ferent. In developing the theory of the 
varistor modulator the assumption is 
made that the carrier voltage is much 
larger than the modulating voltage and 
that the carrier voltage controls the cir
cuit, giving it the characteristics shown 
in Figs. 24(b) and (c). This is because 
in the forward or conducting direction 
the resistance of a varistor unit ap
proaches zero, but in the reverse or non
conducting direction the varistor resist

( a) Voice frequency 

( b) Carrier frequency 

(c) Current through R2 

ance approaches infinity. Because of FIG. 25. If it is assumed that 
these variations, the current flowing 
through resistor R 2 , which represents the 
impedance of the toll line leading to the 
distant receiYing station, is as shown by 
Fig. 25 ( c). If this wave is examined 
critically, it is seen to contain the voice
frequency modulating signal and high

the carrier voltage of Fig. 24 
is a control voltage, then the 
current that the audio voltage 
forces through R2 of Fig. 24 is as 
shown by (c). This current 
contains sidebands and an audio 

(dotted) component. 

frequency components other than the carrier, because, theoretically, 
the varistor bridge circuit offers either zero or infinite impedance to 
the carrier voltage. Among the high-frequency components are upper 
and lower sidebands. 

The carrier voltage is assumed to control the switching of Fig. 24 and 
to have no other effect. The current through R 2 can be found by 
writing the equation for the transfer impedance 1 between the source 
of voice-frequency modulating voltage and R 2 , and then dividing the 
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transfer impedance into the expression for the modulating voltage. 
Or the expression for the transfer admittance multiplied by the modu
lating voltage wi11 give the modulated current through R2 • 

The transfer admittance has the form of the wave composed of a 
constant term and alternating terms, because it is either zero as in 
Fig. 24(b) or 1/(R1 + R 2 ) as in Fig. 24(c). The equation for a 
rectangular wave was given on page 318. Using this as a basis, and 
remembering that the transfer admittance is never negative, the equa
tion for the instantaneous value of the transfer admittance becomes 

1 2 (' 1. 1. ) 
y= 2(Ri+R

2
) + 1r(Ri+R

2
) smwct+ 3 sm3wct+ 5 sm5wct· · ·, (10) 

the values we = 2-rrf c being used because the transfer admittance is 
varying at the carrier rate. If the instantaneous modulating voice
frequency signal E 1, sin w,t is multiplied by the equation for the trans
fer admittance and if substitutions are made much as on page 420, it 
will be found that the desired sidebands have been created. 

Demodulation in Improved Type C Systems. At the receiving 
end the carrier frequencies arc separated from the voice frequencies on 
the same line by filters. The sidebands used for receiving are sepa
rated by filters from the sidebands used in transmitting. Next, each 
sideband is selected by band-pass filters for the proper channel. De
modulation is accomplished by a copper oxide varistor-bridge circuit 
essentially as in modulation. Because the carrier is suppressed at the 
transmitting end, a wave of the carrier frequency is generated locally 
and is injected into the demodulator circuit. 

Type D Carrier Telephone System. 36 The type D carrier pro
vides one talking channel and is sufficiently low in first cost and main
tenance to be economical for installation on open-wire lines about 100 
miles in length. It is a carrier-suppression system, transmitting one 
sideband. The frequencies used arc indicated in Fig. 18. This system 
employs a self-oscillating modulator and demodulator, thus combining 
modulation and demodulation with carrier generation. The DA sys
tem contains an amplifier for increasing talking distances to about 200 
miles. 

Type G Carrier Telephone System. 3 7 The type G was the first 
carrier telephone system to use copper oxide modulators and demodu
lators; also, it uses only one vacuum tube. This is in the oscillator 
at the active terminal. No repeaters arc m-ed, the system being 
designed to give one carrier channel over circuits about 25 miles 
long. 

Electric power is supplied by the oscillator at the active terminal. 
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The incoming voice-frequency signal wave and the carrier wave are 
impressed on a copper oxide varistor bridge to produce modulation. 
The carrier frequency is transmitted in this system, and hence the 
positions of the carrier frequency and voice frequency in Fig. 24 are 
interchanged.as Both sidebands arc transmitted (Fig. 18). Demodu
lation occurs at the inert terminal in a copper oxide bridge circuit. 
\Vhcn the person at the active terminal is not speaking, a carrier
frequency wave flows to the inert terminal so that, when the person 
at this terminal speaks, carrier is available for modulation. At each 
terminal the same copper oxide bridge circuit is used for modulation 
and demodulation and is sometimes called a modem. 

Type H Carrier Telephone System.:39 . 40 The type His a single
channel system (Fig. 18) used on open-,Yire circuits about 100 to 200 
miles long. Copper oxide modulators and demodulators are used, the 
carrier is suppressed, and one sideband is transmitted. This system 
is provided with a rectifier and can be operated from a 110-volt, 
60-cyclc source. 

Multichannel Carrier Telephone Systems. For about 20 years 
the maximum carrier frequency used was approximately 30,000 cycles. 
Of course, higher frequencies could have been transmitted, but, because 
of high attenuation, crosstalk, and other factors, it was not commer
cially feasible to use higher frequencies. 

About 1938 multichannel carrier systems were installed that 
utilized up to 140,000 cycles. Whereas the type C system gave only 
3 talking channels, these so-called multichannel systems gave 12 talk
ing channels for systems on conventional-type lines and cables. Later, 
240 talking channels were provided on the original New York
Philadelphia coaxial cable, and 480 and then 600 talking channels were 
provided on coaxial cables in 1948. 

In the design of these system;;:, much of the terminal equipment is 
standardized, so that the same type of apparatus may be used on the 
senral systems. The voice-frequency band transmitted is from about 
200 to 3500 cycles. The terminal equipment 41 employs copper oxide 
modulators and demodulators such as considered in the preceding 
pages, quartz crystal filters ( page 187), and the magnetic generation of 
the various carrier frequencies. 4 1. 4 2 

This last development eliminates the necessity of many separate 
varuum-tube oscillators in the follmYing way. One vacuum-tube 
tuning-fork-drinn oscillator supplies a single basic frequency to a 
non-linear nctwork 42 ,vhich by distortion produces an output wave 
such as Fig. 26. This ,rnvc contains a fundamental and a large 
number of odd harmonics. The desired even harmonics are produced 
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by distorting the odd harmonics in full-wave copper oxide rectifiers. 
The separate harmonics are selected as desired by crystal filters and 
are impressed on the modulators and demodulators as carrier fre
quencies. 

Type J Carrier Telephone System. 4 3, 44 , 4 5 The type J carrier 
is designed for open-u:ire lines and operates in the region from about 

36,000 to 140,000 cycles. Twelve talking chan
nels are provided. A voice-frequency circuit and 
a type C carrier can operate simultaneously, giv
ing a total of 16 channels over one pair of wires, 

Time_. as shown by Fig. 27. As Fig. 18 indicates, the 
band from 36,000 to 84,000 cycles is used for talk
ing in one direction, and the band from 92,000 to 
140,000 cycles is used for talking in the other 
direction. 

The incoming voice-frequency signals pass 
Frn. 26. Wave form 
of current in the through hybrid coils (not shown in Fig. 27) and 
output of the har- are there changed from two-wire to four-wire cir
monic producer used 
to supply the carrier 
frequencies in multi
channel carrier sys
tems. (Reference 42.) 

cuits as in any repeater or carrier circuit. Each 
of these voice-frequency signals is then impressed 
on one of the modulators at the top of Fig. 27. 
The carrier frequencies used with these modulators 
cover the band from 64 to 108 kilocycles. The 

lower sidebands of the outputs of these modulators are selected by 
the band filters and combined into a group. This group of from 60 
to 108 kilocycles passes into the group modulator, which is supplied 
with a 340-kilocycle carrier frequency from an oscillator. Here modu
lation of the group occurs, and the band filter selects the group upper 
sideband that extends from 400 to 448 kilocycles. This group of fre
quencies is then impressed on a second group modulator together with 
a frequency of 484 kilocycles, if the system is for transmitting from 
west to east. The group lower sideband will be a group of frequencies 
extending from 36 to 84 kilocycles which is selected for transmission. 
This group contains the information of the twelve incoming voice
frequency channels. For east to west transmission, the last modulator 
uses a carrier frequency of 308 kilocycles, and the group of frequencies 
will be at 92 to 140 kilocycles for talking in the east-west direction. 
For receiYing, the opposite sequence of translation is used. 

Repeaters in Type J Carrier Systems. 4 ;,, Repeaters are required at 
75- to 100-mile intervals, depending on ,Yire sizes, etc. Even a very 
thin coating of ice on the line wires causes a great increase in the 
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line attenuation, and, in areas where ice often forms, repeaters may be 
spaced about 50 miles apart. Pentodc vacuum tubes arc used in the 
amplifiers, which are of the negative-feedback type (page 300). Regu
lating amplifiers with pilot control are provided at intervals. 

Frn. 28. At the left is shown the arrangement of crossarms and conductors for voice
frequency use only. Except for the pole pairs, 12-inch spacing is used between 
wires and 24-inch spacing between crossarms; including the phantoms, 30 two-way 
voice-frequency telephone circuits are provided. 

In the center is shown a later construction (about 1925) with 8-inch spacing, 
except for pole pairs, and with 24-inch spacing between crossarms. One type C 
carrier system (3 channels) and one voice-frequency circuit operate on each of the 
8-inch spaced pairs. Voice-frequency circuits operate on the pole pairs which are 
phantomed. With this arrangement 22 voice-frequency circuits and 48 carrier 
circuits are provided, giving a total of 70 two-way telephone channels. 

At the right is shown a more recent construction (about 1940). The spacing of 
wires of a pair is 8 inches, the pole pairs are omitted, and the crossarms are spaced 
36 inches apart. One voice-frequency circuit, one type C carrier (3 channels), and 
one type J carrier (12 channels) operate on each pair, giving 16 voice-frequency 
circuits, 240 carrier circuits, and a total of 256 two-way telephone channels. 

(Reference 43.) 

Crosstalk in Type J Carrier Systems. 43 · 44 Because of the serious 
crosstalk problem existing at the high frequencies used in this carrier 
system, a special transposition system (Chapter 14) was designed. 
Also, a new wire spacing of 8 inches between wires of a pair and 8 
wires per crossarm was adopted (Fig. 28). Furthermore, transposition 
poles were more accurately located, and wire sags were reduced and 
equalized. 
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Type K Carrier Telephone System. The original type Kl multi
channel carrier telephone system was designed for non-loaded cables 
and was placed in service about 1938. This provided 12 talking chan
nels, and approximately 2,500,000 miles of two-way telephone message 
circuits were installed. -rn About 1944 an improved system, the type 
K2, was developed, and by 1947 an additional 2,500,000 circuit miles 
had been placed in sc1Ticc. 4 6 

Because the wires of a cable arc so close together, there is a very 
great tendency for an exchange of energy to occur between circuits, 
resulting in serious crosstalk (page 565). This is true particularly at 
high frequencies, and in general the use of carrier in cables had been 
avoided prior to the development of the type K system. One factor 
that has made these systems possible is the use of separate cables for 
talking in the two directions. Or the same cable structure may be 
used, but the inner conductors are used for transmission in one direc
tion, and the outer conductors used for transmission in the other direc
tion, and a suitable shield is placed (during manufacture) between 
the two groups. In this way coupling between high-energy circuits, 
emerging from a repeater and low-energy circuits, just entering a 
repeater, is avoided. 

Type Kl Carrier System. A block diagram of a type Kl sys
tem4L 47 is shown in Fig. 29. Because separate cables are used for 
transmitting and receiving, the same numerical group of frequencies 
may be used for each direction, and hence the system is simplified as 
compared with the type J carrier. Briefly, the operation of the type 
Kl system is as follows: As indicated in Fig. 29, each of the 12 con
nected telephone sets feeds in through a hybrid coil (shown as a block) 
that separates the transmitting and receiving functions. The signal 
to be transmitted is impressed on a copper oxide modulator. The 
various carrier frequencies ( obtained as explained for the type J sys
tem) are shown by arrows in Fig. 30. They are made high so that 
crystal filters can be used, and for other reasons. 

After modulation, the lower sidebands are combined and fed in 
common to a group modulator together with a carrier frequency of 120 
kilocycles. The lower sideband of this group is selected for trans
m1ss10n. Thus, the various telephone conversations are transmitted 
over the cable within the band 12,000 to 60,000 cycles. At the receiv
ing end they are restored to their original audible frequencies by a 
similar double-demodulating process. 

Repeaters in Type Kl Carrier Systems. 47 As indicated in Fig. 29, 
repeaters arc placed in the cable circuits at about 17-mile intervals. 
Because separate cable pairs are used for transmitting in the two direc-
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tions, at a repeater point 
two one-way vacuum-tube 
amplifiers are installed. As 
previously stated, the cable 
pairs used for type K sys
tems are non-loaded, the 
reason being evident in 
Fig. 31. The wave velocity 
is about 100,000 miles per 
second which mm1mizes 
echo effects and reduces 
difficulties m conversa
tion. 41, 48 

As Fig. 31 indicates, 
temperature changes cause 
decided variations in cable 
attenuation. Temperature 
variations of underground 
cable occur slowly and or
dinarily are not extreme, 
but for aerial cables the 
opposite is true. When the 
sun is shining directly on 
a lead-covered aerial cable 
the cable temperature may 
rise from 15° to 25° F. 
above that of the surround
ing air; then, within a few 
minutes, the cable may be 
subjected to cold rain, fol
lowing a thunder storm. 
The attenuation change 
with temperature varia
tions for a cable is com
posed of two parts: first, a 
component that is inde
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FIG. 30. By double modulation, twelve voice
frequency channels are first raised to occupy the 
band from 60 to 108 kilocycles, and then lowered 
to the band from 12 to 60 kilocycles for trans-

mission over the cable. (Reference 41.) 

pendent of frequency, and second, a component that varies with fre
quency and is called 47 twist. The pilot-wire method (page 408) and 
automatic repeater gain adjustments are used to maintain the trans
mission at the correct level. 

Crosstalk and Noise in Type KI Carrier Systems. 4 1 , 4 9 As has 
been explained, to reduce crosstalk , circuits in different cables and 
shielded circuits have been used for transmitting and receiYing. This 
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minimizes what is called near-end crosstalk 1 (page 565) in the cables, 
and special precautions arc taken to minimize crosstalk in office 
wmng. Far-end crosstalk 1 (page 566) between adjacent pairs trans
mitting in the same direction is reduced by connecting small adjustable 
mutual inductance balancing coils between the circuits and by other 

UJ 
--' 
j 

s~---.---..-----,----,---r---, 

0'----'-----'------'-----'---'-----' 

means. Noise originating 
in repeater stations is re
duced by filters. 

Improved Type K2 Car
rier System. 46 The basic 
circuit arrangement is the 
same as described for the 
type Kl carrier. The K2 
carrier is particularly 
suited for transcontinental 
cable operation, gives im-

10 20 30 40 so 60 proved performance, and is 
FREQUENCY IN KILOCYCLES PER SECOND 

0 

Frn. 31. Attenuation characteristics for loaded 
and non-loaded 19-gauge cable pairs. Tempera,. 
ture in degrees Fahrenheit. (Courtesy Bell Lab

oratories Record.) 

more economical than the 
older type. The most im-
portant changes are in the 
repeaters. Three types of 
amplifiers arc used: trans

mitting amplifiers that are inserted only at the transmitting end; 
twist amplifiers that are placed about 100 miles apart on aerial 
cables, about 250 miles apart on underground cables, and compensate 
for the twist previously discussed; and line amplifiers that are placed 
approximately 17 miles apart. Line amplifiers do three things: 46 

first, they compensate for the loss in the preceding cable section; 
second, they equalize for variations in loss at the different frequencies; 
and third, they regulate the gain automat ically. 

Feedback amplifiers with thermistor (page 310) control to adjust the 
gain are employed. 44 

Type L Coaxial Cable Carrier Telephone Systems. The United 
States is spanned with a coaxial cable circuit which was completed 
about 1948. This circuit can be used for at least two purposes: 
first, for the transmission of television programs (page 533); and 
second, for providing a large number of talking channels. Television 
requires a band of frequencies at least 4,500,000 cycles wide. About 
480 telephone talking channels are pro,·ided over one coaxial system, 
and this number has been increased to 600 channels in some instances. 
Coaxial cables have been used experimentally for television purposes 
for some years. 50 



TYPE L CARRIER TELEPHONE SYSTEMS 433 

The type L carrier system (and modifications such as the type LI 
system) provide telephone channels over coaxial cables. A coaxial 
cable has no cutoff frequency; however, at high frequencies the loss 
becomes so great that the repeaters must be placed very close together. 
There is, therefore, always an upper frequency range above which it 
is uneconomical to transmit with the equipment and methods avail
able. 

As previously mentioned, much of the terminal equipment for the 
types J, K , and L carrier systems is the same. Thus, a complete dis
cussion of the type L system for coaxials is not necessary. The 

12-channel group 
lI1IIIIlII1] (one of 40 such groups) 
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FIG. 32. In the type Ll carrier system used on coaxial telephone cables there are 
three amplitude-modulation steps used to translate, or move, the 480 (or more) 
telephone conversations to their respective assigned frequency bands. (Reference 51.) 

method 51 used in arranging 480 telephone conversations for transmis
sion over a coaxial system is as follows: The 480 incoming subscriber 
telephone lines are separated into groups of 12 and are impressed on 
carrier equipment such as is discussed in the preceding pages. Each 
group of 12 channels emerges from the modulators in the frequency 
band of 60 to 108 kilocycles. Five of these 60- to 108-kilocycle bands 
( each of which contains 12 conversations) are separated into groups 
and modulated with "group carriers" so that the 60 telephone con
versations they contain lie in the 312- to 552-kilocycle band. Each 
of these bands (with the exception of one, sec Fig. 32) is then modu
lated with "super-group carriers" and placed in the assigned region 
in the frequency spectrum. A comparable process is used at the re
ceiving end. 
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One coaxial tube is used for transmission in one direction, and an
other tube for transmission in the opposite direction. As many as 
eight of these tubes are combined into a single sheath, providing four 
coaxial systems. 5 2 The early coaxial cables used a 13-gauge copper 
center conductor and a 0.27-inch copper outer conductor. For 480 
telephone channels repeaters were necessary at approximately 5.4-mile 
intervals. A later coaxial cable has an outer diameter of 0.375 inch 
and repeaters every 7.9 miles. The repeaters use vacuum-tube ampli
fiers50 specially designed to pass the entire frequency band trans
mitted. 

Miscellaneous Carrier Systems. Carrier telegraph systems are 
used as discussed in Chapter 9. In addition to the applications de
scribed in the present chapter, carrier telephone systems are used on 
power lines for supplying telephone service to rural customers, 53 • 54 

for operational communication (and other purposes, such as relaying) 
on power lines, 55 and for communication on submarine cables. 56 

The rural-line carrier telephone system just mentioned is designated 
type Ml. Although it is designed primarily for operation over rural 
electric lines as stated, it is also sometimes installed on a pair of tele
phone line wires to provide an additional talking channel. In such 
instances frequencies as high as 450,000 cycles are transmitted over 
ordinary telephone lines. 
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REVIEW QUESTIONS 

1. What distinction may be drawn between toll calls and long distance calls? 
2. What is meant by the term telephone channel? 
3. What is the distinction between toll trnnking mPthod and toll opprating 

method? 
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4. How have toll calls bren completed in past years, and what major change 
will probably br made in the future? 

5. Discuss the numbering system to be used for nationwide dialing. 
6. Explain why it is necessary to have repeaters at intervals along a transmission 

circuit, rather than merely at the terminals. 
7. Explain the basic principle of the Shreeve telephone repeater. 
8. " 'hat network theorem is ill\·oh· ed in the changeonr from Fig. 5(a) to 5(b) '? 
9. Kame several reasons why the 22-type repeater is superior to the 21-type. 

10. ConsidPr the clrnptcr as a whole, and enumerate reasons why four-wire tele
phone circuits are superior to two-wire circuits. " 'hat is an important dis
adnmtage'7 

11. Describe the nature and l'auscs of echoes on te lephone syst ems. 
12. Would balancing networks such as are shown in Fig. 14 be satisfactory for 

use with loaded cables? 1Yhy 0 

13. What type of modulation is used in carrier telephone systems? 
14. In carrier telephony why is only one sideband transmi t ted ? Would a system 

operate satisfactorily if both sidebands were transmitted and the carrier were 
supplied at the recei ,·ing end 0 

15. On page 413 it is ~tated that in amplitude modulation, sum and difference 
frcqupnc•ies arc created. Apply this principle to a device such as an audio
frequC'nC'y transformer. 

16. Exp lain how the carrier "carries" the information to the distant station . 
17. What reasons are t here for considering modulation and demodulation as the 

same fundam ental proccss 0 

18. Explain how the carrier-frequency componen t is canceled in a push-pull 
modulator. 

19. Enumerate reasons why copper oxide varistor modulators are used. 
20. Approximately how many telegraph ci rcuits could operate o,·er one type 

C carrier s~·stcm? Over one type J carrier system? Explain how this could 
be accomplished. 

21. What noYcl features arc incorporated in th e type G carrier telephone system? 
22. Enumerate some of the deYelopments that have made possible the types J 

and K systems. 
23. On page 426 it is stated , "This group of from 60 to 108 kilocycles, etc." 

Explain why the group has these frequencies. 
24. As nwntioned on page 426, ice on telephone line wires causes an increase 

in attenuation. What type of loss is this 0 

25. Se,·eral of the carrier systems use pilot eontrol. Explain fully what this 
mcans; explain also the principle of operation. 

26, Gi,·e two important reasons why cables for type K canier are not loaded. 
27. How would a shield be made so that part of a cable could be used for carrier 

transmission in one direct ion, and the rest for carrier transmission in the 
other direet ion '7 Can you expla in how an ordinary telephone cable could be 
arranged so that it could be operated with some degree of satisfaction for 
transmission in opposite direct ions 0 

28. What is meant by the double-demodulating process mentioned on page 429? 
29. V,hy ma~· twist amplifiers on underground cables be farther apart than on 

aerial cables? 
30. Is it probable that more than 600 telephone channels may be provided over 

coaxial cables? Give argument s for and against. 
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PROBLEMS 

TELEPHONE TOLL SERVICE AND SYSTEMS 

1. In Fig. 11 it is shown that about 65 microwatts are delivered to New York. 
If no intermediate repeaters are used, calculate the power that must be 
delivered to the line at San Francisco to supply this power to New York. 
Compare this with the total amount of power added along the line as shown 
in Fig. 11. If the characteristic impedance is 600-ohms resistance, calculate 
the input voltage and current for the first condition. 

2. Assume that a 19-gauge cable with H-44-S loading extends from San Francisco 
to New York. If no repeaters are used, what power must be delivered to the 
cable at San Francisco to deliver 65 milliwatts to X ew York? If repeaters 
are used every 50 miles, what total power must be added to deliver 65 
microwatts at Xew York? Assume that the input impedance of the loaded 
cable is about 820 ohms pure resistance, and calculate the input voltage and 
current for the first condition. 

3. A non-pole pair side circuit of a 165-mil open-wire line is 1000 miles long. 
If the average daily attenuation change due to temperature variations is 5 
per cent, what is the change in decibels? Calculate the corresponding change 
in decibels for a 1~-gauge aerial cable with H-44-S loading. Of what practi
cal significance are these figures? 

4. On page 421 it is stated that the balanced modulator eliminates the carrier. 
Prove this to be true mathematically. 

5. Make the substitution suggested on page 424 to prove that sidebands arc 
created in the copper oxide bridge modulator. 

6. Use a method similar to that employed in Fig. 24 to determine the output 
current wave shape when the carrier and sidebands are transmitted as in 
the type G carrier telephone system. 

7. Calculate the characteristic impedance of the early coaxial cable. Do the 
dimensions used give the correct ratio (page 434) for minimum attenuation? 
If this same ratio is used for the 0.375-inch coaxial cable, what will be the 
nearest wire size used for the center conductor? Is this the size actually 
used? 



CHAPTER 12 

RADIO WAVE PROPAGATION 

AND ANTENNAS 

Introduction. Wireless, or radio, communication has been used 
commercially since about 1900. This form of communication makes 
possible telephone and telegraph service between moving objects such 
as motor vehicles, trains, ships at sea, or aircraft in flight, and between 
locations separated by natural barriers such as oceans or extensive 
mountain ranges. This chapter and the following chapter will dis
cuss radio communication. 

Radio wave propagation is defined 1 as "the transfer of energy by 
electromagnetic radiation at radio frequencies." Radio frequency is 
defined 1 as a frequency "at which electromagnetic radiation of energy 
is useful for communication purposes." 

Electromagnetic Waves. The energy used in radio communica
tion is transmitted through space in the form of electromagnetic 
waves, defined 1 as a "wave in which there are both electric and mag
netic displacements," or fields. The electromagnetic waves used in 
radio are the same, fundamentally, as those used in ,vire communi
cation. 

The energy in a cubic centimeter of space due to an electromagnetic 
wave can be shown 2 to be 

W = __!__ (KE2 + µH2 ), 
87!' 

(1) 

where K and I' are the dielectric constant and the magnetic perme
ability, respectively, of the transmitting medium (each unity for free 
space), and E and H are the electric and magnetic intensities of the 
wave. 

The velocity of propagation of an electromagnetic wave in any 
medium can be shown 2 to be 

C 
V=--, 

VµK 
(2) 

where c, the velocity of light in free space, has the value 3 X 1010 , 

and I' and K are as given in the preceding paragraph. In free space 
(approximately so for air), I' and K are both unity, and thus the 

439 
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velocity of an electromagnetic wave is 3 X 10 10 centimeters per 
second. 

An electromagnetic wave has a direction of polarization, 1 which 
is the direction of the electric component or electric field. The dis
cussions that follow will be limited to vertically polarized waves and 
horizontally polarized waves. 

Production of Electromagnetic Waves. It is sometimes assumed 
that, when the voltage and current in a ci'rcuit produce electric and 
magnetic fields, all the energy entering the circuit is stored in these 
fields or is dissipated in heat. This is a reasonable assumption at low 

T 

FIG. 1. Electric field (broken lines) and mag
netic field around an antenna. The electric 
vector E and magnetic vector H are in time 
phase but are 90° apart in space. The direction 
of travel (propagation) is indicated by T. 
Electric and magnetic fields exist in planes other 

than the two planes shown. 

frequencies, but at any fre-
quency some energy is ra
diated in electromagnetic 
waves, and the tendency 
for such radiation to occur 
varies as the square of the 
frequency.* 

Maxwell proved mathe
matically that, when the 
potential or current at a 
given point changes, the in
fluence of this change is not 
felt at surrounding points 
immediately, but a definite 
time later, and that the 
propagation of electromag
netic waves was a possibil
ity, a fact later established 
experimentally by Hertz. 

The two wires forming 
the antenna of Fig. 1 are 
connected to an oscillator 

producing a radio-frequency voltage. The wires are about one-half 
wa,·elength long and are in free space. When the upper oscillator 
termina l is negative and the lower terminal is positive, electrons will 
flow up into wire A and up out of \Vire B. An electric current will 
flow down at this instant and will produce a magnetic fi eld shown by 
the solid lines. Because wire A is negative and B is positive, a differ-

* A mathematical solution3 gives the average power radiated by a short isolated 
wire to be P. = w2/2/2/ (3c2 ), where w2 = (2.,,-/) 2, I is the current (maximum 
value) , l is the length of the wire, and c is the velocity of light. 
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ence of potential will exist between these two wires, and an electric 
field will be established as shown by the broken lines. During the 
next half-cycle the applied radio-frequency voltage will reverse and 
the directions of the current flow, the potential differences, and the 
fields also will be reversed. 

If point P of Figs. 1 and 2 is very close to the antenna, it is said to 
be in the near zone, 4 and in thi s region the induction field pre
dominates. This is the field that is considered in low-frequency work 
to be directly proportional to 
the current and voltage. The 
induction fi eld alternately ac
cepts power from , and returns 
power to, the electric circuit. 
The intensity of the induction 
field in free space varies in
versely as the square of the 
distance from the antenna.2, 3 

At point P of Figs. 1 and 2 
a radiation field exists in 
addition to the induction field 
described. In the near zone 

A~ ~• EH ~p P' r)-; 
B H ' T HH T 

OAAAAAnOAAAQnn~~~~AA !Y \[Ql)lJvV 011 vv OV\Tv\/V"°:I 
18.6 miles ----18.6 miles 

Direction of propagation 

FIG. 2. A radio wave in space. The wave 
consists of electric (E) and magnetic (H) 
fields that vary sinusoidally. The decrease in 
intensity occurs because the wave "expands" 
from point source P. The frequency is 

100,000 cycles . . 

close to the antenna, the induction field is much stronger th an the 
radiation fi eld. At a distance from the antenna of approximately 
one-sixth of a wavelength, 3 ' the induction and radiation fields are of 
equal strength. Beyond this distance the far zone 4 exists, and the 
radiation field is the stronger. The intensity of the radiation fi eld 
varies inversely as the first power of the distance from the antenna. 2• 3 

The production and propagation of an electromagnetic radio wave 
arc illustrated in Fig. 2. The antenna A-B produces both induction 
and radiation fi elds at point P nea r the antenna. Beyond point P the 
induction fi eld is negligible. The radiation field travels outward , and 
the electric and magnetic components reach point P' a finite time later 
than they were produced. Similarly, they reach point P" at a later 
time. The lengths of the electric and magnetic vectors are less at P" 
because the field intensity decreases inversely with the distance. In 
Fig. 2 E', E" are the electric intensities, and H', H" are the magnetic 
intensities of the radiation field. At a given point E and H are in 
time phase but are 90° apart in space . The fields at point P" lag 
behind those at P' , the amount depending on the distance. It is 
assumed in Fig. 2 that the frequency is 100,000 cycles and that the 
wave velocity is 186,000 miles per second. 
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The induction field is considered to be in a quasi-stationary state, 3 

and the electric and magnetic components have no effect on each other. 
That is, in a given region there can exist a strong electric field and a 
weak magnetic field, and vice versa. Each field is in phase with the 
voltage or current producing it. 

The radiation field is in a dynamic state; 3 a changing magnetic 
fi eld has the ability to produce an electric field, and a changing elec
tric field has the ability to produce a magnetic field. The radiation 
fi eld is the portion of the total field about an antenna that, in a sense, 
cuts itself adrift from the total field produced. As an analogy, long 
a fter a stone has settled to the bottom of a pond, water waves travel 
over the surface of the pond. 

Radio Frequencies Used in Communication. A classification for 
the high-frequency region of the radio-frequency spectrum was sug
gested 5 by the Bureau of Standards. To this classification the first 
three items have been added, giving Table I. 

T ABLE I 

CLASSIFICATION OF RADIO FREQUENCIES 

Name and Abbreviation 

Very low frequency, VLF 
Low frequency, LF 
Medium frequency, MF 
High frequency, HF 
Very high frequency, VHF 
Ultrahigh frequency, UHF 
Superhigh frequency, SHF 

Name and Abbreviations 

Very low frequency, VLF 
Low frequency, LF 
Medium frequency, MF 
High frequency, HF 
Very high frequency, VHF 
Ultrahigh frequency, UHF 
Superhigh frequency, SHF 

Frequency 
Kilocycles Megacycles 

10 to 30 
30 to 300 

300 to 3000 
3000 to 30,000 

30,000 to 300,000 
300,000 to 3,000,000 

3,000,000 to 30,000,000 

0 01 to 0.03 
0.03 to 0 .3 
0.3 to 3 

3 to 30 
30 to 300 

300 to 3000 
3000 to 30,000 

Wavelength 
Centimeters Meters 

3,000,000 to 1,000,000 
1,000,000 to 100,000 

100,000 to 10,000 
10,000 to 1000 

1000 to 100 
100 to 10 
10 to 1 

30.000 to 10,000 
10,000 to 1000 

1000 to 100 
100 to 10 
10 to l 

l to O. 1 
. 1 to0.01 

The Committee on Wave Propagation of the Institute of Radio 
Engineers has proposed the following frequency designat ions, in which 
cps is cycles per second , kc is kilocycles per second, me is megacycles 
per second , and kmc is kilomegacyclcs per second . 
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TABLE II 
FREQUENCY DESIGNATIONS 

Frequency Band Number 

1 cps 10 cps 0 
10 cps - 100 cps 1 

100 cps - 1000 cps 2 
1 kc 10 kc 3 

10 kc - 100 kc 4 
100 kc - 1000 kc 5 

1 me lOmc 6 
lOmc - 100 me 7 

100 me -1000 me 8 
1 kmc- 10 kmc 9 

10 kmc - 100 kmc 10 

Radio Wave Transmission Paths. If a transmitting antenna were 
in free space, a radio wave would merely "spread out" as it traveled 
away from the antenna. But transmitting antennas are not in free 
space ( even if they are some miles above the surface of the earth). 
Radio transmission is affected by the presence of the earth. Also, 
the upper atmosphere of the earth is a rarefied, ionized, conducting 
region that influences transmission considerably. This region is called 
the ionosphere and is defined 1 as "that part of the earth's atmosphere 
above the lowest level at which the ionization is large compared with 
that at the ground, so that it affects the transmission of radio waves." 
The lowest level of the ionosphere is about 50 kilometers (31 miles) 
above the surface of the earth. 1 Radio transmission also is influenced 
by the troposphere defined 1 as "that part of the earth's atmosphere in 
which the temperature decreases with altitude, clouds form, and con
vection is active." The troposphere extends for about 10 kilometers 
(6.2 miles) above the surface of the earth. 1 

Rays. In considering the transmission paths, it is convenient to 
assume that radio waves travel in rays. Of course, if a radio wave 
were visible, an oncoming radio wave would appear to be magnetic 
and electric lines of force crossed at right angles. This is called a 
wave front. It is much simpler to represent a radio wave by a ray, 
or line, perpendicular to the wave front, showing the direction of 
propagation of the wave. This has been done in Fig. 3. 

Ionospheric Wave. If a transmitting antenna directs a component 
of its total radiated energy upward toward the ionosphere, under con
ditions often encountered, the ionosphere reflects much of this energy 
back toward the earth. This is indicated in Fig. 3. The ionospheric 
wave ( or sky wave) is defined 1 as "a radio wave that is propagated 
by reflection from the ionosphere." 
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Tropospheric Wave. At very high radio frequencies and beyond, 
the troposphere commonly has much influence on radio transmission. 
A tropospheric wave is defined 1 as "a radio wave that is propagated 
from a place of abrupt change in the dielectric constant or its gradient 
with position in the troposphere." 

Ground Wave. Particularly important in standard radio broad
casting is the ground wave defined 1 as "a radio wave that is propa
gated over the earth, and is ordinarily affected by the presence of the 
ground. The ground wave includes all components of a radio wave 
over the earth except ionospheric waves and tropospheric waves. The 

Ionosphere ----------

Fi surface of R4 
Gl'l'-N Neghg1b\e , I ' , I • 

, 1h ce\\er;..\ ~ reception Good 
£_,;: ~\10<.1 reception 

'(" iece 

FIG. 3. This shows the various paths by which radio waves travel. This drawing 
is considerably simplified from the actual condition that may prevail at a given 
time. The transmitting antenna is marked T, and the receiving antennas at 
various points are R1, R2, R3, etc. The abbreviations are D\Y, direct wave; GR"T, 
ground-reflected wave; S\V, surface wave. Reflections actually occur in the 

ionosphere and in the surface layers of the earth. 

ground wave is somewhat refracted by the normal gradient of the 
dielectric constant of the lower atmosphere." 

The ground wave is often considered 6 to be composed of two com
ponents, a surface wave and a space wave. The surface wave is the 
component of radiation that travels entirely along the surface of the 
earth (Fig. 3). The space wave is composed of a direct wave "that 
is propagated directly through space" 1 and a ground-reflected wave, 
which is "the component of the ground wave that is reflected from the 
ground." 1 These wave components or rays also are shown in Fig. 3. 

TV ave Diffraction. ,vhen a radio wave encounters an obstruction 
in its path, diffraction occurs. Thus, a large building or a hill will 
not cause a sharp "radio shadow," and reception may be possible 
behind a large building or below the top of a range of hills. Diffrac-
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tion is one factor causing radio waves to bend with the surface of the 
earth. 

Wave Refraction. When a radio wave passes from one medium 
having a certain dielectric constant and velocity of propagation to 
another medium having a different dielectric constant and velocity of 
propagation refraction occurs. Because of refraction, the path of a 
radio wave is bent, and, if the bending is sufficient, wave reflection 
may occur. 

Absorption. If a radio wave were traveling in free space, a spread
ing would occur, yet there would be no energy dissipation in the usual 
sense. But a radio wave docs not travel in free space. Thus, radio 
waves near the surface of the earth suffer an energy loss in this 
surface, and in buildings, trees, hills, etc. Also, a radio wave in 
the troposphere may suffer energy loss by absorption, probably 
caused by water vapor. Absorption of energy also occurs in the 
ionosphere. 

The Troposphere. 3 • 7 Energy absorption occurs in the tropo
sphere. A second effect is that the air, being more dense at the sur
face of the earth, causes a radio wave, or ray, near the surface to 
travel more slowly than a ray in the upper troposphere, thus bending 
the waves around the earth. Hence, the direct and ground-reflected 
waves of Fig. 3 should be bent downward slightly. A third effect 
is explained as follows: From the definition on page 443 it would be 
concluded that an increase in altitude is always accompanied by a 
decrease in temperature. However, temperature inversions often 
occur in which moist warm air overlays cold dry air. Such discon
tinuities cause a wave to be refracted and may cause reflections to 
occur (page 446). 

The Ionosphere. 8 • 9 Previous to the transmission of the first 
wireless signals across the Atlantic in 1901, it was thought that such 
transmission would be impossible since electromagnetic "·aves traveled 
in straight lines. Kennelly and Heaviside independently and almost 
simultaneously suggested that such transmission was made possible by 
an upper ionized conducting region. 

At the surface of the earth the atmosphere consists of about 76 
per cent nitrogen, 23 per cent oxygen, and 1 per cent argon. At 
increased heights the oxygen and argon percentages decrease and the 
nitrogen increases until at about 60 miles the atmosphere is almost 
entirely nitrogen with but a small amount of oxygen and a trace of 
helium. After this point is passed the nitrogen decreases very rapidly 
until at about 100 miles the atmosphere is almost 95 per cent helium 
with but 5 per cent nitrogen. 10 
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The air pressures at these heights are well described by the follow
ing quotation: 11 

In the vicinity of 50 miles (80 kilometers ) it has dropped to approximately 
1/ 160,000 of that at the surface. This pressure is "·hat \\·e would ordinarily 
call a fair vacuum. At 125 miles (200 kilometers) the pressure is approxi
mately 1/ 180,000,000 of an atmosphere, which is probably lower than the 
best vacuum usually obtained in the laboratory.* 

The bending of the electromagnetic waves (rays) and their reflec
tion back toward the earth by the ionosphere requires the presence of 
free electrons. These arc produced by ionization of the rarefied gases 
just considered by radiations from various sources, chiefly ultraviolet 
light from the sun and cosmic rays from space, and by the action of 
electron streams shot out by the sun. 12 

Ionosphere ----------------r---- ----
.,,,....,,,.-- ---- --'\--/--- ---- ~-.... .......... 

_...-- --- ~ L --- ---
__.--_::---~~ - ✓-----------.. ............... ~- ......... / -. ....... 

......... / ----
-.......Y y_,,,, 

' / 
'- Initial Reflected / 

-......_ wave wave / 

Frn. 4. The successive wave fronts of radio waves directed toward the ionosphere 
are shown by the short heavy lines. The upper portion of the wave front enters the 
ionosphere first and penetrates more deeply. The upper portion travels at a greater 
velocity, causing refraction, t hereby turning the wave and reflecting it back toward 

t he earth. Some energy absorption occurs in the ionosphere. 

The refraction (Fig. 4) in the ionosphere that causes bending of the 
rays and their reflection back toward the earth is explained as fol
lows: 12 

,vhen an electromagnetic wave traverces this reflecting region the unat
tached electrons are moved bv the influence of the \\·ave and absorb energy 
from it. On account of their ~ass and charge and the presence of the earth's 
magnetic field the electrons in their movements reradiate the absorbed energy 
slightly out of phase with the passing waw ; in doing so thl'y change the effec
tive velocity within the refracting zone. This variation in effective velocity is, 
of course, the cause of refraction. t 

* Reprint ed by permission, courtesy C. W. Rice, and QST. 
t Reprinted by permission, courtesy of R. A. Heising and th e Bell Laboratories 

Record. 
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Ionospheric Regions. The ionosphere is considered as being com
posed of an E region between about 90 and 140 kilometers (56 and 
87 miles) above the surface of the earth and an F region between 
140 and 400 kilometers (87 and 250 miles) above the surface of the 
earth. 1 

Ionospheric Layers. Measurements of radio waves reflected back 
to the earth have identified the existence of several ionized layers in 
the regions of the ionosphere just described. 
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FIG. 5. Typical variations in the virtual heights of the ionosphere layers. The 
corresponding penetration, or critical, frequencies are shown. (Data from 

Reference 8.) 

The E layer 1 is a "permanent" layer existing (Fig. 5) at about 110 
kilometers (70 miles). Although it is permanent, in that it is present 
day after day, the ionic density of the E layer is not constant. It is 
strongest during the day, and at night it may almost disappear; also, 
it is subject to erratic variations. 

The F layer 1 is a "permanent" layer at about 300 kilometers (185 
miles) that varies as shown in Fig. 5. During all except the winter 
months, the F layer divides in the daytime into the F 1 and F 2 layers. 
The F layer also is subject to erratic variations. 

A D layer has been found occasionally in the daytime at 50 to 90 
kilometers (30 to 56 miles), but relatively it is of little importance. 

In addition to the daily and seasonal variations depicted in Fig. 5, 
the ionosphere and its "layers" are affected by the 11-year sunspot 
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cycle and by the number of sunspots present. 13 The ionosphere is 
subject to S'Udden changes during erratic solar activity and the related 
phenomena of the aurora borealis and magnetic storms. 1 4 The word 
layers was placed in quotation marks because they do not exist as 
layers in the usual sense. This is indicated at the right in Fig. 6 
which shows a typical daytime distribution of ionization. s 

Virtual Height. Assume that the ionosphere layers are as in the 
upper left portion of Fig. 5 and that at noon short pulses of radio
frequency energy are directed vertically upward toward the ionosphere. 

Fm. 6. The ionized layers of the ionosphere cause refraction and resulting reflection 
of radio waves as indicated for a typical daytime condition. The ionization density 
is shown at the right. Note that the several "layers" E, F1, and F2 are not distinct 
from each other and that the ionization density is greatest for the F2 layer. The 
ionization density is measured in number of ions per cubic centimeter. (Adapted 

from Reference 8.) 

If the frequency is below about 4.2 megacycles, some of the energy 
will be absorbed in the E layer, and the rest will be reflected back 
toward the earth. By properly displaying the initial pulse and the 
reflected pulse on a cathode-ray tube and by the use of suitable time
measuring equipment, the virtual height of the reflecting layer can be 
determined. 15 By virtual height is meant1 the "height at which 
reflection from a definite boundary surface would cause the same time 
of travel as the actual reflection, for a wave transmitted from the 
ground to the ionosphere and reflected back." The virtual height is 
usually specified for the lou·est frequency at which reflection occurs. 1 

This is sometimes called the equivalent height, or the effective 
height, of the layer. 

Penetration (Critical) Frequency.1 Again assume that the 
ionosphere layers are as in the upper left portion of Fig. 5 and that 
at noon short pulses of radio-frequency energy are directed vertically 
upward toward the ionosphere. If the frequcnry is below about 4.2 
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megacycles for the period indicated,reflection back to the earth occurs, 
but , above this frequency (at noon) , as indicated by the f E 0 line, neg
ligible reflection occurs from the E layer for u·aves directed ver tically 
upward. This frequency is defined as the penetration frequency 1 

and is often called the critical frequency. It is the highest frequency 
reflected from a layer at vertical incidence.1 

As mentioned, for the conditions depicted in the left portion of Fig. 5 
at noon a wave of frequency greater than about 4.2 megacycles would 
not be refl ected appreciably by the E layer. Some energy would be 
a bsorbed by the E layer, and the remainder of the wave would pass 
on into the F 1 layer , which is more dense (Fig. 6) and accordingly 
would reflect the wave. If, ho,,·e,·er, the frequency is too high for 
the F 1 layer, the wave might pass through to the F 2 layer, which is 
more dense (Fig. 6) and which might reflect the wan. Waves of 
frequencies greater than the pcnetra tion frequency for the F 2 layer 
are absorbed in part, and then transmitted out into space. 

Because of the presence of the earth's magnetic field double refrac
tion occurs in the ionosphere. s Hence, when a radio wave penetrates 
the ionosphere, two components emerge; these have different velocities, 
different polarization, and are attenuated differently. These two com
ponents are the ordinary wave 1 (or ordinary ray) and the extraor
dinary wave 1 (or extraordinary ray). The ordinary wave is desig
nated by an "o" and the extraordinary wave by an "x". The ordinary 
wave is shown in Fig. 5 for the E layer because it is the more impor
tant. For the F layer the extraordinary wave is shown because, for 
many purposes, it alone is of importance. 8 A wave emerging from 
the ionosphere has both horizontally and vertically polarized com
ponents. 

The penetration frequency is a measure of the ionization density, 
because, the higher the frequency , the greater must be the density of 
the ions to be able to reflect the wave back toward the earth. The 
relation applying is 

N = 0.0124[2, 

where N is the number of ions per cubic centimeter and f is the pene
tration, or critical, frequency in kilocycles. 8 

Maximum Usable Frequencies. If a wave is directed vertically 
upward and if the frequency is sufficiently high, then no ionospheric 
reflection will occur. As previously explained, the penetration, or 
critical , frequency is the highest frequency reflected at vertical in
cidence, illustrated by ray A of Fig. 7. If the transmitting antenna 
is also !':f'n<ling (at this same frequency) ray B at the angle indicated, 
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some bending of the ray will occur, but not enough to cause reflection. 
If, however, a ray is sent at a critical angle 0, as with ray C, then the 
bending will be sufficient to cause reflection back to the earth. The 
skip distance 1 shown is "the minimum distance at which radio waves 
of a specified frequency can be transmitted at a specified time between 
two points on the earth by reflection from the regular ionized layers 
of the ionosphere. Reflected waves are received at less distance only 
by sporadic, scattered, or zigzag reflections." These are erratic and 
unsatisfactory for reliable communication. 

Ionized layer 

Earth 

Fm. 7. Radio waves of the same frequency, but radiated at different angles, behave 
somewhat as shown. The angle () is the critical angle for the frequency used. 

When a ray such as C of Fig. 7 strikes the earth, absorption of 
energy occurs; also, the wave is reflected, and the signal may reach 
point y. A wave is said 1 to reach point x by a single-hop path, and 
to reach pointy by a double-hop path. Ray D sent out by the an
tenna reaches point y by a single-hop path. The signal voltage in
duced in the receiving antenna will be due to the combined effects of 
the two ( or more) rays. 

The effect of the angle of radiation on radio signals of the same 
frequency was considered in the preceding paragraphs. The effect 
of frequency on radio signals radiated at the same angle will now be 
considered, using Fig. 8. At some frequency f 1 the ray will not be 
reflected but will pass even through the F layer. At a lower frequency 
f 2 the ray will pass through the E layer, but reflection back to the 
earth will occur from the F layer. At a lower frequency '3 the ray 
will be reflected by the E layer. 

From phenomena just considered, it follows that there is a maxi
mum usable frequency, defined 1 as "the highest frequency that can 
be used for radio transmission at a specified time between two points 
on the earth by reflection from the regular ionized layers of the 



RADIO WA VE REFLECTIONS FROM THE EARTH 451 

ionosphere. Higher frequencies are transmitted only by sporadic and 
scattered reflections." For instance, suppose that the transmitting 
antenna of Fig. 7 is to provide a signal at point x. For a given iono
sphere height ( existing at that specific time), the signal can be pro
vided by ray C which leaves the antenna at a critical angle for some 
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Fm. 8. Radio waves of different frequencies, but radiated at the same angle 8, 
behave somewhat as shown. 

frequency. A higher frequency at this angle will not be reflected, and, 
if sent at a lower angle so that it will be reflected, it will miss point x. 
The maximum usable frequency f mis (neglecting the earth's curvature) 
approximately s 

I d2 

f m = fc '\) 4h2 + 1 , (3) 

where d is the horizontal distance from the transmitting to the receiving 
antenna, h is the virtual height of the reflecting layer under considera
tion, and fc is the penetration or critical frequency. The units d and h 
should be the same. 

Radio Wave Reflections from the Earth. Ground-wave trans
mission is affected by the surface of the earth. This is also true for 
sky-wave transmission involving more than a single hop. The earth is 
not a perfect conductor. 

Certain of the electrical constants 16 of the surface of the earth of 
importance in radio transmisison are as follows: 
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Absorption 
Dielectric Conductivity factor at 

Type of Terrain Constant e.m.u. 50 miles, 
(Inductivity) 1000 kilocycles 

Sea water 81 4.64 X 10- 11 1.0 
Pastoral, rich soil, low hills, midwest 14 3 X 10-13 0.50 
Pastoral, medium soil, medium hills, 

east 13 6 X 10-14 0.09 
Rocky soil, steep hills, Xew England 14 2 X 10-14 0.025 
City, industrial area, average 5 1 X 10-14 0.011 

The dielectric constants given are with respect to air as unity. The 
conductivity values are in electromagnetic units and can be converted 
to mhos by multiplying by 10 9 • The absorption factor is the ratio of 
the actual field intensity to the field intensity with no absorption 16 

and indicates which terrain is the poorest, sea water being assumed 
perfect. These constants are determined by studying radio trans
mission, although it is possible to make direct measurements. 1 7 

If the ground were a perfect conductor, then the reflection of radio 
waves by the surface of the earth would be somewhat as explained in 
Chapter 6 for a transmission line. The electric field at the surface of 
a perfect conducting plane must be zero because there can be no niltage 
drop over such a surface. The reflected electric component must re
Yerse to cause cancellation. From a study of these phenomena, 3 it 
is concluded, theoretically, that a horizontally polarized wave is 
reflected from a perfectly conducting surface with a 180° phase shift 
and that a vertically polarized waye is reflected ,Yithout a phase shift. 

Since the earth is not a perfect conductor, the theoretical situation 
just described may not exist. Studies of waye reflection under actual 
conditions have been madc. 1 7 Both the ratio of the amplitude of the 
incident to reflected wave and the phase shift vary with the conduc
tivity and the dielectric constant of the earth and with the frequency 
and angle of incidence. These values can be calculated 1 7 or taken 
from curYes. 18 

Ground-Wave Propagation. 18 · 19 • 20 • 2 1. 22 The Austin-Cohen 
formula 6 was used until about 1930 to calculate field strengths at a 
distance from a transmitting antenna. Its use has been largely super
seded by the Sommerfeld formula as modified by several inwstigators. 

Of particular interest is the problem of calculating the field strengths 
produced by standard amplitude-modulation broadcast stations. In 
engineering practice, curYes 16 arc usually used for this purpose; a 
summary of the method follows. 

The field strength produced at a distance by a short vertical antenna 
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(about 0.1,\ m length) over perfect earth is23 

Ei' = 300VP, 

453 

(4) 

where E1 ' is the field strength in millivolts per meter at one kilometer 
when P is the power input to the antenna in kilowatts. For the field 
strength at one mile, the equation is23 

E1 = 186 VP. (5) 

For an actual broadcast-type antenna, different factors 16 are used, 
and the equations are modified 2 :~ as follows: 

Vertical antenna 0.15>-. to 0.25>-. high, E 1 15ovP. (6) 

Vertical antenna 0.25>-. to 0.40>-. high, E 1 175 VP. (7) 

Vertical antenna 0.40>-. to 0.60>-. high, E 1 = 220 VP. (8) 

In these three equations, E 1 is the field strength in millivolts per meter 
at one mile and P is the power input to the antenna in kilowatts. The 
constants for these three equations include such factors as the effect of 
height and the efficiencies of the antenna and ground system. Note 
that the field strength is proportional to the square root of the power 
input. 

The strength of the ground wave at distances greater than one mile is 
found from curves. These are available 6 · 16· 2 1. 22 · 23 for various 
earth conductivities and dielectric constants. In Fig. 9 are included 22 

curves for good earth conditions, such as encountered in midwestern 
United States. These curves are based on a field strength of 186 
millivolts per meter at one mile and, for a station that does not produce 
this signal strength, the ordinates of Fig. 9 should be multiplied by the 
ratio of the actual field at one mile to 186. These curves indicate that 
ground-wave propagation at high frequencies becomes very inefficient 
because of losses in the surface of the earth and in objects on the 
surface. For this reason, high-frequency transmission is not used 
where ground-wave reception is desired. An inverse-distance curve 
also is given in Fig. 9. This represents transmission over lossless earth, 
and the decrease is caused by dispersion, or spreading out of the 
wave. 

Signal strengths at a receiving location for good reception are as 
follows: 16 

City business or factory areas 10 to 50 millivolts per meter. 

City residential areas 2 to 10 millivolts per meter. 

Rural areas 0.1 to 1.0 millivolt per meter. 
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Radio reception is entirely satisfactory under favorable static and 
noise conditions with weaker signals, perhaps as low as 10 microvolts 
per meter and even less. Theoretica lly, 1 miHivolt per meter ,rill 
induce a voltage of 1 millivolt in a wire one meter long if the wire is 
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Frn. 9. Curves for computing ground-wave signal intensity for good earth con
ditions (conductivity u = 10- 13 e.m. u. , dielectric constant , = 15). The inverse 
distance curve is the curve for perfect earth where there is no loss and the signal 
decreases because of dispersion only. These curves are for a signal strength of 18Ci 
millivolts per meter at one mile: that is, 1.0 kilo\\"att of radia ted power, equation 5. 

(Adapted from reference 22.) 

parallel to the electric lines of force in the received wave. The ground 
wave from a vertical antenna is not exactly vertically polarized. The 
losses in the earth cause the wave front to tilt forward slightly. 

Sky-Wave Propagation. Sky-,rnve reflection occurs at very low 
frequencies (10 to 30 kilocycles) and into the low-frequency range (30 
to 300 kilocycles). The waves at the lower frequencies are propagated 
through space somewhat as if bounded by two spherical reflecti ng 
shells, the ionosphere and the earth. 6 Energy loss in both the earth 
and the ionosphere is small. 
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Absorption by the ionosphere becomes important, particularly in 
daytime, in the medium-frequency band (300 to 3000 kilocycles) and 
the upper part of the low-frequency band. At the standard amplitude
modulation frequencies of 550 to 1600 kilocycles, only the ground 
wave need be considered in the daytime. During daytime, absorption 
occurs in the E layer. During the night, and particularly in the 
winter, the decrease in density of ionization and the resulting reduction 
in absorption by the E layer cause reflection to occur. It is difficult 
to calculate with accuracy the strength of the sky-wave signal, but 
it can be estimated, 6 assuming a reflection coefficient of about 0.25. 
Curves are given in reference 16 by which sky-wave field intensities 
can be determined for the standard broadcast band. 

If a radio station is receiving a signal by both the ground-wave path 
and the sky-wave path, then the received signal is the vector sum of 
the two components. Sky-wave signals are erratic, and, whenever 
they are involved, variations in signal strength occur. This is called 
fading and is defined 1 as "variation of radio field intensity caused by 
changes in the transmission medium." Sometimes, selective fading 
occurs, 2 4 defined 1 as "fading which is different at different frequencies 
in a frequency band occupied by a modulated wave." 

In the high-frequency band (3 to 30 megacycles) the ground wave 
is absorbed so rapidly that usually only sky-wave transmission is im
portant. An exception is for such purposes as city police radio systems 
and installations where the antennas are at a distance above the earth. 
In such instances space-wave transmission is important. But, for 
strictly sky-wave propagation, the transmission is so erratic that cal
culations are unreliable, and curves and maps with field-strength con
tours are used, 6 • 8 , 2 2 an example being Fig. 10. 

In fact, as Dellinger has stated, 8 "The more one views the com
plexities of radio transmission via the ionosphere, the more he marvels 
that it provides any intelligible communication."* Only because of 
exhaustive studies 2 5 , 2 6 • 2 7 over long periods has sky-wave commu
nication been made useful. 

Depending on conditions, above about 30 megacycles reflection from 
the ionosphere becomes uncertain, and above about 60 megacycles 
reflection from the ionosphere rarely occurs. Thus, at very high 
frequencies (30-300 megacycles) transmission is normally by the 
space wave. 

Space-Wave Propagation. The space wave was discussed on page 
444 and, as indicated in Fig. 3, is composed of a direct wave ( or ray) 

* Quoted by permission, courtesy J. H. Dellinger, and the American Institute 
of Electrical Engineers. 
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and a ground-reflected wave. From the definition on page 444, space
wave transmission is, of course, a special case of ground-wave trans
mission where the surface wave is attenuated so rapidly that it is 
neglected. 

The signal strength at the receiving antenna is the vector sum of 
the two waves. The direct wave travels through the atmosphere and is 
affected by the troposphere. The ground-reflected wave suffers ab
sorption and phase shift at the surface of the earth (page 451). 

Fm. 10. Lines of equal average received intensity for a particular frequency, time 
of day, season, epoch of solar cycle, and location of transmitter. The numbers are 
field intensities expressed in decibels above 1 microvolt per meter, for 1 kilowatt 
radiated. The dotted line is the locus of sunrise (L) and sunset (C). The shaded 
areas are regions of essentially zero reception. The transmitting antenna is located in 
the upper center in the small shaded circle. The frequency is 18.8 megacycles, and 

the time is noon at the transmitter on a winter day. (From reference 8.) 

The length of the path and the heights of the antennas are other 
factors affecting the received signal strength. The wavelength is short 
at the frequencies under consideration (30 to 300 megacycles, and 10 
to 1 meters), and the location of the antennas should be chosen 
with care. Once the site is selected, the exact location should be 
checked experimentally to determine the position of the strongest 
received signals. Methods of calculating the approximate signal 
strength with elevated antennas are summarized in reference 6. 
Reference 28 considers the effect of atmospheric conditions, hills, 
and buildings. 

The following equation 23 for field strength applies approximately 
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within the "radio path" horizon, equation 10, 

14Vw (271'h1hr) E = -d- sin ~ (volts per meter), (9) 

where w is the power in watts radiated, h1 is the height of the trans
mitting antenna in meters, h,. is the height above the earth of the 
receiving antenna in meters, A is the waYelength in meters, and d is the 
distance in meters bet\Yeen the antennas. This equation holds for 
small dipoles (page 460), for distances much greater than the antenna 
heights and for both vertical and horizontal polarization. 

Channels for frequency-modulation broadcast stations start at 88 
megacycles and extend to 108 megacycles. Certain tele-..-ision channels 
also are in this vicinity. For data regarding frequency-modulation 
signal strengths at various distances, for different radiated power, and 
for various antenna heights, reference 29 should be consulted. 

Direct-Wave Propagation. Only in free space can direct-wave 
propagation occur but direct-waYe propagation can be approximated 
in regions remote from the earth. 

Point-to-point transmission, as from one microwave radio-relay sta
tion (or repeater station) to another in a superhigh-frequency radio 
communication system such as exists from New York to Boston (page 
527), is not exactly direct-wave propagation, but it approaches it. 

l\Iethods are available 28 for calculating the transmission to be ex
pected at ultrahigh and superhigh frequencies. :Many factors must be 
considered such as frequency, types, and heights of antennas, terrain 
including trees, hills, buildings, etc. 

In the New York-Boston system, operating at about 4000 megacycles 
and using highly directional antennas located about 30 miles apart on 
hills, it has been found that ground reflection and variable atmospheric 
refraction affect transmission. 30 HmYever, it is reported that it is 
possible during non-fading periods to obtain essentially free-space 
conditions. 

Point-to-point radio transmission at ultrahigh (300 to 3000 mega
cycles, 100 to 10 centimeters) and superhigh (3000 to 30,000 megacycles, 
10 to 1 centimeters) frequencies is possible beyond the optical, or 
line-of-sight, path, that is, beyond the horizon. This is due in a large 
measure to atmospheric refraction and diffraction. The "horizon" for 
the radio path, or the maximum possible "direct-ray" path is 

d = Y2ht + V2hr, (10) 

where d is the distance in miles, and ht and hr are the heights in feet 
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above the surface of the earth of the transmitting and receiving 
antennas. 

Atmospheric "ducts" as they are called are caused by refraction in 
the troposphere and reflect superhigh-frequency radio waves back to 
the earth, where they are reflected back to the refracting region, and 
so on. Thus, radio waves are "trapped" within the duct, and peculiar 
transmission phenomena occur. 31 Transmission at these frequen
cies is also affected quite adversely by rain, particularly at wave
lengths below 5 centimeters. 32 · 3 3 

Antennas, or Aerials. The pages that follow will deal largely 
with transmitting antennas, and little need be said about receiving 
antennas. This is because of the application, by Carson, of the 
reciprocity theorem (page 151) to antennas. This theorem, often 
called the Rayleigh-Carson reciprocity theorem, because it was due 
to Rayleigh in its original form, may be stated: If a radio-frequency 
voltage E, when inserted at a given point x in antenna 1, causes a 
current I to flow at a given point y in distant antenna 2, then the same 
voltage E u·hen inserted at point y in antenna 2 will cause the same 
current I to flow at point x in antenna 1. This theorem holds only if 
the transmission path remains constant. If a given antenna has cer
tain directional properties in transmitting, according to this theorem it 
has the same directional properties in receiving, and vice versa. 

There is another important reason for concentrating on transmitting 
antennas. They are usually designed and constructed to radiate large 
amounts of power efficiently and to operate at a single narrow fre
quency band. On the other hand receiving antennas often must 
operate over a rather wide band and should not be efficient at one 
part of the band at the expense of other parts. 

An antenna, or aerial, is defined 34 as "a means for radiating or 
receiving radio waves." Many types, shapes, and lengths of trans
mitting and receiving antennas are used, and they have various posi
tions with regard to the surface of the earth and objects such as 
buildings. Attention ·will be focused on basic types, first as they be
have in free space, and then as their characteristics are modified by 
the presence of the earth. 

In studying antennas, it is convenient to use the classification 
periodic antennas and aperiodic antennas, the latter being discussed 
on page 479. 

Periodic Resonant Antennas. Periodic antennas are of many 
types and constitute a large percentage of all antennas used. Peri
odic antennas are defined 34 as "those in which the impedanre varies 
as the frequency is altered due to reflections or standing waves within 
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the antenna system. This includes open-end wires and resonant 
antennas of all kinds." 

A simple antenna was shown in Fig. 1. From the electric-circuit 
standpoint such an antenna is far more than two wires, as Fig. 11 in
dicates. If the antenna is driven with a voltage of frequency such that 
the total antenna length is approximately one-half wavelength, the 
current (I) and voltage (E) distribution along the antenna will be as 
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Fm. 11. An antenna is approximately equivalent electrically to the circuit shown. 

shown in Fig. 12(a). This is similar to the stationary (standing) wave 
on a transmission line (Chapter 6) but differs in one important respect. 
When a theoretical lossless line is considered, the current and voltage 
distribution drop to zero at certain points. But, even if an antenna 
were made of lossless wire, when it was driven, it would radiate energy 
into space. Therefore, the current and voltage distribution would not 
be zero at certain points as for a lossless line, except that the current 
would be zero at the extreme end of each wire. This means that the 
input impedance of an antenna must always have a finite resistance 
component. 
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Confusion exists as to what is represented by the curves of Fig. 12 (a). 
The dotted current eurYe I represents the effective Yalues of current 
that ,vould be indicated by radio-frequency ammeters connected at 
vanous points in the antenna wires. These effective current values 

E 

(a) Half-wave 
antenna 

( and also voltage Yalu cs) arc plotted 
, z E with magnitude of current along the 

\ horizontal or x axis, marked "center 
line" in Fig. 12 (a). The solid Yoltage 
curve E represents the effective values 
of voltage that would be indicated by 

I 
I 

I 

\ 
I 
I 

(imaginary) voltmeters connected be
tween the various points on the antenna 
and a conducting plane passing through 
the center of the antenna and at right 
angles to it (along the center line). 

From the discussion given in Chapter 
6, it follows that the input impedance 
of the antenna of Fig. 12 (a) is a low 
value of pure resistance (low voltage, 
high current) and that the input im-

(b) Full-wave pcdance of Fig. 12(b) is a high value 
antenna of pure resistance (high voltage, low 

Fm. 12. The current I and volt- current). If the driving frequency is 
age E will be distributed on the such that the antenna is neither a half 
antennas approximately as shown. wave nor a full wave in length, then 
Because the antennas radiate the input impedance will be composed 
power, the curves do not reach 
zero (except at the ends), and the 
input impedance always has a 

finite resistance component. 

of both resistance and rcactance. The 
velocity of propagation along an an
tenna is not exactly the propagation in 
free space. The actual antenna length 

should be about 0.95 times the theoretical length. Also, the distribu
tion of current and -voltage is not exactly sinusoidal. Because the 
input impedance is a low value of pure resistance (like a series reso
nant circuit) at certain frequencies and a high Yaluc of pure resistance 
(like a parallel resonant circuit) at other frequencies, these antennas 
are often called resonant antennas. 

Free-Space Radiation Patterns from Periodic Straight-Wire An
tennas. One type of antenna used extensiYcly is called a doublet 
antenna dcfined 35 as "an antenna consisting of two elevated con
ductors substantially in the same straight line of substantially equal 
length, with power delivered at the center." Such an antenna is often 
called a dipole. 1 
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In deriving the radiation pattern for a periodic straight-wire doublet 
or dipole antenna, the equation for the radiation from an elementary 
doublet, :i of such sma ll length that the current in all parts is the 
same, is used. The next step in determining the radiation pattern of 
an actual antenna is to assume the actual antenna to be made up of a 
number of elementary doublets and to determine graphically or mathe
matically3 the field intensity produced by all the elementary doublets 
at the various points in space about the antenna under study. 

For periodic straight-wire doublets, or dipoles, the free space radia
tion patterns are36 

For a periodic straight-wire 
antenna an odd number of 
half wavelengths long : 

For a periodic straight-wire 
antenna an even number 
of half wavelengths long: 

601 (1rl ) 
E = d cos i cos f) 

sin fJ 
(11) 

601 
sin(~ cos 0) 

E = d >. 
sin fJ 

(12) 

In these equations Eis the effective value (r.m.s.) of the field st rength 
in volts per meter at the point under consideratic1'n, d is the distance in 
meters from the point to the antenna, I is the effective value of the 
current at the point of maximum current flow in the antenna, l is the 
antenna length in meters, ,\ is the wavelength in meters, and 0 is an 
angle measured as shown in Fig. 13. 

These figures show the shapes of the fr ee-space radiation patterns 
for several straight-wire antennas. The relative field strength of the 
signal radiated at any angle is the length of a vector at that angle 
from the center of the antenna to the pattern edge. Information is 
available36 for finding the positions and relatiYe magnitudes of the 
lobes without first plotting the figures. In Fig. 13 is shown the radia
tion pattern in a plane parallel to the antenna, and in which the 
antenna lies. The entire rad iation is a "solid figure," obtained by 
"revolving" the patterns shown about. the antenna as an axis . 

Ground-Reflection Factors. The radiation patterns of Fig. 13 are 
for free space and apply in practice only if all reflections are neglected. 
When antennas are near the earth, as they often are, the effect of 
reflections from the earth must be considered. To obtain an approxi
mate idea of the actual radiation pattern, several assumptions are 
made: .first, that vertically polarized waves are refl ected from the 
earth without a change in phase; second, that horizontally polarized 
waves arc reflected from the earth u·ith a change in phase of 180°; 
and, thfrd, that no energy is lost during reflection. If these assump-
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(a) Antenna length ')1./2 (c) Antenna length 3/2 A 

( b) Antenna length X (d) Antenna length 2 X 

Fm. 13. Free-space radiation patterns plotted from equations 11 and 12. Relative 
magnitude of radiated field strength is indicated by 0.5, 1.0, and 1.5. Areas of 
figures should not be compared. These figures represent radiation in one plane. 
The complete radiation is a "solid figure" obtained by revolving the pattern about 

the antenna (at the center) as an axis. 

tions are made, it is then possible to determine theoretical ground
reflection factors, which when applied to the free-space radiation 
pattern give the (theoretical) antenna radiation pattern in the presence 
of the earth. Note in particular that in this section plots of ground
reflection factors and not antenna radiation patterns are being 
developed. 

Because the reflected wave is assumed to be shifted in phase either 
0° or 180° at the surface of the earth, it is possible to represent a 
reflected wave as coming from an image antenna as in Fig. 14. Half-
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wave antennas are employed as illustrations because they are relatively 
:;1mple. The method can be extended to longer antennas and to an
tennas that are other than vertical or horizontal. 6 , 21 

In Fig. 15 are shown plots of ground-reflection factors for various 
conditions. As an illustration of how these are determined, typical cal
culations will be made for a horizontal half-wave antenna¾,\ (or 90°) 
above the surface of the earth and at an angle of 30° with the hori
zontal. The relative radiation at some distant point, where the rays 

Horizontal 
antenna 

=-0---+ 

+0--= 
Image of 
horizontal 
antenna f. 

Earth 
Image of 
vertical 
antenna 

+ 

I x,..-
1~ L/ 

2Hsin(J 

FIG. 14. Because a horizontally polarized wave is assumed to be reflected with a 
180° shift in phase and a vertically polarized wave is assumed to be reflected with 
0° shift in phase, the action of the reflected wave for horizontal and vertical antennas 
can be represented as if an image of the antenna, or an "image antenna," were an 
equal distance below the surface of the earth. The polarity of an image antenna is 
the same as would be induced in a wire at that point. To reach a distant point, the 
reflected ray, assumed to come from the image antenna, must travel a distance 
2H sin 8 farther than the direct ray. Half-wave antennas are shown because they 

are common. 

are assumed to arrive parallel, will be computed. The ground-reflected 
ray travels (Fig. 14) 2H sin 0 = 2 X 90° sin 30° = 90° farther than the 
direct ray; also, there is an assumed 180° shift in phase at the instant 
of reflection. (An alternate viewpoint is that the signal from the 
image antenna of Fig. 14 is 180° out of phase.) Thus, at the dis
tant point, at 30° with the horizontal, the ground-reflected ray is 
90° + 180° = 270° behind the direct ray which is equivalent to leading 
by 90°. Assuming no loss at reflection and that the magnitude of 
each ray is 1.0, the magnitude of the signal is the vector sum of these 
two rays or 1.414. This is plotted at 30° in the lowest diagram of 
Fig. 15(a). Other factors are determined in a similar manner. For 
the lowest diagram of Fig. 15 ( b), at 30° the ground-reflected ray will 
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0 0.5 1.0 1.5 2.0· 

0 0.5 1.0 1.5 2.0 

15° 

0 0.5 1.0 1.5 2.0 
(a) Horizontal antennas 

15° 

0 0.5 1.0 1.5 2.0 

0 0.5 1.0 1.5 2.0 

0 0.5 1.0 1.5 2.0 
(b) Vertical antennas 

FIG. 15. Ground-reflection factors for the vertical and horizontal half-wave 
antennas of Fig. 14. The wavelength notations on each figure are the height of the 

antenna above the surface of the earth. These are not radiation patterns. 

travel 2H sin 0 = go 0 farther, and, since there is an assumed shift of 
0° at the surface, the reflected ray will arrive at the distant point go 0 

behind the direct ray. Assuming no loss at reflection, the resultant 
field will be the sum of two vectors of magnitude 1.0 and 90° out of 
phase, and the reflection factor ,viii be 1.414 as before. 

Equations can be written which will give the reflection factors. For 
the diagrams of Fig. 15(a) the equation is 

Reflection factor = 2 sin (H sin 0), (13) 

which applies to horizontal half-wave antennas of any height Hin de
grees above the earth. F or the diagrams of Fig. 15 ( b) the equation is 

Reflection factor = 2 cos (H sin 0), (14) 

which applies to vertical half-wave antennas with centers at any height 
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H above the surface of the earth. Plots of reflection factors for many 
heights are available. 3 7 

Radiation Patterns from Periodic Straight-Wire Antennas near 
the Surface of the Earth. If the free-space radiation pattern (Fig. 
13) of an antenna is modified by the application of ground-reflection 

220° 240° 2so· 300° 320° 

Frn. 16. To obtain the radiation pattern in the vertical plane (in which the antenna 
lies) for a horizontal half-wave antenna ¼A above the surface of the earth, multiply 
the free-space radiation (Fig. 13) at various angles by the ground-reflection factor 

(Fig. 15) at that angle. The areas of these figures should be disregarded. 

factors (Fig. 15), or by equation 13 or 14, the theoretical radiation 
pattern of an antenna near the earth is obtained. In the following 
discussion half-wave antennas will again be considered, and the radia
tion in the most important planes will be depicted. 

Horizontal Half-Wave Antennas, Vertical-Plane Radiation. The 
plane to be considered in this paragraph will be the vertical plane in 
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which the antenna lies. As an example of the method of calculation, 
Fig. 16 has been included, which shows how the solutions are made for 
a half-wave antenna ±A above the earth. Thus, at 60°, the free-space 
radiation is 0.8, the reflection factor is about 2.0, and the theoretical 

so· so· 

o•'--L--=:::,1,,,--.,._.....,,=1-_i_____10• 
0.5 1.0 1.5 2.0 

20° 

o•L---'--.i..::::""'---=.--=L--1...__; o· 
0.5 1.0 1.5 2.0 

0°'---'--L..-_r::'--'-=--'-....l...~o· 
0.5 1.0 1.5 2.0 

FIG. 17. Radiation patterns for horizontal half-wave antennas at ¼A, ½A, and A 
above the earth. Figures at the left are for radiation in a vertical plane in which 
the antenna lies, and those at the right are for a vertical plane passing through the 

center of the antenna at right angles to the antenna. 

radiation at 60° is 0.8 X 2.0 = 1.6, as shown in Fig. 16. The radiation 
at other angles is found in the same way. This same method is used 
to determine the radiation patterns (Fig. 17) for half-wave antennas at 
heights other than { A. 

The radiation pattern to be considered in this paragraph is for a 
plane passing at right angles through the center of a horizontal half
wave straight-wire antenna. The pattern will have the same shape 
as the plot of the ground-reflection factors of Fig. 15(a) for the antenna 
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height under consideration (Fig. 17). This is because in free space 
the radiation as "viewed" from the end of a half-wave straight-wire 
antenna is a circle. 

Horizontal Half-Wave Antennas, Horizontal-Plane Radwtion. 
Theoretically, this antenna radiates no energy in a horizontal plane in 
which the antenna lies, because the reflection factors at a vertical angle 
of 0° are zero, as Fig. 15(a) indicates. But, at many vertical angles 
there is radiation, and a plot can be made3 7 of field intensities at these 
vertical angles in the various horizontal, or azimuth, directions from 
the antenna. Referring to Fig. 16, at 40° the radiation in the vertical 
plane in which the antenna lies is approximately 1.1 as determined 
from the "actual radiation pattern." At 40° at right angles to the 

30° 40° 50° 60° 70° 90° 70° 60° 50° 40° 30° 

20· 20· 

10· 10· 

o· 

Fm. 18. To obtain the radiation pattern in the vertical plane (in which the antenna 
lies) for a vertical half-wave antenna with its center¼>- above the surface of the earth, 
multiply the free space radiation (Fig. 13) at the various angles by the ground
reflection factor (Fig. 15) at that angle. The areas of these figures should be dis-

regarded . 

center of the antenna the radiation is approximately 1.7 as determined 
from the "ground reflection factors," which, as mentioned in the preced
ing paragraph, is also the radiation pattern in a plane passing through 
the center of the antenna at right angles. 

Vertical Half-Wave Antennas, Vertical-Plane Radiation. The 
plane to be considered is any vertical plane in which the antenna lies. 
As an example, Fig. 18 has been included, which shows how the calcula
tions are made for a half-wave antenna the center of u·hich is ¾A above 
the earth. Thus at 30° the free-space radiation is about 0.8, the 
reflection factor is about 1.4, and the theoretical radiation at 30° is 
0.8 X 1.4 = 1.12, as shown in Fig. 18. The radiation at other angles is 
found in the same manner. This same procedure is used to determine 
the radiation patterns for half-wave antennas at heights other 
than ¼,\. 



468 RADIO WAVE PROPAGATION AND ANTENNAS 

Vertical Half-Wave Antennas, Horizontal-Plane Radiation. The 
radiation pattern in a horizontal plane for a vertical half-wave straight
wire antenna at any height above the earth will be a circle. This can 
be visualized by "looking down" on Fig. 18. The radiation in all 

so· so· 

0.5 1.0 1.5 

0.5 1.0 1.5 

Fm. 19. Radiation patterns for verti
cal half-wave antennas with centers 
¼;\, ½;\, and ;\ above the earth. The 
antennas are located at the lower 
centers of the figures and are not shown 

for simplification. 

horizontal directions is uniform. 
However, the radiation at a verti
cal angle of 0° ( the surface of the 
earth) is greater than the radiation 
at some vertical angle. It should 
be mentioned that losses in the sur
face of the earth and in objects on 
the surface of the earth reduce the 
radiation along the earth below the 
values indicated by Fig. 19; 

Directional Periodic Antennas. 
In many radio applications it is 
desired that the antenna radiating 
( or receiving) systems be direc
tionaL A directional antenna is 
defined 34 as "an antenna having 
the property of radiating or receiv
ing radio wans more effectively in 
some directions than others." Di
rectional antennas are particularly 
useful with important point-to
point installations because they re
duce interference, increase secrecy, 
and save power, resulting in lower 
overall first costs and operating 
charges. Directional transmitting 
antennas are sometimes called di
rective antennas. 

Antenna Gain. The gain of an 
antenna is defined 3 4 as follows: 
"The measured gain of one trans
mitting or receiving antenna over 

another is the ratio of the signal power one produces at the receiver 
input terminals to that produced by the other, the transmitting power 
le,·el remaining fixed." The reference antenna for measuring the gain 
of a directional antenna is often a similar non-directional radiator. 
The gain as defined is a power gain and is often expressed in decibels. 

Antenna Arrays. Antenna arrays are systems of antennas coupled 
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together for the purpose of obtaining directional effects. 3 4 When the 
unit antennas are arranged in a line perpendicular to the direction of 
transmission the system is called a broadside array, and when the 
unit antennas are arranged in the direction of transmission it is called 
an end-on array, end-fire array, or an alignment array. 3 4 

Broadside Arrays. One broadside array consists of half-wave an
tennas arranged along the same st raight line and is sometimes called 
the collinear array. (See also reference 34, linear array.) A simple 

,~, 'r C 
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(b) -~ Ee 
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• • • • Direction of • • --1-¼A--l (c) 
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Fm. 20. In (a) is shown a collinear array. In (b) is shown a broadside array of 
conductors, the ends of the wires, or radiators, being shown by dots. For the spacing 
indicated, the conductors are driven in phase. In (c) is shown an end-on, or end-fire, 
array. For the spacing shown each radiator is driven -90° out of phase with respect 
to the radiator on the left. This array has maximum radiation in one direction only . 

arrangement is shown in Fig. 20 (a) . When the driving voltage has 
the polarity shown, the instantaneous current directions will be as 
indicated by the arrows. As a result, cancellation occurs for the 
quarter-wave sections, and the half-wave antennas combine to send 
signal at right angles to the direction in which they point, giving a free
space radiation pattern similar to Fig. 13 (a), but very much more 
elongated. An array such as Fig. 20 (a) could be horizontal or vertical 
(or at any other angle) with respect to the earth. Reflection from the 
earth would affect the radiation pattern. Radiation from the antenna 
of Fig. 20 (a) will occur in both directions at right angles to the antenna, 
hence the word "broadside." 

Another broadside array (usually called the broadside array) is 
shown in Fig. 20 (b) in which a number of half-wave antennas are 
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arranged with their axes at right angles to the direction of the array. 
The dots represent the upper ends of the half-wave antennas. They 
are ½A (or 180°) apart and are driven in phase. The radiation in the 
plane of the page is zero for the directions in which the radiators are 
aligned. A signal from one radiator will arrive at a second radiator 
180° after it is radiated. By this time, the applied voltage at the 
second has changed 180°, and the radiation from the second radiator 
will cancel that which has arrived from the first. Thus cancellation of 
signal occurs, and there is negligible radiation in the direction of the 
array. At points in front and in back of the antenna, the radiations 
add, giving two directions of maximum radiation as shown in Fig. 
20 ( b). This array may be placed at any position with respect to the 
earth. Its radiation pattern will be affected by reflection from the 
earth. 

End-fire, End-on, or Alignment Arrays. This is usually called 34 an 
end-fire array in practice, a typical arrangement being shown in 
Fig. 20(c). The currents in these radiators (often half-wave dipoles) 
are equal in magnitude, but the driYing arrangement is such that there 
is a progressive phase lag between adjacent antennas in the direction 
of maximum radiation. If the radiators are ±A apart, the phase lag is 
go 0

, etc. However, the theory does not apply if the spacing exceeds 
3A/8. ·with this arrangement, maximum radiation occurs in the direc
tion of the radiator having the most lagging phase. 

Reflectors and Directors. It will be noted that the broadside arrays 
of Fig. 20(a) and (b) radiate equally in both directions, usually a very 
objectionable feature. They are made to radiate essentially in one 
direction only by the use of reflectors, directors, or both. 

An exciter 34 is "the portion of a transmitting array, of the type 
which includes a reflector, which is directly connected with the source of 
power." 

A reflector 34 is "a parasitic element located in a direction other than 
the general direction of the major lobe of radiation." 

A director 34 is "a parasitic element located in the general direction 
of the major lobe of radiation." 

An antenna array with a reflector is shown in Fig. 21. If a second 
identical row of conductors is placed ¼A, or goo, from the driven row 
of Fig. 20 (b), but not connected to it or to the source of radio-fre
quency energy, then this second row will be parasitically excited by 
the driven row. A signal leaves a driven exciter of Fig. 21 and 
arrives at the corresponding reflector goo after it is radiated. This 
signal induces a voltage in the reflector which will cause the radiation 
of a field of 180° out of phase with the exciting field. This field will 
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travel in two directions, one of which is toward the exciter where it 
arrives 90° after being radiated by the reflector. During this time, 
the signal voltage driving the exciter has changed 180°, and, hence, 
the new signal coming from the exciter and the signal from the reflector 
are in phase and add in the east direction. In the west direction, the 
original signal and the parasitically radiated signal are 180° out of 

North 

/Parasitically excited row 
J ✓Driven row 

• • 
• • 

West 

• • 
Direction of 

maximum 
radiation 

• •t 
½>-

• • 1 
-11>;.>,.~ 

South 

East 

Fm. 21. A directional an
tenna array consisting of a 
front row that is driven in 
phase, and a back row that 
is excited parasitically. The 
dots represent the ends of the 

conductors. 

phase, and radiation largely is cancelled 
in this direction. Thus radiation occurs 
largely in the east direction as Fig. 21 
indicates. Antennas of this type were 
formerly used extensively in trans
oceanic radio-telephone systems, but 
they have been superseded by rhombic 
antennas (page 480). A simple arrange
ment for feeding the driven row of Fig. 21 
is shown in Fig. 22. 

Fm. 22. Side view of a portion of 
the driven row of the antenna array 
of Fig. 21, showing how the radiators 
a re connec ted to obtain the correct 

phase relations. 

One or more directors (and a reflector as well) are used with the 
Yagi antenna, named after its inventor. The arrangement of a 
typical array is shown in Fig. 23; it is often mounted horizontally 
and arranged for rotation. Spacings of less than 90° are used, and 
the individual conductors are not all the same length. Some design 
data are available, but spacings and lengths are usually determined 
experimentally.:i ; . 3 9 A reflector is usually made longer than the 
exciter , and the directors are usually made shorter. Only one reflector 
is usually employed, but sometimes several directors are used. 

Antennas for Amplitude-Modulation Broadcast Stations. These 
antennas operate at fixed frequencies within the band 550 to 1600 
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kilocycles. In general, they are designed to supply a strong signal 
to the area adj acent to the transmitter, transmission being largely by 
the surface-wave component of the ground wave. Usually, the cover
age of the area is merely attributed to the ground wave. 16 The an-

tenna radiates the carrier and two side-

/ 
bands (page 489), requiring about 5000 
cycles each side of the carrier. The 

____ D carrier frequency is used in calculations. 

To driving 
voltage 

Frn. 23. A Yagi directional a r
ray using three directors (D ), one 
reflector (R ), and one exciter (E) . 
This antenna is often mounted on 
top of a pole and arranged for 
rotation. The line at the center 
of the antenna elements is the 

support. 

N on-directional Antennas for A-M 
Broadcast Station. Because ground
wave propagation is desired, the an
tennas usually are vertical and radiat e 
vertically polarized waves. In general, 
it is desired that sky-wave radiation 
be a minimum. In daytime sky-wave 
transmission at 550 to 1600 kilocycles 
is negligible because of ionospheric ab
sorption (page 445) , but, at night, refl ec
tion from the ionosphere occurs, and 
one broadcast station may seriously 
interfere with another station, perhaps 
a thousand miles away and operating 
on the same frequency or an adj acent 
frequency. In the design of a broad

cast antenna, it is , therefore, necessary to consider the radiation both 
in the horizontal plane, represented by the surface of the earth, and 
in vertical planes. 

If the antenna system is to be non-directional , a single vertical an
tenna is used. Neglecting losses, the radiation along the surface of 
the earth will be uni form (page 444 ), giving a circular pattern. The 
method of computing t he fi eld intensity is discussed on page 453 . 
The shape of the radiation pattern in a vertical plane depends on the 
antenna height, the patterns for several heights being shown in Fig. 24. 
Although an antenna height of about 0.62,\ theoretically gives the 
strongest ground-wave signal, 40 it will be noted that a lobe has de
veloped at about 60° with the horizontal. Such a lobe causes undesired 
high-angle sky-wave radi ation that wastes power and may cause dis
tant interference. ,vhen all factors are considered , a st raight vertical 
antenna about 0.53,\ has been found to make an excellent radiator . 4 1 

At the lower end of the broadcast band , an antenna this high is, physi
cally, a sizable and expensive structure, and, although such towers are 
used, they are often a smaller fraction of a wavelength. 

Many investigations have been made regarding height and shape of 
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broadcast antennas, and the ground systems to be used with them. 
For many broadcast purposes an antenna of height about 0.25,\ or 
even less, with a good ground system, has been shown 4 2 to be satis
factory. A good ground system for a vertical antenna often consists 
of about 120 heavy copper wires, each about 0.25A to 0.5,\ long, and 
buried at a depth of several inches so that they extend radially from 
the base of the antenna. 

Directional Antennas for A-.M Broadcast S tations. Sometimes it is 
necessary to use a directional antenna system with a broadcast station. 
For instance, sometimes the geographical distribution of the population 

90• so· 70• 60° 

20° 

10· 

FIG. 24. Radiation patterns in the vertical plane passing through vertical antennas 
of height 0.25;>.., 0.50;>.., and 0.62;>... The lobe at about 60° is for the 0 .62;>.. antenna. 
The diagrams are one half of the pattern which is symmetrical about the antennas. 

is such that this is desirable; or perhaps it is necessary to "protect" 
the service area of a distant station by designing the radiation pattern 
so that the signal sent toward that station is not too strong. Such 
directional antenna systems usually consist of two or more vertical 
antennas located a fraction of a wavelength apart and driven by the 
same transmitter. For explaining the basic principle of operation, a 
two-element array will be considered. 

The design of a direction al broadcast antenna system which will 
produce a given radiation pattern is a cut-and-try procedure. Thus, 
suppose that, after a careful study is made of all factors, an antenna 
radiation pattern such as Fig. 25 is selected. References 6 and 43 to 
46 present many patterns and the means of producing them. Assume 
that an investigation indicates that to obtain a pattern such as Fig. 25 
the two towers should be spaced 135° apart (one wavelength equals 
360°) , that the current in antenna B should lag that in A by 50°, and 
that the current in antenna B should be 0.7 that in A. These data will 
now be checked. 

From Fig. 26 it is evident that radiation from antenna B must travel 
a distance S cos 8 farth er than the radi ation from antenna A to 
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255° 270° 2a5• 

15° 

o· 
360° 

345° 

FIG. 25. Radiation pattern in a horizontal plane at the surface of the earth for two 
vertical antennas A and B that are 135° apart and driven so that the current in B 

is 0.7 of that in A and lags by 50°. 

reach some distant point. Using the angle 0 = 30° as an illustration, 
S cos 30° = 135° X 0.866 = 117°. 

To 
distant 
point 

~\ 
£,e,o'> \ 

_______ \ ___ L_ 
B~S---JA 

FIG. 26. The signal from vertical 
antenna B must travel a distance 
S cos I) farther than the signal from 
A to reach a distant point in the 

horizontal plane. 

But the signal from antenna B is 
radiated 50° behind that from A; 
hence at the distant point under 
consideration the signal from an
tenna B arriYes 117° + 50° = 167° 
behind the signal from A. Thus, 
the total signal strength relative to 
A alone at an angle of 30° is the 
sum of two vectors, the first is as
sumed to be unity in magnitude and 
to be the reference Yector, and the 
second is assumed to be 0.7 in mag

nitude Un= 0.7 IA) and lags 167°. The signal strength at the distant 
point relative to that produced by antenna A alone is 

V(l.O + 0.7 cos 167°)2 + (0.7 X sin 167°)2 = 0.35. 
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This value is then plotted as indicated in Fig. 25, and other values 
are calculated to give the complete radiation pattern. 

An equation for the relative radiation compared to that due to 
antenna A in a horizontal plane at the surface of the earth at various 
bearing, or azimuth, angles 8, measured with respect to a line joining 
the antennas as shown in Fig. 26, readily follows from the preceding 
reasoning. This equation is 

Relative field strength at angle 0 = 

V[l + k cos(S cos(}+ a)]2 + [k sin(S cos(} + a)]2
, (15) 

where k is the ratio of current in antenna B to that in A, a is the angle 
by which the current in antenna B lags that in A, S is the spacing in 
degrees, and (} is as previously noted. Thus, at 60°, the array previ
ously considered produces a relative field strength of 

V[l +o.7 cos(135° cos 60° +50°)]2 + [0.7 sin(l35° cos 60° +50°]2 = 0.92. 

This is found to fall on the curve of Fig. 25. 
The calculations just given are for the relative radiation only, com

pared to antenna A that is assumed to give unit radiation. If the 
actual field strength at any angle is desired, it can be computed for 
antenna A alone from equations 6, 7, or 8 and as discussed in the 
paragraph just following these equations. The radiation for antenna 
A alone, multiplied by the factors at the various angles from Fig. 25, 
will give a radiation pattern for the antennas in millivolts per meter, 
or other units used. 

Thus far, only the radiation, due to the two antennas, in a horizontal 
plane at the surface of the earth has been considered. Often, it is 
desired to know the radiation at various angles and in various vertical 
planes, so that the signal strength at some distant point via the sky
wave path can be determined. 16 For this purpose, the following equa
tion is often used 4 1, 4 4 

Relative field strength = 

[
cosH - cos(Hsin¢)] 

y' 1 + k2 + 2k cos ( a + S cos 0 cos </>) ( H l) . 
cos - cos</> 

(16) 

In this equation ¢ is the angle in the vertical plane at which the 
radiation is to be computed and is measured with respect to the hori
zontal, H is the height of each of the two identical antennas in degrees, 
and all other values are as previously explained. Thus, suppose 
the height of each of the antennas previously considered is 65°, 
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or less than one-fourth wavelength (90°), and the radiation along the 
horizontal (0 = 0°) at an angle of 60° with respect to the line of the 
towers is desired. Then, from equation 16, 

Vl + (0.7) 2 + 2 X 0.7[cos(50° + 135 cos 60° cos 0°)] = 0.92. 

At a zenith angle of 30° with respect to the horizon, and at an 
azimuth angle of 30° with respect to a line joining the two towers, 
the relative radiation will be from equation 16, 

Vl + (0.7) 2 + 2 X 0.7[cos(50° + 135° cos 60° cos 30°)] 

FIG. 27. One radiating unit con
sisting of four loops, used in a 
frequency-modulation broadcast 
anumna array. The array con
sists of, perhaps, six or eight (as 
desired) elements as shown placed 
in a horizontal position on a verti
cal tower, at intervals of ½A. An 
end view of the tower is shown. 
The tower legs and a conductor 
at the center feed the loops as 
indicated, the arrows being instan
taneous current directions. Some
times three legs and three loops 

are used. 

[
cos 65° - cos(65° sin 30°)] 

X -------- = 0.86 
( cos 65° - 1 )cos 30° 

Antenna patterns can be determined 
by mechanical and electrical de
vices. 41, 48, 49 

The preceding discussion was for di
rectional antenna arrays of two vertical 
towers. Sometimes, more than two 
towers are used. Information on such 
arrays can be found in the references 
already listed, particularly in refer
ence 46. 

Directional Antennas for F-M 
Broadcast Stations. From the stand
point of size and shape, antennas used 
in frequency-modulation broadcasting 
differ greatly from those used in am
plitude modulation. Among the rea
sons are first, the frequency is about 
100 times greater, making possible an
tennas with small dimensions; second, 
horizontal polarization is used with 
frequency modulation instead of ver
tical polarization as in amplitude mod
ulation; third, because there is less 
tendency for frequency-modulation sta
tions to interfere and because transmis

sion by sky wave does not usually occur at the high frequencies 
assigned, antenna systems that are horizontally directional are em
ployed only to a limited extent. 

The antennas used in amplitude-modulation broadcast systems are 
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almost always vertical towers, one being but little different from 
another. In frequency-modulation on the other hand, many shapes 
are used for the radiators. 

The configuration of the radiators of a typical antenna used in fre
quency-modulation broadcast is shown in Fig. 27. The loops are 
conductors of large diameter and are connected as indicated, the tower 
lags in parallel feeding one end of the loops, and a conductor at the 
center feeding the other end. Each loop conducts current as indicated 
by the arrows and is a radiator. As many as eight elements, such as 
shown in Fig. 27, are sometimes "stacked" into an array. 50 

Driving-Point Impedance of Periodic Antennas. 51 As shown in 
Fig. 11 an antenna is an electric circuit composed of resistance, in
ductance, and capacitance, and the voltage applied across its input 
terminals divided by the current that flows into these terminals is a 
measure of the driving-point impedance, self-impedance, or input 
impedance, as it is often called. As explained on page 460, for periodic 
antennas this impedance varies with the frequency of the applied 
voltage. 

The reason that the input impedance varies is evident from Fig. 12. 
From the theory of standing (stationary) waves, the input currents 
that voltages of different frequencies will produce will vary in both 
magnitude and phase, and hence the input, or driving-point, impedance 
will vary. 

It is possible to predict the input impedance of antennas of various 
types from theoretical consideration, 3 • 44 but in practice, if the im
pedance must be known, bridge measurements are usually made on the 
actual antenna. As will be seen in the chapter that follows, the re
active component of the driving-point impedance is either ignored or 
canceled out with opposite reactance at the point where the antenna 
is driven. 

Of interest is the antenna resistance, defined 34 as "the quotient of 
the power supplied to the entire antenna circuit by the square of the 
effective antenna current referred to a specified point." Antenna re
sistance includes 34 radiation resistance, ground resistance, radio 
frequency resistance of conductors in the antenna circuit, equivalent 
resistance due to corona, eddy currents, insulator leakage, and dielectric 
power loss. 

In antenna design, of much importance is the radiation resistance, 
defined 34 as "the quotient of the power radiated by an antenna by 
the square of the effective antenna current referred to a specified 
point." 

The radiation efficiency can be determined if the antenna resistance 
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and radiation resistance are 
known. Radiation efficiency is 
defined :H as "the ratio of the 
power radiated to the total power 
supplied to the antenna at a 
given frequency." 

The theoretical radiation re
sistance of a half-wave antenna 
in free space and driven at 
center is 73 ohms. The radia
tion resistance of the horizontal 
half-wave antenna is affected by 
its position above the earth as 
indicated in Fig. 28. 

Fm. 28. The radiation resistance of a The input impedance of a 
half-wave antenna in free space is about 
73 ohms. When near the earth, the 
radiation resistance varies as indicated 

because of reflection. 

typical vertical antenna for 
amplitude-modulation broadcast 
serYice is shown in Fig. 29. 
This antenna has zero reactance 

and hence is said to be resonant at frequencies of 0.685, 1.070, 
and 1.715 megacycles. At 0.685 megacycles the resistance is about 

350 

300 

250 

E 200 
.c 
O 150 

100 

50 

0 

I 
Resistance 

\ 
,~~ \i 

0.1 0.2 0.5 1.0 2.0 
Frequency- megacycles 

"' E 
.c 
0 

CS> 150 
:,, 

~ 100 ::, 
111 

"O 
E: 

50 
Reactance 

0 

-50 
j 

1, I 
J J 

J -100 
u 
"' 3-150 

-200 
0.1 0.2 0.5 1.0 2.0 
Frequency- megacycles 

Fm. 29. Variations of driving-point input impedance for a vertical amplitude
modulation broadcast antenna. The tower is 350 feet high. The height of the 
mounting base and base insulators is 14 feet. The antenna ground system consists 
of buried conductors extending radially. Impedance measurements made between 
tower and ground system. (Courtesy General Radio Co. and Radio Station WEEL) 

35 ohms. This is the natural frequency, defined 34 as the "lowest 
resonant frequency obtained without added inductance or capaci
tance." At 0.685 megacycles, the antenna functions as a grounded 
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quarter-wave antenna with Yoltage and current distribution as shown 
in Fig. 30 (a). At 1.070 megacycles, the driYing point input im
pedance is 310 ohms resistance, the antenna is operating in reso
nance as a half-wave antenna fed at the end, and the Yoltage and 
current distribution are as shown in 
Fig. 30(b). At 1.715 megacycles 
the antenna of Fig. 29 is resonant, 
operation is as a three-quarter wave 
antenna, and the impedance is 20 
ohms resistance. The Yoltage and 
current arc distributed as in Fig. 
30 ( c). An antenna does not ha Ye to 
be driven at a resonant frequency; 
howeYer, the frequency at which it is 
driven affects the shape of the radia
tion pattern. 

Other Periodic Antennas. The 
so-called resonant Vee antenna is of 
interest. One element consists of two 
wires arranged in a V, with the open 
end directed toward the distant re-

(a) (b) (c) 

Fm. 30. Voltage and current dis
tributions for a vertical antenna 
when driven at various frequencies 
so that it functions (a) as a quarter
wave antenna, (b) as a half-wave 
antenna, and (c) as a three-quarter 

wave antenna. 

cciving station. Several V elements may be arranged one above the 
other; also, V elements may be used as reflectors to give radiation in 
one direction only. 36 

Aperiodic (Non-resonant) Antennas. These antennas in their 
usual form are directional and are used for point-to-point service. 
Aperiodic antennas are defined 3 4 as "those designed to have constant 
impedance over a wide range of frequencies due to the suppression of 
reflection within the antenna system. These include terminated wave 
antennas and terminated rhombic antennas." 

Because aperiodic antennas operate without wave reflection, they 
do not have standing (or stationary) waves on them. In a sense 
aperiodic antennas are similar to terminated transmission lines. 

The Wave Antenna. This is defined 3 4 as "a directional antenna 
composed of a system of parallel, horizontal conductors from one-half 
to several wavelengths long, and terminated to ground at the far end 
in its characteristic impedance." The wave antenna, or Beverage 
antenna34 has been extensively used as a long-wave, low-frequency, 
antenna. In its simplest form it consists of a single horizontal wire 
about one wavelength long pointed toward the distant station. The 
end of the line nearer the distant transmitting station is grounded 
through an impedance approximately equal to the characteristic im-
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pedance of the antenna when regarded as a transmission line consist
ing of one wire and ground return. The other end is connected 
through the rece1vmg equipment to ground. 

Wire 

FIG. 31. The free-space 
radiation pattern for a 
lossless wire several wave
lengths long, and termi
nated so that there are no 

The action of this antenna is explained 5 2 

as follows: The incoming wave front is tilted 
forward slightly; thus, when an incoming 
wave travels along the antenna, a voltage is 
induced in it. 5 2 This voltage increases as 
the wave nears the receiving station. A wave 
along the line from the opposite direction will 
be absorbed at the terminating impedance. ,v aves coming from broadside will induce very 
little voltage, and thus the wave antenna is 
highly directive. 

The Rhombic Antenna.5 3 , 5 4 , 5 5 The 
standing waves, is as rhombic antenna is extensively used in both 
shown. The angle 0 at transmitting and receiving in short-wave, 
which radiation is maxi-
mum is as given by Fig.32. high-frequency, radio telephone and telegraph 

systems for point-to-point communication. It 
is defined 34 as "an antenna composed of long-wire radiators comprising 
the sides of a rhombus." These conductors often are several wave
lengths long and are terminated m an impedance at the "distant" 
end much like a transmission 
line so that no wave reflec
tion exists on them. To de
termine the radiation pattern 
from a rhombic antenna the 
radiation from a single ter
minated wire must first be 
investigated. 

The radiation pattern from 
a long wire in free space is 6 

60!0 0 . pL 
E = -- cot - sm - , 

d 2 2 
(17) 

where E is the field strength in 
volts per meter, I 0 is current 
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FIG. 32. For a lossless wire several wave
lengths long, and in free space, maximum 
radiation occurs at the angle 0 = (90° - c/>). 

input to the wire in amperes, d is the distance in meters, 0 is the angle 
with respect to the axis of the wire, L is the wire length in wavelengths, 
and p = (27r/,\) (1 - cos 0). Neglecting the minor lobes, Fig. 31 
gives the free-space radiation pattern. The angle 0 can be found 
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from Fig. 32, where 0 = (90 - ct,). This curve shows that the angle 
of maximum radiation is almost independent of the length of the wire 

-Direction 
of 

transmission 

Terminating 
resistor 

Surface of the earth 

FIG. 33. The two wires of the tilted-wire antenna are held above the earth by a 
vertical pole at the center. For the proper height , the two lobes add to produce a 
strong signal in the direction of transmission. The actual radiation pattern would 
be affected considerably by reflection from the earth. The terminating resistor 

prevents wave reflection, giving a non-resonant antenna. 

for wire lengths of over several wavelengths, a very important point 
as will be explained later. Before continuing the discussion of the 
rhombic antenna, two other antennas should be considered. 

A tilted-wire antenna can 
be arranged as in Fig. 33. This 
simple structure is useful at 
the upper end of the high-fre
quency band. By the proper 
selection of wire length and 
angle ct,, the antenna can be de
signed 3 7 so that two of the lobes 
combine for directional transmis
sion and so that the other two 
largely cancel. 

A non-resonant Vee antenna 
is arranged as shown in Fig. 34. 
The two wires are horizontal 
above the earth. For the proper 
wire length and angles, a highly 
directional antenna is obtained. 
The wires arc several wavelengths 
long and terminated so that no 
reflection occurs. 

R 

-Direction 
of 

transmission 

R 

FIG. 34. The non-resonant Vee antenna 
is composed of two wires several wave
lengths long, and connected to ground 
through terminating resistors. If the 
wires are arranged at the proper angles, 
the signals radiated, as indicated by 
the lobes, add, giving a strong signal in 
the desired direction. The plane of the 
two wires is parallel to the surface of the 
earth. The actual radiation pattern is 

affected by the earth. 



-Direction 
of 

FIG. 35. The non-resonant rhombic antenna is composed of four wires each several 
wavelengths long and arranged as indicated. A terminating resistor R is used to 
prevent reflection. The radiation from each wire is as shown by the lobes and the 
individual radiations combine to give the directional patterns of Fig. 36. This is 
the top view of the structure. It is supported in a plane parallel to the surface of 

the earth. 

NOTE:-GROlJND CANCELLATION IS IGNORED 
(b) 

FIG. 36. As shown in the upper-illustration, the horizontal rhombic antenna having 
the specifications noted is most sensitive in reception (and also in transmission) 
to a wave or ray coming at an angle of about 10° with the horizontal. As the 
lower illustration indicates, the antenna is highly directional in the horizontal 

plane. (Reference 54.) 
482 
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Horizontal rhombic antennas are shown in Fig. 35, and also in 
Fig. 20 of Chapter 13. This is one of the most satisfactory of· all 
types of directional antennas. The relative radiations in nrtical and 
horizontal planes are shown in Fig. 36 for a typical rhombic antenna 
composed of wires each 4A in length, held horizontally one wave
length above the earth, and with cp = 65° (see Fig. 32). The radiation 
of each wire, as indicated by the lobes in Fig. 35, combine to give 
the patterns of Fig. 36. 

The hor izontal rhombic antenna requires no connection to ground , 
is non-resonant, and will operate n-ell orer a considerable band of 
frequencies because the angle cf, of Fig. 32 ,·aries but little with wave
length. This antenna is low in first cost, easy to maintain, and can 
be designed to meet a variety of operating conditions. It is impor
tant to note that it sends and receives best at some vertical angle 
with th e surface of the earth. This angle can be varied by proper 
design. This adapts the horizontal rhombic antenna to sky-wave 
transmission and reception at high frequencies. 
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REVIEW QUESTIONS 

1. Describe how radio energy is transmitted through space. 
2. Distinguish between the induction field and the radiation field. 
3. In what groups are radio frequencies sometimes classified? 
4. What are the components of the ground wave? 
5. Explain what is meant by diffraction, refraction, and absorption of radio waves. 
6. What part does the ionosphere play in radio transmission? 
7. What part does the troposphere play in radio transmission? 
8. Describe how radio waves are reflected by the ionosphere. 
9. What important ionospheric layers exist in summer? In winter? Does the 

E layer disappear completely at night? 
10. What factors seem to influence the ionosphere? 
11. What is virtual height, and how is it measured? 
12. What is meant by penetration frequency? By maximum usable frequency? 
13. What arc the ordinary and extraordinary rays? 
14. What is skip distance? Does the ground wave enter into determining it? 
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15. Discuss the phenomena that occur when radio waves strike the earth. 
16. Define sky wave, ground wave, direct wave, and ground-rrflected wave. 
17. A vertically polarized wave is being propagated along the surface of the 

earth. Why must the wave front tilt forward slightly ? 
18. By what two paths does radio energy reach a distant receiving antenna? 
19. What is fading, and how is it caused? 
20. Describe direct-wave propagation. 
21. Of what frequency are radio waves that are greatly affected by rain? 
22. Distinguish between periodic and aperiodic antennas. By what names are 

they usually called? 
23. Can the reactive component of the input impedance of an antenna be zero? 

Can the resistive component be zero ? 
24. At what frequencies is an antenna resonant? At all such frpquencies is the 

input impedance the same value? 
25. What important assumptions are made m determining ground-reflection 

factors? 
26. Explain in simple terms how to find the radiation pattern for an antenna 

near the earth. 
27. Define broadside array, end-fire array, collinear array. 
28. What will be the phase relations in the vertical members of Fig. 22? 
29. Why does a straight vertical antenna 0.53A in length make an excellent 

radiator? 
30. Why are vertical antennas used in amplitude-modulation broadcast ? 
31. ·why are directional antennas used in these systems? 
32. How are antennas arranged to produce directional patterns? 
33. Why are the conductors of a frequency-modulation broadcast antenna 

horizontal? 
34. '\Vhat is the difference between antenna resistance and radiation resistance? 
35. The rhombic antenna is what basic type? How does it operate? 

PROBLEMS 

1. Use the data in Fig. 5 and compute the maximum usable frequency for com
municating a given distance at several different times of day . 

2. A grounded vertical quarter-wave antenna is fed 5.0 kilowatts at 550 kilo
cycles. Calculate the field strength produced at one mile, assuming no losses. 
Draw a circle showing the area covered by this station, if 0.5 millivolt per 
meter is the limit of satisfactory reception and if earth conditions are good. 
Repeat for a similar antenna fed the same amount of power at 1600 kilocycles. 
Draw a similar circle using the same center. Is there any relation between 
the areas of these circles and the frequency assignment of standard amplitude
modulation broadcast stations ? 

3. Use curves such as given in reference 16, and, for the conditions of Problem 2, 
plot two com parative circles for 550 kilocycles with maximum and minimum 
earth conductivities, and plot two comparative circles for 1600 kilocycles for 
maximum and minimum conductivities. 

4. If two ships have antennas mounted 150 feet above the water line, how far 
can they communicate by direct-ray transmission? 

5. Draw diagrams such as shown in Fig. 12 for a iA antenna, and a 1.0\ 
antenna. What will be the driving-point impedances? 



PROBLEMS 487 

6. Calculate the data for and plot the ground-wave reflection diagram for a 
horizontal half-wave antenna ~A abo,·e the earth. 

7. Draw arrows for instantaneous current flow on the antenna of Fig. 22, proving 
that it has the directional properties exp la ined. 

8. Calculate the horizontal radiation pattern for the antenna array considered 
on page 473, except that the spacing is 120° and the current ratio is 0.8. 

9. Repeat the calculations on page 476 using equation 16 for an azimuth angle 
of 45° and a zenith angle of 45°. 

10. A broadcast antenna has an input impedance of 37 ohms resistance. If it is 
drawing 1.0 kilowatt , what is the current input, and the voltage across t he 
base insulator ? Repeat for 5, 10, and 50 kilowatts. 

11. If each sloping wire of Fig. 33 is 2A in length, what must be the height in 
w,welengths? What would be the height in feet at 10 megacycles ? At 30 
megacycles? 

12. If each of the four wires of the rhombic antenna of Fig. 35 is 2A in length and 
if maximum directivity in the horizonta l plane is the only objective, determine 
the important angles and dimensions for the antenna of Fig. 35. 



CHAPTER 13 

RADIO SYSTEMS 

Introduction. Radio systems are operated by incoming signals of 
several types. In radio telephony, speech signals control the trans
mitter output. In radio telegraphy, the signals arc code characters. 
In radio broadcasting, the signals are those of speech and music. In 
picture transmission, facsimile transmission, and television, the 
information to be transmitted is in the form of electric-current varia
tions produced as the image to be transmitted is scanned. 

In a radio system, signals such as just discussed are used to modu
late1 a radio-frequency carrier, and the information to be transmitted 
is translated to a frequency band in the radio-frequency spectrum 
(page 442). The information, then existing at radio frequencies, is 
transmitted through space and at the receiving station is demodu
lated1 and returned to its original form for reception. 

Modulation. This is the process whereby the information in the 
modulating low-frequency signal wave is translated to the desired 
radio-frequency band (page 414). By the use of different assigned 
carrier frequencies, the information to be transmitted by various radio 
transmitters can be raised to different locations in the radio spectrum. 
Thus, many radio signals can be transmitted simultaneously through 
space, and the desired signal can be selected on a frequency basis at 
the receiving station. 

Many types of modulation are possible, and several different sys
tems are in use. These sometimes are classified 2 as follows: ampli
tude modulation; angle modulation (which includes frequency 
modulation and phase modulation); and pulse modulation. 

Amplitude Modulation or AM. This system of modulation has 
been used since the beginning of radio and, of all systems, is most 
extensively used today. It is defined 2 as "modulation in which the 
amplitude of a wave is the characteristic subject to variation." An 
amplitude-modulated wave is defined 2 as follows: "An amplitude
modulated sinusoidal wave is one whose envelope contains a com
ponent similar to the wave form of the signal to be transmitted." 
Amplitude-modulated waves were discussed in Chapter 11. By the 
process of amplitude modulation, two sidebands are created, and each 
of these contains, independently of the other, all the information of 

488 
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the original modulating signal to be transmitted. These sidebands 
are created by simultaneously impressing the carrier wave and the 
modulating signal wave on a modulating circuit that distorts the waves 
and produces, because of the distortion, sum and difference frequencies. 
This has been summarized by Everitt who, in discussing amplitude 
modulation, has written, 3 "Modulation is obtained whenever a com
ponent of the output wave is made proportional to the product of two 
input waves." 

If a radio-program signal, which covers an audio-frequency band 
of approximately 100 to 5000 cycles, is used to modulate a carrier
frequency wave of 1,000,000 cycles, the modulated wave, as trans
mitted by a standard amplitude-modulation broadcast station, will 
consist of three components: the carrier wave of 1,000,000 cycles; the 
upper sideband extending from 1,000,100 to 1,005,000 cycles; and the 
lower sideband extending from 999,900 to 995,000 cycles. As explained 
for carrier telephone systems, sometimes the carrier and one sideband 
are suppressed in radio systems, but this is not done (at present, 1949) 
in broadcasting. 

Amplitude-modulated radio transmitters are of two general types, 
those employing high-level modulation, and those employing low-level 
modulation. High-level modulation is defined 2 as "modulation pro
duced at a point in a system where the power level approximates that 
at the output of the system." Low-level modulation is defined 2 as 
"modulation produced at a point in a system where the power level 
is low compared to the power level at the output of the system." 

Amplitude-Modulated Radio Transmitters. 2 Block diagrams of 
high-level and low-level radio transmitters are shown in Fig. 1. 

High-Level Amplitude M od1tlation. A sinusoidal radio-frequency 
carrier wave is generated in the crystal-controlled oscillator (page 304), 
which may also include a buffer-amplifier stage. The carrier wave is 
amplified in a class C radio-frequency power amplifier (page 295) 
until it is of sufficient strength to be impressed on the modulator. The 
speech or program signal to be transmitted is impressed on the audio
frequency power amplifier, and the signal strength is increased until 
it is sufficient to -be impressed on the modulator. As is evident in 
Fig. 1, the output of the modulator is impressed on the antenna. 
Thus, the power level at modulation approximates the output of the 
system, and the term high-level modulation applies. 

Low-Level Amplit11de M adulation. The carrier wave is generated 
as before and is then amplified, but not to so high a level as in the 
system just described. The speech or program signal to be trans
mitted is amplified in the audio-frequency power amplifier, but, again, 
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the power level is much less than with high-level modulation. After 
modulation, the carrier and sidebands are amplified in a class B radio
frequency power amplifier (page 295). This raises the power level to 
that required for radiation by the antenna (Fig. 1). 

Crystal-controlled 
oscillator and 

buffer amplifier 

Audio-frequency 
Audio voltage and 
input low-power 

Audio 
input 

amplifier 

Crystal- controlled 
oscillator and 

buffer amplifier 

Audio- frequency 
modulating 
amplifier 

Class C 
power 

amplifier 

Audio-frequency 
modulating 

power 
amplifier 

High- level modulation 

Modulator 
(modulated 
amplifier) 

Low-level modulation 

Modulator 
(modulated 
amplifier) 

Ground -=-

Radio- frequency 
power amplifier 

(class B) 

Ground -=-

Fm. 1. Basic types of amplitude-modulation radio transmitters. 

Methods of Amplitude Modulation. Many methods of amplitude 
modulation are used in radio transmitters, but, for most commercial 
broadcast and communication systems, only several types are em
ployed. Unfortunately, in discussions of modulation, loose termi
nology exists. For instance, the audio-frequency amplifier of Fig. 1 
is often called the modulator; a term that is more appropriate and is 
growing in use is modulating amplifier, because of the accepted con
cept that the audio wave modulates the carrier wave. The modula
tor2 was defined on page 418 as "a device to effect the process of modu
lation." This is also called the modulated amplifier, defined 2 as "an 
amplifier stage in a transmitter in which the modulating signal is 
introduced and modulates the carrier." 

Modulated Class C Amplifier, Modulating Wave Injected in Plate 
Circuit. A simplified circuit is shown in Fig. 2, and the equivalent 
circuit in Fig. 3. The magnitude of the instantaneous radio-frequency 
output voltage depends on the magnitude of the direct plate-to-cathode 
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voltage (page 295). For perfect modulation this relation should be 
linear. Then, as indicated in Fig. 3, when the audio voltage from 
the modulating amplifier varies in accordance with the signal to be 
transmitted, the plate rnltage of the modulator, or modulated ampli
fier, will vary as sho\vn by eb of Fig. 3 ( b), and the plate current will 
vary as shown in (c). The parallel resonant circuit C-L is tuned to 
the carrier frequency (and sidebands), and the alternating current 

Carrier 
input 

1 
Ecc 

L 

Fm. 2. Simplified circuit of a push-pull audio-frequency modulating amplifier (left) 
driving a modulated class C amplifier, or modulator, (right). The modulated 
output wave of Fig. 3 (d) appears in the circuit L--C which is coupled to the antenna 
in a high-level modulation circuit. The neutralizing circuit (page 299) is omitted. 

through coil L and the alternating voltage across the L-C circuit will 
vary as in (d). This is an amplitude-modulated wave (page 412), and 
this output circuit is coupled to the antenna, the arrangement shown 
being for high-level modulation. 

For conditions of operation commonly used, the peak value of the 
carrier voltage impressed on the grid of the modulated class C ampli
fier drives the control grid positive. ·with the grid bias value known 
(page 295) the necessary carrier voltage can be estimated. Since the 
plate voltage varies at an audio signal rate, the cutoff point varies and 
the carrier power input varies. For a triode, the carrier power input 
required is approximately 10 per cent of the modulated plate-power 
output. The audio-frequency modulating power amplifier of Fig. 2 
is often class B push-pull (page 294). In amplitude modulation, the 
magnitude of the power output of the carrier-frequency component is 
the same before and during modulation. The power that goes into 
the carrier wave output of the modulated amplifier comes from the 
plate power supply Ebb• The power that goes into the sidebands comes 
from the audio-frequency modulating amplifier. For 100 per cent 
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Ee 
'v Carrier 

voltage 

E« Ebb 

---~--i 
Grid voltage Plate voltage 

(a) 

(b) 

(c) 

(d) 

Fro. 3. Equivalent circuit for a 
modulated class C amplifier, and 
curves showing the operation. (a) 
Plate current with carrier only im
pressed. (b) Direct voltage Eb on 
the plate, and total voltage eb when 
modulating signal is impressed. (c) 
Plate current when carrier voltage 
and modulating voltage both are im
pressed. (d) Voltage drop across 
tuned parallel circuit and current in 

tuning coil and condenser. 

modulation, the power in the hrn 
sidebands is 50 per cent of that in 
the carrier. 

M adulated Class C Amplifier, 
M adulating TV ave Injected in Grid 
Circuit. A simplified circuit is 
shown in Fig. 4(a) which includes 
a neutralizing capacitor Cs. The 
grid is biased considerably beyond 
cutoff as Fig. 4 ( b) indi cates. With 
the carrier voltage only impressed, 
the instantaneous grid voltage and 
plate current are as shown by A-B. 
When the modulating voltage E., 
from the modulating ampl ifier is 
impressed in series with the carrier 
voltage, the instantaneous grid volt
age and plate current are as shown 
in B-C. When this current fl ows 
through the tuned circuit at the 
right in Fig. 4(a) , the alternating 
voltage across this circuit and the 
alternating current through the in
ductor will be as shmrn by Fig. 
3 (d). usually the antenna or the 
feeder is inductively coupled to this 
inductor. 

The grid of the tube in Fig. 4 is 
driven positive; therefore, the class 
C amplifier, associated with the crys
tal in the lower diagram of Fig. 1, 
and the audio-frequency modulating 
amplifier (of Fig. 1) must have 
po\\·er output capacities suffic ient to 
supply the losses of the grid circuit 
of the modulated class C tube. But 
the audio-modulating amplifier does 
not have to supply the power for 
the sidebands. Each amplifier must 

modulated output power. 
lation (Fig. 1). 

supply about 10 per cent of the 
The circuit of Fig. 4 is for low-level modu-
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Other Methods of Amplitude Modulation. The balanced modulator 
of page 421 has been used in small radio broadcast transmitters. 4 The 

Carrier 
input 

~~ m:J 
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B 

C 

E, 

(a) 

Plate current 

Time-

(b) 

R-F 
choke 

FIG. 4. Simplified circuit (a) for a modulated class C amplifier with modulating 
wave injected in the grid circuit. This is often calloo grid-bias modulation, or grid 
modulation, and is commonly used in low-level modulation. In (b) is shown how 
this modulator operates. When both the carrier and the modulating signal E, 
are injected, t he instantaneous grid-voltage variations and the instantaneous plate
current variations are shown by B-C. These plate-current changes produce the 

conventional amplitude-modulated wave in the plate circuit. 

circuit was arranged to suppress the audio signal and transmit the 
carrier component. Another circuit sometimes used is called cathode 
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modulation in which the carrier wave is impressed in the grid circuit, 
and the modulating wave simultaneously is impressed between cathode 
and ground. 

The tubes indicated in the modulated amplifiers of Figs. 2 and 4 
are triodes, but beam-power tubes or pentodes are often used for this 
purpose. \Vhen pentodes are used, suppressor-grid modulation is 
possible. With this arrangement the carrier wave is impressed, or 
injected, in the control-grid circuit, and the audio-modulating wave is 
injected between the suppressor grid and cathode. 5 

Antenna Feeder Systems and Impedance-Matching Networks. 
Sometimes a radio transmitter is connected directly to the radio an
tenna, but often the transmitter and antenna are some distance apart, 

To power 
output tubes 
of transmitter 

(a) For coupling a transmitter at 
a low-impedance point 

To power 
output tubes 
of transmitter 

[11-Toline wd antenna 

( b) For coupling a transmitter at 
a high-impedance point 

FIG. 5. Circuits sometimes used in connect-

and the radio-frequency power 
from the transmitter is fed to 
the antenna over either an 
open-wire transmission line 
(Chapter 6) or a coaxial cable 
(Chapter 7). Sometimes the 
antenna feeder systems ( trans
mission lines and cables) are 
not terminated in their charac
teristic impedances so they 
have standing waves on them 
( called mismatched, or reso
nant, feeders). Sometimes 
the feeders are terminated 
in their characteristic imped
ances and do not have stand
ing waves on them ( called 
matched, or non-resonant, 
feeders). 

Afismatched, or Resonant, 
Feeders. Assume, for the mo
ment, that a 500-ohm open

wire line is to drive a horizontal half-wave antenna at the center 
where the input impedance is approximately 73 ohms. If the line is 
directly connected to the antenna it will be mismatched and standing 
waYes will exist on the line. At the transmitter the impedance of the 
line ( with the antenna connected) must be matched to the output 
circuit of the transmitter so that power will flow into line and antenna. 

ing mismatched, or resonant, antenna feed
ers to the output circuit of a radio trans
mitter, so that the output power amplifier 
will be loaded correctly and power will flow 

from the transmitter to the feeder. 

The input impedance of the line terminated with the antenna will 
depend on the frequency, physical length of the line, characteristic 
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impedance of the line, and the impedance of the antenna. Two 
common coupling circuits are shown in Fig. 5. These impedance
transforming circuits can be designed m accordance with th e theory 
in Chapter 3. There are adYantages 
to operating with a mismatch at the 
antenna. If a radio system operates 
at several frequencies t hat are 
changed frequently and if the line 
is mismatched at the antenna, then 
adj ustments can be made at the 
transmitter and no changes need be 
made in antenna matching netn"orks. 
On the other hand, radiation from 
the feeders is slightly greater, and 
the overall efficiency is lower; fur
thermore, the voltage is higher at 
certain points on the feeder, but 
usually this causes no insulation 
problems. 

AI atched, or Non-resonant, Feeders. 
If a radio transmission system is 

J 
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_ _ To driving 
voltage 
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-~ 
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i(~ 
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FIG. 6. In (a) is shown a method 
of matching the impedance of a 
half-wave antenna to an open-wire 
transmission line. The dotted lines 

to operate at one frequency and between the wires of the trans
maximum performance is desired , 
then an impedance transforming, or 
matching, network is often placed 
between the antenna and the feeder, 
and between the feeder and the 
transmitter. 

mission line, or feeder, represent the 
positions of ceramic insulating 
spreaders. In (b) is shown a sketch 
indicating how different impedances 
are obtained by connecting at 

differen t points. 

The so-called delta-matching transformer of Fig. 6(a) is com
monly used for connecting a half-waye antenna to a balanced trans
mission line. The dimensions 

E = 123/f, and C = 148/ f (1) 

are used . 6 The values of E and C arc in feet, f is in megacycles, and 
the constants apply for a 600-ohm feeder line composed of two No. 12 
A.W.G. copper wires 6 inches apart. The theory of this matching 
arrangement can be explained by referring to Fig. 6 (b). If a half
wave antenna is "folded" into a quarter-waYe line (to illustrate the 
theory), the current and voltage distribution will be as indica ted. 
By moving the point of contact of the transmission line along the folded 
antenna, various ratios of voltage to current, and hence various im
pedances, arc available. This partly explains the "C" portion of 
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Fig. 6 (a). The other factor is that the "E" portion approximates an 
exponential transmission line (page 229) which has impedance-trans
forming properties. 

,vhat is known as stub matching is often used to match an antenna 
to a transmission line, particularly at very high and ultrahigh fre-

To driving 
voltage 

Feeder 

Stub / 

Frn. 7. A stub is often used to match an antenna to a transmission line, or feeder, 
so that standing waves do not exist between the stub and the transmitter. 

quencies. 7 There are several ways of accomplishing this, one of which 
is shown in Fig. 7. The impedance of the stub is in parallel with the 

2 4 6 8 10 
Standing wave ratio 

Frn. 8. Curves for determining the 
length and the location of stubs for 
matching an antenna to a transmission 
line, or feeder. The distant end of the 
stub may be open or shorted. The 
"location" curve gives the location on 
the line from a voltage maximum to
ward the transmitter if a shorted stub 
is used, and from a voltage maximum 
toward the antenna if an open stub is 
used. The two other curves give the 
proper stub length, all dimensions be
ing in terms of the wavelength, X. 
The characteristic impedance of the 
stub is assumed to equal that of the line. 

impedance of the feeder and an
tenna to the right of the stub. 
Such a combination will have im
pedance-transforming properties, 8 

and, by the proper length and loca
tion of the stub, an impedance 
match is obtained, and no standing 
waves will exist on the feeder be
tween the stub and the transmitter. 
The location and the length of the 
stub can be found from Fig. 8. 
The standing-wave ratio indicated 
on Fig. 8 is the ratio of voltage 
maximums to voltage minimums, or 
current maximums to current mini
mums, before the stub is attached. 
These can be measured in several 
ways, simple methods being as fol
lmn: For measuring voltage ra
tios, attach a low-impedance ther
momilliammeter to the end of a 
quarter-wave section of transmis
sion line. The input impedance of 

this combination will be very high, and it can be moved along the 
line as a voltmeter, the indications of the thermomilliammeter being 
an indication of the voltages along the line. For measuring current 
ratios, attach brn short sturdy wire hooks directly to the thermomil-
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liammeter so that it can be hung from one wire. As the thermomil
liammeter is moved along the wire, the indication will be a measure of 
the current in the wire. Th e instrument used should read effective 
values, or the readings must be corrected. 

• _____ x ___ __;;;----,~,.~. 7 -
4 

FIG. !l. Two large wires or tubes placed close together can be used to match an 
antenna to a transmission line, or feeder. 

What is known as a reentrant nelwork 9 is also used for impedance 
matching. ,vith this arrangement a short loop of wire extends as a 
loop from one point on each feeder wire to another point on the same 
feeder wire. 

Another matching device is the quarter-wave matching section of 
Fig. 9. Note that the two large wires or tubes arc exactly {.,\ in length. 
This is because the input impedance 
of a half-wave antenna (with which 
this system is used) is 73-ohms re
sistance, and the characteristic im
pedance of radio-frequency trans
mission-line feeders also is pure 
resistance. The characteristic im
pedance Zos of the quarter-wave 
matching section to be used is10 

Zo s = VZoLZA, (2) 

where Zo L is the characteristic im
pedance of the t ransmission line 
and ZA is the dri,·ing-point, or in
put, antenna impedance; all values 
being in ohms. The size and spac-

To powe]~o line and output tubes antenna 
of transmitter 

To line and 
antenna 

FIG. 10. Xetworks for connecting 
matched, or non-resonant, lines to 

radio transmitters. 

ing of the conductors for the quarter-wave matching section can be 
determined as explained in Chapter 6. 

Two circuits for connecting matched or non-resonant transmission
line feeders to a radio transmitter are shown in Fig. 10. These can 
be designed in accordance with discussions in Chapter 3. 
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For coaxial cables feeding broadcast antennas the two impedance
matching circuits of Fig. 11 are used. In (a), the antenna is an un-

Antenna 

(a) 

( b) 

grounded vertical tower with a base insulator 
and a ground system composed of buried radial 
wires. This matching circuit can be designed 
as explained in Chapter 3. In ( b), the antenna 
is a grounded vertical tower, the ground being 
buried radial wires as before. This impedance
matching circuit, and in fact the entire arrange
ment, will be recognized as one half of the cir
cuit of Fig. 6. In the final adjustments a 
radio-frequency impedance bridge, instead of 
the coaxial cable, is connected to the end of 
the sloping feed wire, and the wire is moved 
up and down the tower until a resistance value 
equal to the characteristic impedance of the 
coaxial (usually 77 or 52 ohms) is found. Or
dinarily, some inductive reactance is also meas
ured, and this is neutralized with the capacitor 
of Fig. ll(b). At the transmitter, the coaxial 

Fm. 11. :\Iethods of cable would be connected to the last power 
connecting coaxial cables output stage through an impedance-matching 
to radio-broadcast an- network such that the power output tube (or 
tennas. Diagram (a) is 
for a base-insulated an- tubes) operates into the proper load impedance. 
tenna, and (b) is for a In broadcast installations, phase-shifting net-

grounded antenna. works 11 are used at the transmitter if direc-
tional antennas are employed. These networks 

produce the proper current ratios and phase shifts to give the desired 
directional patterns ( page 4 73) . 

Demodulation (Detection) of Amplitude-Modulated Waves,1. 2 

In amplitude modulation the message to be transmitted and a carrier 
wave are impressed on a circuit that distorts and produces sum and 
difference frequencies, or sidebands, which contain the information to 
be transmitted. By the same process, if the carrier and sidebands 
are simultaneously impressed on a circuit that distorts, sum and dif
ference frequencies are created. The difference frequencies are the 
desired demodulated signal and exist at audio frequencies. Demodu
lation was defined 1 on page 421. Detection is 2 the "process by which 
a wave corresponding to the modulating wave is obtained in re
sponse to a modulated wave." Fundamentally, demodulation and 
detection are the same process as modulation, a fact stressed in 
Chapter 11. 
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Amplitude-Modulation Radio Receivers. 12 Two basic types are 
used, the tuned-radio-frequency receiver and the superheterodyne 
receiver. The first of these is not used extensively. 

The Tuned-Radio-Frequency Receiver. This is shown in the block 
diagram of Fig. 12. The signal voltage from the antenna is impressed 
on several stages of tuned-radio-frequency voltage amplifiers that in
crease the magnitude of the carrier and the two sidebands constituting 
the received message or program signal. This signal is then impressed 
on the demodulator, or detector, where it is distorted, and sum and 
difference frequencies are produced. If the carrier and the sidebands 
are as listed on page 489, the sum frequencies are in the vicinity of 2 

Antenna 

Tuned 
radio

frequency 
amplifier 

~---- Demodulator i.... _ _... Audio-
or frequency ---

detector amplifier 

-=- Ground Loudspeaker 

Fw. 12. Block diagram of a tuned-radio-frequency radio-receiving set. 

megacycles, and the difference frequencies will constitute two bands 
from 100 to 5000 cycles. These two bands are in phase and combine 
to produce the desired audible output signal voltage. This is passed 
by the audio-frequency amplifier, which incorporates both voltage 
and power amplification, and the output drives the loudspeaker ( or 
headphones) reproducing the message or program transmitted. 

The demodulator, or detector, may be one of several types. It is 
possible to use vacuum-tube plate-circuit demodulation similar to that 
used in early carrier telephone systems (page 421). However, in the 
tuned-radio-frequency receivers that once were used, the distortion 
required for demodulation was produced in the grid circuit of the tube. 
The detector tube was operated with negligible grid bias, and, when 
the amplified received signal composed of the carrier and the side
bands was impressed, distorted grid current flowed to cathode. A 
parallel circuit composed of a resistor and capacitor was placed in 
series with the grid. The circuit constants were such that, when the 
distorted grid current flowed through it, the difference frequencies 
(that is, the desired audio signal) caused an audio-frequency voltage 
drop across the resistor-capacitor combination, but radio-frequency 
components caused negligible drop. This audio-voltage drop, being 
between the grid and cathode, was amplified in the plate circuit of 
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the detector tube and, after additional amplification, drove the loud
speaker. This circuit was called the grid-leak detector. 

A tuned-radio-frequency receiving set is simple and has advantages 
for some purposes such as fixed-frequency communication. For broad
cast reception in the standard amplitude-modulation range, it must 
tune from 550 to 1600 kilocycles, and this tuning offers design prob
lems. The set is not very selectiYe in its usual form, and the early 
type of detection caused serious 'distortion on signa ls with high per
centage modulation. 

Antenna 

Tuned 
radio

frequency 
amplifier 

Demodulator 
or 

frequency 
converter 

Tuned 
intermediate -

frequency 
amplifier 

-=- Ground rv Local 
oscillator 

Demodulator 
or 

detector 

Audio
frequency 
amplifier 

FIG. 13. Block diagram of a superheterodyne radio-receiving set. 

The Superheterodyne Radio Receiver. As previously mentioned, 
the superheterodyne is almost universally used. The name means 
little from the standpoint of the electrica l principle of operation. It 
has been called a double-detection receiver. 

A block diagram of the superheterodyne radio receiver is shown in 
Fig. 13. The functioning of a tuned-radio-frequency amplifier has 
been explained. The demodulator (also called first detector, con
verter, or mixer) operates as follows : Suppose that the amplitude
modulated signal of page 489, composed of a one-megacycle carrier 
and two sidebands, has been received and is impressed between grid 
and cathode of the frequency converter. Also, at this same time 
assume that a single frequency of 1,455,000 cycles is impressed between 
grid and cathode of the converter, which is a vacuum tube operated 
so that non-linear distortion occurs. Sum and difference frequencies 
will be produced by this tube, and among the several new frequencies 
there will exist the components of 455,000 cycles, 455,100 to 460,000 
cycles, and 454,900 to 450,000 cycles. These are the carrier and the 
two sidebands translated, or moved down, to a new location in the 
radio spectrum. All the information of the original modulating signal 
now exists at these new frequencies; hence the term frequency con
verter. It should be remembered, however, that the basic principle 
involved is the same as that of the usual modulating circuit; that is, 
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one of non-linear distortion and the creation of sum and difference 
frequencies. 

The high selectivity of the superheterodyne is achieved through the 
selective action of the intermediate-frequency amplifier. This is 
a carefully tuned radio-frequency amplifier (page 290) of high voltage 
gain, that is adjusted to amplify and pass a band of about 450,000 
to 460,000 cycles only, and to offer much attenuation to other fre
quencies. This amplifier will amplify the carrier and sidebands at 
the "intermediate frequencies" of the preceding paragraph. 

If an unwanted station exists at a carrier frequency of 1,020,000 
cycles and if some of this signal is passed by the tuned-radio-frequency 
amplifier, this also will react ,Yith the 1,455,000-cycle signal from the 
local oscil lator and produce a difference-frequency band centered at 
475,000 cycles. This would be too high to pass through the inter
mediate-frequency amplifier. If it is desired to receive the 1,020,000-
cycle station and reject the 1,000,000-cycle station, this can be accom
plished merely by adjusting the local oscillator to 1,475,000 cycles. 

The selected and amplified signal passing through the intermediate
frequency amplifier (usually called an 1-F amplifier) is impressed 
on another demodulator, or second detector, as it is usually called. 
In this, sum and difference frequencies are produced from the so-called 
intermediate frequencies. That is, sum frequencies of about 1,000,000 
cycles will be produced, and difference frequencies of from 100 to 
5000 cycles will be produced. The difference frequencies are the 
desired audio-frequency band containing the information or program 
transmitted from the distant station. 

The diode detector shown in Fig. 14 (a) is the demodulator or 
second detector in the superheterodyne radio receiver. The tube 
shown is a combination diode and triode. The diode portion is used 
for demodulation, and the triode portion for amplification. These 
two functions are shown separately in ( b) and ( c). 

The carrier and hvo sidebands, existing at the intermediate fre
quencies, arc simultaneously distorted in the diode rectifying portion 
(b), and the desired audio-frequency component, containing the 
transmitted message or program, is created . This will flow through 
the circuit composed of the 150-micromicrofarad capacitor and LO
megohm resistor in parallel. The impedance of this combination is 
such that the audio-frequency components will cause considerable 
voltage drop, but the radio-frequency components will cause negligible 
voltage drop. A part of the audio-voltage drop across the 1.0-megohm 
resistor is se lected by the manual volume control, indicated by the 
arrow head on this resistor, and this voltage is impressed between the 
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grid and cathode of the triode portion of the tube. The tubes often 
used have amplification factors of 100 for the triode portion, and con-

Audio 
voltage 
from 

1 megohm 
resistor 

Rg 
470,000 

ohms 

Audio output 
to grid of 

power amplifier 

(a) Actual circuit of detector and audio voltage-amplifying stage. 

Incoming 
carrier and 
sidebands 

1 megohm 
(b) Rectifying or demodulating portion. 

0.01 mfd 

Rg 

/

470,000 
ohms 

Audio output 
to grid of 

power amplifier 

(c) Audio-frequency voltage-amplifying portion. 

Frn. 14. Diode detector and audio-frequency voltage amplifier as used in a typical 
superheterodyne radio-receiving set for receiving amplitude-modulated signals. 

siderable audio-frequency voltage amplification is produced in this 
stage. 

An automatic-volume-control voltage is obtained between point X 
and ground in Fig. 14(a). Assume that the radio set is tuned to the 
carrier frequency of a station that is, for the moment, unmodulated. 
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The carrier will be rectified in the diode part of the tube, a direct 
current will flow through the 1.0-megohm resistor, and a direct voltage 
will exist across it, with the X terminal negatiw. If the radio signal 
transmission path improves, because of ionospheric or other changes, 
a stronger signal will be rccciwd, the voltage drop will increase, and 
point X will be more negative. If the radio signal path becomes 
less efficient, point X becomes less negative. The automatic-volume
control voltage is obtained between point X and ground and is the 
voltage just discussed. This is impressed as a grid bias on a variable
mu or super-control tube. This is usually one of the pentode voltage
amplifying tubes used in the intermediate-frequency amplifier, and 
it is constructed so that the amplification factor varies widely with 
changes in the grid-bias voltage. Thus, when the received signal is 
strong, the automatic-volume-control voltage used as a bias is large 
and the tube is operated so that its amplification is low. When the 
received signal is weak, the bias is low and the amplification produced 
by the tube is high. The preceding discussion was for an unmodu
lated carrier signal only. When a modulated signal is received, an 
audio voltage also will exist between point X and ground. For this 
reason, the automatic-volume-control voltage is obtained from point 
X as follows: A resistor of about 2 megohms and a capacitor of about 
0.05 microfarad arc connected in series between point X of Fig. 14 
and ground. The resistor, which is between point X and the capacitor, 
limits the capacitor charging and discharging current. Thus, the 
capacitor voltage does not vary at the audio rate, but only in accord
ance with the rclatiYely slow changes caused by variations in the 
signal transmission path; this capacitor ,·oltage is used as the auto
matic-volume-control voltage. 

Antennas for Amplitude-Modulation Radio Receivers. For 
point-to-point communication, the receiving antennas are engineered 
carefully (page 511). For standard amplitude-modulation broadcast 
reception (550 to 1600 kilocycles) the receiving antennas are usu
ally of two types; first, "vertical straight-wire" types, and second, 
wire loops. The words were placed in quotation marks because 
an individual antenna may deviate far from this general classifi
cation. 

Verti'.cal Straight-Wire Receiving Antenna..~. The oncoming radio 
signal wave, which is vertically polarized in amplitude-modulation 
broadcast reception, induces a signal voltage in each elemental length 
of the antenna as shown in Fig. 15 (a). These voltages add vectori
ally1 :i and produre a current flow as indicated in (b). The current 
in the primary of the antenna coil induces a voltage in the secondary 
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which is the voltage impressed on the tuned-radio-frequency amplifier 
circuit previously discussed. 

Loop Receiving Antennas. 
receivers utilize built-in loop 

Many amplitude-modulation broadcast 
antennas. There are many advantages 

-Oncoming 
radio signal 

wave 

-(---7 I 
Radio 
c;iver 

____ J 

(a) 
Earth 

(b) 

FIG. 15. The oncoming radio-frequency signal waves induce voltages in each unit 
length of antenna wire. The vector sum of these voltages is assumed to be con
centrated at one point, and it forces an alternating signal current through the 
antenna coil of the radio-receiving set as shown by the arrows in (b). This current 

induces a signal voltage in the secondary of the antenna coil. 

to this, including the possibilities of noise reduction (Chapter 14). 
Whether the loop receives signal because the vertical wires (or parts 

Direction of 
approach of 
radio signal 

wave 

_ l Radio 
1' receiver 

thereof) are parallel to the ar
riving electric lines of force or 
because the plane of the loop is 
perpendicular to the arriving 
magnetic lines of force is a com
mon question, and one which is 
discussed in reference 14 (see 

Fm. 16. Simplified circuit of a loop an-
tenna. l\Iany turns of wire are used at also page 576) · The signal volt

age induced in the wire loop low radio frequencies. 
causes a current to flow around 

the loop which is tuned to series resonance with the capacitor (Fig. 16). 
The voltage drop across the capacitor is the signal voltage to be 
amplified (page 499). 

On page 500 it was explained that a superheterodyne radio-receiving 
set contained a tuned-radio-frequency amplifier. In many super-
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heterodynes this amplifier is omitted, and a tuned circuit or the tuned 
loop is used to giYe some initial selectivity. In very inexpensive ( and 
often unsatisfactory) superhcterodynes all tuning is omitted preceding 
the frequency com·ertcr. Such sets are bothered with the reception of 
image frequencies and with cross modulation. If the tuning ahead 
of the converter is omitted and if a 1,000,000-cycle station is being 
received, a station outside the broadcast band on an "image frequency" 
of 1,910,000 cycles ,vill also be received. Cross modulation 12 is a 
form of interference caused by the modulation of the desired carrier 
by an undesired signal. 

Amplitude-Modulation Radio-Telephone Systems. In this chap
ter and in preceding chapters the basic principles of amplitude
modulation and radio-telephone apparatus, such as antennas, trans
mitters, and receivers, have been discussed. In the pages immediately 
following radio-telephone systems that are of practical importance and 
use amplitude modulation will be considered. 

Standard Amplitude-Modulation Broadcast Systems. 15 Stand-, 
arc! amplitude-modulation broadcast systems operate in the frequency 
band of 550 to 1600 kilocycles. These systems are so common and 
have been discussed so extensively that little additional information 
need be added. There are (1949) approximately 2000 such broadcast 
stations in the United States.1 6 

The microphones and studio facilities used were discussed in Chap
ters 2 and 4. The broadcast stations are often connected to network 
programs transmitted over open-wire lines and cables (Chapters 6 
and 7). The circuits usually employed pass a band from about 100 
to 5000 cycles, although network circuits are available that will pro
vide transmission from approximately 50 to 8000 cycles. In the future 
most programs will be transmitted by telephone carrier systems. 

Three classes of broadcast channels have been established; 15 they 
are clear channels, regional channels, and local channels. The 
classification of standard broadcast stations 15 is summarized as fol
lows: Class I stations that are dominant stations and ha,"e from 10 
to 50 kilowatts output; Class II stations that are secondary stations 
and radiate from 0.25 to 50 kilowatts; Class III stations that are 
regional stations and have power outputs from 0.5 to 5 kilowatts; 
and Class IV stations that are local stations and operate from 0.1 
to 0.5 kilowatt. Each of the stations enumerated has other impor
tant distinguishing characteristics. 15 The types of services rendered 
by broadcast stations have been defined 15 as primary service, which 
is characterized by steady ground-wave propagation and has neg
ligible fading and interference from other stations (page 572), sec-
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ondary service, characterized both by ground-wave and sky-wave 
reception and by fading and some interference from other stations; 
and intermittent service, \1·hich is rendered by the ground wa,·c and 
extends from the limit of the primary service area outward until it has 
no service value. 15 

Transoceanic Low-Frequency Radio-Telephone Systems. The 
first radio-telephone link for connecting land telephone systems was 
established in 1920 between the coast of California and Santa Catalina 
I sland. The first transoceanic radio-telephone system was installed 
between N ew York and London in 1927. About 500,000 overseas 

Transmitting B 
Repeater 

Receiving 
Repeater 

Automatic 
Volume 
Con.trol 

Wira Line -
Radio~ 

Transmitter 

~~:a - -~----1 

Radio-,;: 
Receiver 

FIG. 17. T erminal arrangement for the long-wave transatlantic radio-telephone 
system. Instruments are shown at A, B, a nd C for monitoring purposes. 

(Reference 17 .) 

radio-telephone calls are no,v made annually. A description of the 
origina l radio-telephone amplitude-modulation system will be giYen 
because it embodied many non! feature 5. The system to be described 
has for years been a standby for the short-waye systems and is used 
when traffic is heaYy or during adYerse ionospheric conditions when 
short-wave stations do not operate satisfactorily. 

A schematic of the low-frequency, long-wan (60,000 cycles, 5000 
meters) transatlantic radio-telephone circu it is shown in Fig. 17, and 
its operation 17 is as follows: The audio-frequency telephone signals 
produced by the speaker's voice pass oYer the connecting telephone 
line, through the toll switchboard, and into the hybrid coil. The signal 
voltage is impressed on the transmitting repeater where it is amplified, 
and then it passes through the Vodas, the compressor, the prirncy 
equipment, and then over a wire line to the radio transmitting equip
ment. Since the radio transmitting and receiving equipment may be 
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located some distance apart to prevent interference, the privacy equip
ment, the Vodas, and the other associated apparatus are terminal 
equipment located at one point. 

The Vodas 18 (voice-operated device, anti-singing) is a device 
which is automatically operated by the voice waves and which in 
effect short-circuits the receiving circuit at the sending station during 
speaking and then immediately returns it to the normal condition for 
receiving the answer from the distant station. In this way, feedback 
from the transmitting antenna of one channel to the receiving antenna 
of the same terminal is prewnted, and two-way conversation is possible 
over the same band of radio frequencies. 

The compressor is a vacuum-tube circuit for compressing the 
volume range of the speech signals at the sending end before trans
mission by radio to the distant station. At the receiving station the 
signal is passed through an expander which returns the signal to its 
original relations. These two units comprise the Compandor, which 
reduces the interference due to static. 1 7 It is apparent that, if the 
voice could be transmitted without any variations in signal volume, 
then the signal level could be maintained (most of the time) far above 
the static level. During portions of the speech where the signal is 
weak, static interference is bad because the signal-to-noise ratio is 
low. Thus, if it is possible to compress the speech and transmit it in 
this compressed form to the distant station where it is expanded to its 
original relations, less interference from static will result. 

The privacy equipment "scrambles" the speech, rendering it un
intelligible unless special "unscrambling" equipment is used. Several 
such systems are possible, among ffhich is a frequency inverting 
method. Thus if a 50,000-cycle carrier is modulated by a 3000-cycle 
waYe and the lower sideband only is se lected with a filter , an output 
of 47 ,000 cycles will result. If this waYe is now modulated by a 
42,000-cycle wave and the lower sideband again selected with a filter , a 
5000-cycle wave will result. If the original modulating wave had 
been 200 cycles, then the output of the second filter would be a 7800-
cycle impulse. Thus, if the voice-frequency band used in commercial 
telephony varies from 200 to 3000 cycles and if this complex wave were 
impressed on the filter, the lower frequencies would appear as high
frequency components, and vice Yersa, in the output of this scrambling 
or inverting process. Also, the frequencies can be shifted from time to 
time to render "decoding" more difficult. 

Single-sideband transmission is used in the transoceanic long-wave 
system. This requires a smaller frequency band and saves power and 
power-handling capacity. The power radiated in the sideband is 
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about 200 kilowatts, or some 100,000,000 times that in the original 
speech signal.1 9 • 20 The so-called multiple-tuned antenna is used 
for transmission, and the wave antenna (page 479) is used for re-
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ception. Typical characteristics of the transatlantic path are shown 
in Fig. 18. 

Transoceanic High-Frequency Radio-Telephone Systems. The 
overseas radio-telephone connections of the Bell System are shown in 
Fig. 19. With the exception of the long-wave system just described, 
the fac ilities of Fig. 19 a re proYided over short-wave amplitude-modu
lation systems. 2 1 Because of the la rge number of systems in use and 
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because of changes made from time to time, it is not feasible to attempt 
to describe the systems in detail. Instead, an overall picture of 
short-wave radio-telephone facilities will be presented. 

The terminal arrangement of the equipment in a typical system is 
similar to that shown in Fig. 17. In the early systems Compandors 
were not used, noise reduction being achiend by voice control at the 
receivcr. 22 Thi s is based on the principle that the presence of back
ground noise reduces the sensitivity of the ear (page 41) and reduces 
the intelligibility of a signal. Loss is introduced into the circuit during 
the intervals of no speech. Then, when speech does occur, the ear 
will be more sensitive than if the noise had not been reduced, and the 
signal, even with the background of static, will be more intelligible. 

The original short-wa,·e transoceanic rad io-telephone systems trans
mitted the carrier and both sidebands; this is a wasteful process. For 
equal peak amplitudes in the transmitter , a system transmitting only 
one sideband gives a theoretical improvement of 9 db in receiYed 
signal-to-noise ratio over a station transmitting the carrier and both 
sidebands. 2 3 Notwithstanding the advantages of single-sideband 
transmission, it was not used in the early systems for reasons which 
will now be given. 

For single-sideband transmission, the carrier must be supplied for 
demodulation at the receiver by a local oscillator or by some other 
stable local source. For satisfactory speech demodulation, the local 
frequency must be within +20 cycles of the correct value. 23 This 
offered no serious problem in the long-wave channel operating at 
60,000 cycles, but such high stability was difficult to achieve in short
wave oscillators operating at several million cycles. 

To avoid this difficulty in the single-sideband short-wave systems 
installed in 1935 for transoceanic telephone purposes, a pilot fre
quency was transmitted over the system, in addition to the single 
sideband. For this purpose, some of the carrier (greatly reduced) 
of the transmitting set was transmitted along with one of the sidebands 
to the distant receiver, and thus the carrier itself acted as the pilot 
frequency. This weak received carrier signal may be used to syn
chronize automatically the locally generated carrier at the recei;-ing 
station, or it may be amplifi ed at the receiving station and then com
bined with the received sideband in the demodulator. Further details 
of the transmitters and receivers are given in references 24 and 25. 

Transmitting Antennas for Radio-Telephone Systems. Originally, 
resonant broadside arrays were used in these systems. 26• 27 These 
were elaborate and costly and operated at one frequency only. Be
cause each transoreanic telephone system is provided with several 
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different frequencies for operation at different times (Fig. 18), it was 
necessary to have an antenna for each frequency. These resonant 
antenna arrays were soon replaced with non-resonant rhombics for 
both transmitting and receiving. For transmitting, a twin rhombic 
such as is shown in Fig. 20 is used. This gives characteristics better 

\ Input from -' ,,{'~/ 
radio transmitt~===..,_..,_ {\" ✓ 

., ' G~o~/ 
/ 

,-✓ 

Fm. 20. A twin rhomhic transmitting antenna is used in transoreanic radio
telephone circuits. This antenna produces highly directional transmission in the 

5 to 25 megacycle band. (Courtesy American Telephone and Telegraph Co.) 

than a single large rhombic. On page 482, the rhombic antenna was 
shown terminated with a resistor to prevent wave reflection. The 
"termination line" of iron wire shown in Fig. 20 serves the same purpose 
and is used with large transmitting antennas. 

Receiving Antennas for Radio-Telephone Systems. The rhombic 
antenna (page 482) is most reccpfo·e to a wan coming in at a small 
angle with the horizontal. This is important for at least two reasons : 
First, the antenna is less sensitiYe to sources of noise (such as auto
mobile ignition systems) on the surface of the earth; second, by alter
ing the antenna dimensions this angle of maximum sensitfrity can be 
changed. For maximum reception, the angle at which the antenna is 
most sensitive should coincide with the angle at which most of the 
electromagnetic energy arriYes at the receiving antenna location from 
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the distant transmitting station. Thus by altering the dimensions the 
rhombic antenna may be steered28 to the most favorable direction. 
By this action, fading is reduced. Rhombic antennas, which remain 
mechanically fixed in a horizontal plane, may also be steered by 
electrical changes in the receiving circuit. Thus, as many as sixteen 
rhombic antennas are combined into an array called a ::VIultiplc Unit 
Steerable Antenna or MUSA, and such an array gins decided advan
tages in reception over a single rhombic antenna unit for the following 
reasons. 2 1. 29 

Noise due to static and selective fading due to phase interference 
of signal components arriving OYer different paths arc factors seriously 
affecting radio reception. The signal-to-noise ratio can be increased 
by using receiving antennas of sharper directional characteristics, but 
such antennas may be so highly directional as to "miss" the signal as 
it fluctuates, and they may thus have bad selective fading. 

Studies have shmrn that what is regarded as a received radio signal 
is in reality the combination of several signals arriving at the receiving 
antenna over various transmission paths. The ordinary directional 
receiving antenna is " blunt" enough to receive substantially all these 
components. Since they are of varying magnitudes and phases, how
ever, their combined signal is not constant but fade s, thereby causing 
variations and accompanying distortion in the receiver output. 

With the ::--.n;sA system, the i.ndividual signals picked up by a 
number of rhombic antennas are properly phased and then combined 
to give a large signal voltage. Strong incoming signals are separately 
"aimed at" by the individual l\fCSA units, and the received com
ponents are properly phased and then combined. Decided improve
ments, resulting in increased reliability of the short-wave systems, are 
obtained with Ml7SA arrays. 

It has been found that with high-frequency radio systems the re
cci-vcd signal at a given fr equency may momentarily grow weak at a 
certain location but may ac tually grow stronger at a point only a few 
hundred feet a"·ay. Also, at a given location the signal received on 
one frequency may momentarily grow "·eak, but the signal strength 
at the same location may become greater for a frequency a few hundred 
cycles different. Diversity receiving systems have been developed 
for both radio-telephone and radio-telegraph systems to take advan
tage of these facts. 3 o. 31 

Systems are in use in "·hieh the signals from the same transmitting 
station, but received by two or more antennas spaced snme distance 
apart, are properly combined to operate one receiving unit. These are 
termed space diversity receiving systems. Advantage is taken of the 
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fact that transmission may be poor on one frequency but excellent on 
one a few hundred cycles different in the frequency diversity systems, 
in which the same receiving equipment is used but the signal is trans
mitted simultaneously at slightly different frequencies. 

Ship Radio-Telephone Systems. Experimental ,rnrk, directed 
toward the establishment of ship-to-shore two-way telephone com
munication, by means of which a person on a ship at sea could be 
connected by radio with the land telephone systems of the -Cnited 
States, was started in 1919. Although these studies indicated the 
technical feasibility of the plan, it ,vas dropped in 1922. Experiments 
were resumed some years later, and beginning in 1929 two-,vay tele
phone service was established with senral of the large transatlantic 
liners. 32 

Two general types of systems now exist: those for providing radio
telephone connections to transoceanic ships:13 and those for providing 
coastal and harbor service. 34 The systems for service with trans
oceanic ships arc similar to the short-wave systems described preYi
ously and employ amplitude-modulation equipment. The coastal and 
harbor equipment also is amplitude modulated, but it is less elaborate 
than the other systems. 

Miscellaneous Radio-Telephone Systems. In addition to the 
services just described, amplitude-modulation radio-telephone systems 
are used for private communication networks such as those used by 
police, aircraft operating companies, and others. Such equipment is 
also used in emergencies for bridging gaps in wire telephone lines and 
for providing telephone toll services across bodies of water. 3 5 Several 
miscellaneous radio services, to be considered later, now use angle 
modulation. 

Amplitude-Modulation Radio-Telegraph Systems. These sys
tems are used for maritime mobile, or ship, telegraph service and for 
point-to-point service over both land and sea. Amplitude modulation 
is used in a large number of the radio-telegraph systems, but there 
is a growing tendency to use other methods. 

"'ith amplitude-modulated systems, either continuous ( or un
damped) waves, or interrupted-continuous waves, are employed. 
·with the first method, "spurts" of radio-frequency waves are sent 
out from the transmitter. "\Yith the second method, the "spurts" of 
radio frequency arc interrupted, for example, 1000 times a second. 

The transmitters 36 are similar in many respects to amplitude
modulated radio-telephone transmitters, spark transmitters no longer 
being used. :Methods are provided for keying the transmitter, that is, 
turning it on and off in accordance with the signals to be sent. The 
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keying may be by hand, by printing-telegraph teletypewriters, or by 
tape transmitters. Amplitude-modulation telegraphy, which is being 
discussed now, is often called on-off modulation, or on-off keying. 

There is an important trend 3 7 , 38 toward perforated tape methods of 
sending, receiving, and s,Yitching, comparable to that used with wire 
telegraphy (page 337). The extent of this is indicated by Fig. 21. 

The radio-telegraph receivers usually are of the superheterodyne, or 
double-detection, type but are provided with a second oscillator ( often 
called a beating oscillator, or a beat-frequency osciJlator) that will 
introduce a wave into the intermediate-frequency amplifier so that 
continuous-wave messages can be received. These receivers are gen
erally familiar , examples being in most radio labora tories, and are 
called communication receivers. 

Frequency and Phase Modulation. Early in the history of radio 
a search was made for methods of modulation that would require less 
space in the radio-frequency spectrum for transmission of the signal. 
For some time it was thought that, if the frequen cy of the carrier 
wave (instead of the amplitude) ,vere varied by the modulating wave 
and if the deviation from the center frequency were made small, then 
communication would be possible over a narrower frequency band than 
with amplitude-modulated waves. The error in this reasoning was 
pointed out 39 by Carson in 1922. 

Senral theoretical papers appeared on frequency modulation, 
notably in 1930 by van der Pohl ,40 and in 1931 by Roder .41 At about 
this time Armstrong did experimental ,rnrk with frequency modul ation. 
As a result, he was able to show that much reduction in received noise 
was possible if a rather large frequency deviation was used. His im
portant 1936 paper 42 on the subject initi ated the practical development 
of frequency-modulation methods. In 1940 Everitt summarized exist
ing knowledge and techniques. 43 Th e literature now contains much 
information on the subj ect. 

Angle M adulation. Angle modulation includes both frequency and 
phase modulation , which are closely related. Angle modulation is 
defined 2 as "modulation in "\\·hich the angle of a sine-wan carrier is 
the characteristic subject to variation." Much of the information that 
follows is summarized from the papers by Rodcr 41 and Enritt. 43 

The fact has been stressed that modulation is merely a process by 
which the message or program to be transmitted is tramlated, or moved, 
to a band in the radio-frequency spectrum . Also, it has been pointed 
out that the so-called carrier waYc in no ::'cnse "carries" the signal to 
the distant station. 

The definition 2 of phase modulation or Pl\f is "angle modulation in 
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which the angle of a sine-wave carrier is caused to depart from the 
carrier angle by an amount proportional to the instantaneous value of 
the modulating wave." The definition 2 of frequency modulation 
or FM is "angle modulation in which the instantaneous frequency of a 
sine-wave carrier is caused to depart from the carrier frequency by 
an amount proportional to the instantaneous value of the modulating 
wave." 

To investigate phase and frequency modulation, assume that both a 
sinusoidal carrier waYe and a sinusoidal modulating waYe are im
pressed on a modulator that can cause amplitude, phase, or frequency 
modulation. The instantaneous value of the carrier voltage wave 
will be 

(3) 

and the instantaneous Yalue of the voice-frequency modulating voltage 
wave will be 

ev = Emv sin 0v = Emv sin Wvt. (4) 

As has been explained, in amplitude modulation Emc is caused to Yary 
in accordance with the modulating frequency, and two sidebands, 
each containing the information to be transmitted, are created. A 
phase-modulated sinusoidal wave 2 is one "in which the argument 
contains a term whose wave form is similar to that of the signal to 
be transmitted." A frequency-modulated sinusoidal wave is one 
"in which the expression for instantaneous frequency contains a term 
whose wave form is similar to that of the signal to be transmitted." 
"The instantaneous frequency 2 of a sinusoidal waYe whose argument 
is a function of time equals 1/ (21r) times the derivative of the argu
ment with respect to time." 

Because in equation 3 we = 21rf c, where fc is the assigned carrier 
frequency and is a fixed value, this equation must be written in a 
more general form to show how phase and frequency modulation are 
accomplished. Thus, 

Cc = Emc sin 0'c = Emc sin(wct + <f>). (5) 

In phase modulation, the angle <f> is made to vary in accordance with 
the modulating signal. If rnp is the phase deviation, defined 2 as "the 
peak difference between the instantaneous angle of the modulated wave 
and the angle of the carrier," and is the maximum phase shift in radians 
produced by the sinusoidal modulating signal of equation 4, then the 
instantaneous value of a phase-modulated wave is 

(6) 
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In frequency modulation, the instantaneous frequency of the output 
wave of the modulator must be caused by the modulating signal to 
vary about the average frequency f c = wcl21r. The instantaneous fre
quency is by definition 2 

Thus, from equation 5, 

1 d0'c 
finst = 211' dt • 

1 de' c We I d<J;, 
f,nst - 2,r dt - 2,r + 21r dl • 

(7) 

(8) 

Because we is constant, the modulating wave must vary def,/ dt, and 
hence the instantaneous frequency is 

W e • 
fiust = - + m1 sm wvf, 

21r 
(9) 

where m1 is the frequency deviation and is 2 "the peak difference 
between the instantaneous frequency of the modulated wave and the 
carrier frequency." It has been called the frequency-modulation 
factor. From equations 8 and 9, 

(10) 

and integrating, 

m1 
</> = - f v COS Wvl. (11) 

When this value is substituted in equation 5, the equation for a fre
quency-modulated wave becomes 

(12) 

Compari..son of Phase and Frequency 1\fodulation. It will be noted 
th at equation 6 for a phase-modulated wave is very much like equa
tion 12 for a frequency-modulated wave, the important difference being 
that in phase modulation the maximum phase shift during modulation 
is given by mp and is independent of the modulating frequency, but in 
frequency modulation the maximum phase shift is given by what has 
been called the modulation index, 2 · 4 o, 41 m1/f,., which varies in
versely as the modulating frequency f,,. The ratio "of the maximum 
frequency deviation to the maximum modulating frequency of the 
system" is now called 2 the deviation ratio. In phase modulation, mp 
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is the maximum shift in phase that the audio signal of maximum 
intensity will cause, and, in frequency modulation, m1 is the maximum 
frequency shift that the audio signal of maximum intensity will cause. 
Accordingly, Roder stated 41 that "frequency modulation corresponds 
to phase modulation where the amplitude of the audio signal is in
versely proportional to frequency of that signal." A system of phase 
modulation will produce frequency modulation, or vice versa, if the 
modulating signal voltage is thus predistorted. Also, a system for 
demodulating frequency-modulated waves will demodulate phase
modulated ,vaves, and vice versa, if after demodulation the wave is 

no~rnrnn A A A A A A~mrnn A A A A 
V ~~mm V V \TV V VITTlm V \fV V V V 

Frn. 22. An amplitude-modulated wave is shown above, and a frequency-modulafod 
wave below. Each is modulated by a pure sine wave. 

distorted. Another point brought out by Roder was that at corre
sponding intervals in amplitude modulation the carrier and sidebands 
are in phase, but in phase and frequency modulation, for small values 
of mp and m 1/f,., the carrier and sidebands are 90° out of phase. 

The shapes of an amplitude-modulated waye and a phase or fre
quency-modulated wave are shmYn in Fig. 22. In phase modulation, 
the magnitude of the phase shift depends on the magnitude of the 
modulating signal, and the number of phase shifts per second depends 
on the frequency of the modulating signal. In frequency modulation, 
the magnitude of the frequency shift depends on the magnitude of the 
modulating signal, and the number of frequency shifts per second 
depends on the frequency of the modulating signal. 

Sidebands were found to exist in an amplitude-modulated wave, and 
they also exist in a phase-modulated wave or frequency-modulated 
waYe, but in greater nmnber; in fact, in these two systems an infinite 
number of sidebands enst (at least theoretically). This is shown 41. 4 :i 

by expanding equations 6 and 12 in accordance with the theory of 
Bessel's functions. Figure 23 has been prcparcd 4 !l in this manner. 
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It shows that for a frequency-modulated wave, because of ratio m1/ fv 
previously mentioned, a high audio-frequency modulating signal does 
not cause so large a nwnbcr of appreciable sidebands ( or side
freq uencies for a sinusoida l modulating wave) as is caused by a 
modulating wave of lower frequency. It should be noted, however, 
that the overa ll bandwidth required in each instance is about the 
same and that it is wider than the maximum de,,iation in frequency 
for the high- frequency components of the audio-frequency modulating 
signal. The practical signifi cance is this : :\Iodern frequency-modula
tion broadcast stations arc adjusted for a maximum frequency devia
tion, or maximum change in frequency with the strongest modulating 

J Value of 
;unmodulated carrier 

: Max. dev., m, = 60 kilocycles 
: Voice freq. f,, = 15,000 cycles 
I 

' ,, itl I i I 11 I~=• 
fc - 100 k.c. fc fc + 100 k.c: fc - 100 k.c. 

1 Value of 
;unmodulated carrier 
I • 
1 Max. dev., mr = 60 k1locycles 
I Voice freq. t. = 2500 cycles 
I 
I 
I 
I 
I 
I 

7,'=24 
• 

fc fc + 100 k.c. 

FIG. 23. These figures show t hat frequency-modulated wa ves con tain a large 
number of sideba nds. Xote that in freque ncy modulation the magni tude of the 

componen t of carrier frequency, f ,. , va ries. (Adap ted from reference 43.) 

signal, of ±75,000 cycles around the assigned carrier frequency which 
is for broadcast in the vi cinity of 100,000,000 cycles. But the maximum 
bandwidth required to pass the sidebahds of appreciable magnitude is 
about 200,000 cycles wide. Thus, each freq uency-modulation broad
cast station is assigned a band in the frequency spectrum that is 
200 ,000 cycles wide, and that is one important reason why frequency
modul ation broadcasting is placed in the 100-megacycle region. 

It is of in terest to compare the bandwidth required for a phase
modulated wave and for a frequency-modulated wave. As Fig. 23 
shows, for frequency modulation the bandwid th is about the same for 
any ratio of mtlf r , For comparable condit ions, this is no t true for a 
phase-modulated signal ; for, as equation 6 indicates, the shift in 
phase is not inw rsely proportional to the modul ating frequency. 
Thus, a phase-modulated signal will cover a much wider frequency 
band than a freq uency-modulated signal " ·ill under comparable condi
t ions. Frequency modulation is extensively used in practice, and 
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phase modulation is not. However, the two methods are so closely 
related that many of the frequency-modulated waves are produced by 
phase-modulation methods. 

Methods of Producing Frequency-Modulated Waves. Many 
methods of frequency modulation are used in broadcast and other radio 
applications. 

Audio 

input 

Crystal 
oscillator 

and 
amplifier 

Frequency 
distorting 
network 

Balanced 
amplitude 
modulator 

Sideband 
90° phase

shitting 
network 

To frequency
multiplying 

power amplifiers 
and antenna 

FIG. 24. Arrangement for synthesizing a frequency-modulated wave. 

Indirect Frequency J.Vlodulation by Wave Synthesis. This method 
follows directly from Roder's investigation. 41 It was the system 
used by Armstrong, 42 and is used in modified form in broadcast trans-

Reactance tube Oscillator tube 

FIG. 25. Simplified circuit of a reactance-tube frequency modulator. 

mitters. The block diagram of Fig. 24 shmYs an arrangement by 
which a frequency-modulated wave is synthesized, following state
ments given in the preceding section. 

Direct Frequency llfodulation Using the Reactance Tube. The 
reactance-tube method is shown in Fig. 25 and is the outgrowth of 
methods of controlling the frequency of the local oscillator in an 
amplitude-modulation superheterodyne receiver. 44 • 45 It is defincd 2 

as reactance modulation. Briefly, the alternating voltage from the 
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oscillator existing across C-L causes a current to flow down through 
C\, which is of small capacitance (and high rcactance), and through 
R 1 , which is of small resistance. This current and the voltage drop 
across R 1 "·ill lead the niltage across points 1-2 by essentially go 0

• 

Because in the circuit used the plate current is in phase with the grid 
voltage, the alternating plate current of the reactance tube that flows 
to the right of points 1-2 will lead the voltage across points 1-2 by 
essentially go0

• The magnitude of this current is varied by the 
modulating audio-frequency signal voltage connected as indicated . 
This is equivalent to connecting a voice-controlled capacitor across 
points 1-2, and hence the incoming modulating signal causes the 
oscillator output to be frequency modulated. The positions of R 1 

and C 1 may be interchanged if the proper values are selected. Also, 
tubes in push-pull arc used.46, -11 

Frequency Modulation by Special Tu.bes. Several special tubes 
have been developed for producing frequency-modulated waves, one 
being the Phasitron. 4 8 In this device, elec trons are emitted from a 
central cathode and flow out in the form of an electron disk toward 
surrounding cylindrical anodes. Below the disk of electrons are 
special electric deflecting electrodes composed of wires connected suc
cessively to the phases of a three-phase radio-frequency voltage. 
This voltage is obtained from phase-splitting nehrnrks that are dri.-en 
by a single-phase crystal-controlled oscillator. These deflecting wires 
will move the various parts of the electron disk up or down, depending 
on the polarities of the various wires. This will cause the edge of 
the electron disk to be "scalloped" sinusoidally and, furthermore, the 
scallops will move around the edge of the disk at a definite rate because 
the three-phase radio-frequency voltage impressed on the wire elec
trodes will produce a " revolving" electric fi eld. 

Two cylindrical anodes are pnrvided. The innermost has square 
holes in it, and the two anodes are connected to a tuned output circuit. 
As the electron disk rotates, electrons flow first to one anode and then 
to the other, causing a high-frequency current flow in the tuned output 
circuit. The modulation is effected by passing the modula ting signal 
current through a coil surrounding the entire tube structure. The 
electron disk, with its sinusoidal scallops, is advanced in phase and 
retarded in phase, by the magnetic field produced by the modulating 
signal current in the surrounding coil , thus producing phase modula
tion. This current is predistorted so that the output wave will be 
frequency modulated. 

Frequency l\fod1tlation by Non-Linear Coils. Among the miscel
laneous methods of frequency modulation is a circuit using a non-linear 
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coil. 49 This system has been used extensively in systems of commu
nication (as distinguished from broadcast) using frequency modula
tion. Actually, the circuit produces phase modulation, and prcdis
tortion is necessary. 

The Demodulation of Frequency-Modulated Waves. Several 
systems have been developed. Two methods that are successfully 
employed will be discussed. 

The Limiter and Discriminator. 2 The limiter is a device that 
"clips off" the received and amplified frequency-modulated signal so 
that no amplitude variations (such as might be caused by static) occur 
in the wave envelope. Several types of limiters arc used, singly or in 
combination; among these are the crystal detector (page 272), circuits 
using Yacuum tubes that limit because of grid-current flow through a 
resistor, and circuits using tuned amplifiers that saturate because of 
low plate voltage. 43 Because it removes unwanted amplitude varia
tions, the limiter is very important. 

The discriminator is the demodulating device that is actuated by 
the frequency-modulated radio signal and produces a replica of the 
original modulating signal. The discriminator rs an outgrowth of 
frequency-control methods. 44 • 45 Modifications of the discriminator 
circuit of Fig. 26 are used. 

The operation of the discriminator u·hen the received signal is at 
midfrequency is as follows: After passing through the limiter, the 
radio-frequency signal that is frequency modulated is impressed as 
indicated in Fig. 26. The primary is tuned to the midfrcquency, and, 
if at the instant under consideration the frequency is at midfrequency, 
the vector diagram at the left in (b) applies. The impressed Yoltage 
EP causes the 90° lagging current (approximately) to flow in the 
primary coil. This current induces a 90° lagging voltage E; in series 
in the secondary coil that also is tuned to the midfrequency. The 
secondary current l, will be in phase with this voltage when the signal 
is at midfrequency. A voltage drop will be caused across the sec
ondary capacitor, and this will lag the secondary current by 90°. 
The connections are assumed to be such that the voltage between the 
anode and the cathode of each tube is the vector sum of the primary 
voltage EP and one-half of the secondary voltage Es. The capacitor 
connecting the primary and the center of the secondary is sufficiently 
large to ha-ve negligible reactance. When the signal is at midfrequency 
E 1 and E 2 are equal, the rectified currents 11 and 12 are equal, and, 
since R 1 equals R 2 , no resultant voltage will exist at the audio-output 
terminals. 

The operation of the discriminator u·hen the received signal is below 
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mid fr equency is as follows: For this frequency the secondary will be 
out of resonance, capacitive rcactancc \\·ill predominate, l 8 "·ill lead Ei, 
and the secondary voltage Es will be as indicated. This causes diode 
voltage E 1 to exceed diode voltage E 2 , rectified current / 1 will exceed 

FMinplt 
from 

limiter = Ep 

Audio 
output 

(a) Simplified circuit of discriminator 

E, E. Ip . 
I, 

r. 
E~ s 

E~t• , 
I~ 

At midfrequency Below midfrequency Above midfrequency 

( b) Vector diagrams of currents and voltages in primary and secondary, 

- 0.5 E, + 0.5 E, 
- 0.5 E, + 0.5 E, 

At midfrequency Below midfrequency Above midfrequency 

(c) Showing the voltages E 1 and E 2 across the diode elements as the 
frequency-modulated signal frequency varies. 

Fro. 26. Circuit and vector diagrams for a discriminator used to demodulate 
frequency-modulated signals. 

I 2 , and, since R 1 equals R '.!., th e lower audio-output terminal will be 
positin and the upper terminal will be negative. 

The operation of the discriminator u·hen the received signal is above 
midfrequency is as follmY~: The secondary will be out of resonance for 
this frequency and inductive reactance will predominate, causing the 
secondary current I., to lag the vol tage E ;. This results in diode 
voltage E2 exceeding E1 ; also, rectified current I 2 will exceed I 1 , and 
the upper audio-output terminal will be posifo·e and the lower negative. 

At th<' frc(Jurney-modulation transmitter, one cycle of modulating 
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audio signal voltage causes a frequency shift below midfrequency and a 
shift above midfrequency. This will cause one cycle of audio-output 
discriminator voltage. At the transmitter a strong modulating voltage 
will cause a large frequency shift, and, at the receiver, a large fre
quency shift will result in a greater lead, or lag, and a stronger audio 
output. 

In some circuits the capacitor connecting the primary and the sec
ondary of Fig. 26 is omitted, and a coil is placed in the wire leading 
to the center of the secondary. This coil is coupled to the primary 
and serves to pick up a reference voltage that corresponds to Ep of 
Fig. 26 ( b) and ( c) . 

F.M. input 
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I.F. amplifier 

R-F choke 

-
C2 

R t 
1 

c, 

AVC 
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R2 Ca 

+ 

I _ Audio 
r-output 

FIG. 27. Circuit of the ratio detector, a demodulator for frequency-modulated 
signals that need not be preceded by a limiter. 

The discriminator is satisfactory, particularly if it is modified as 
just explained, but it must be preceded by a limiter. Because the 
limiter reduces the signal to the point at which all normal amplitude 
variations arc eliminated, the intermediate-frequency amplifier preced
ing the limiter must have much gain; also, two limiter stages are 
sometimes used for more complete limiting action. 

The Ratio Detector. The ratio-detector of Fig. 27 requires no 
limiter. Note that one diode is reversed and that other significant 
changes have been made from Fig. 26. Also, the capacitor between 
primary and secondary is usually omitted, and, as for some dis
criminators, another secondary coil is placed in series with the wire to 
the center of the secondary. 50 The vector diagrams of Fig. 26 apply 
to the ratio detector. 

Capacitor C3 of Fig. 27 is often about 8 microfarads, and the circuit 
is such that the voltage across C 3 can vary only slowly. Assume that 
a station is unmodulated and is, accordingly, on center frequency. If 
the station produces a strong signal (the limiter is omitted when a 
ratio detector is used), a large rectified current will flow as shown by 
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the arrows, and capacitor C 3 will charge slowly to a relatively large 
voltage value. If the station produces a weak signal, a small rectified 
current will flow and capacitor C 3 will discharge slowly to a low value. 
This makes available an automatic volume-control voltage between 
the terminal AVC and ground. Note that at the center frequency no 
current flows through the R-F choke or resistor R 1 . 

If the transmitter is frequency modulated and the signal falls below 
the center frequency, the radio-frequency voltage across diode 1 will 
increase and that across diode 2 will decrease (Fig. 27). This will 
cause the current in diode 2 to fall and that in diode 1 to rise; this 
causes flow through the R-F choke and through resistor R 1 . The 
voltage across capacitor C 2 will fall, and that across C 1 will rise, but 
the sum of these voltages will equal that across C3 . When the 
frequency rises above the midfrequency, the action is reversed. Thus, 
an audio voltage, which corresponds to the frequency shifts in the 
received-modulated signal, exists across resistor R 1 . If a sudden 
change occurs in the magnitude of the received frequency-modulated 
signal, the magnitude of the demodulated output voltage remains fixed 
because capacitor C 3 holds the voltage constant across capacitors C 1 
and C 2 . Only the ratio of these voltages can change. Thus a limiter 
need not be used. 

Frequency-Modulation Radio-Telephone Transmitters. Trans
mitters for frequency-modulation are not standardized like those for 
amplitude modulation. They differ fundamentally in two important 
ways; first, the method of modulation; and second, the method of 
stabilizing the center frequency. Several methods of frequency modu
lation have already been discussed. The methods of frequency stabili
zation are too varied and detailed for consideration. The center 
frequency must not drift more than 2000 cycles from the assigned 
value. 51 A summary of the methods is given in the reference accom
panying Fig. 28. 

A block diagram of a frequency-modulation transmitter is shown in 
Fig. 28. The modulation is accomplished in most transmitters at a 
carrier frequency of several hundred thousand cycles and with a fairly 
low maximum frequency deviation. Also, modulation is accomplished 
at a low power level using receiving-type tubes; this is a decided 
advantage of frequency modulation. The frequency multipliers in
crease both the frequency and the frequency deviation to the correct 
values, and the power amplifier increases the power level to the proper 
amount. Because the frequency-modulated wave has constant am
plitude, the class C power amplifier operates at constant load. At 
the very high frequency of approximately 100 megacycles, special 
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tubes and circuits are used. Input and output tuned circuits of the 
"coaxial-cable type" instead of inductors and capacitors are common. 

Although this section has been devoted to frequency-modulation 
telephone transmitters, it should be mentioned that frequency-modu-
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Fm. 28. Block diagram of a frequency-modulation radio-broadcast transmitter 
using the Phasitron tube. For block diagrams of other such transmitters see chart 
"Frequency .\Iodulation Systems," supplement to Electronic Industries, April, 1946. 

lation radio telegraph transmitters also are used extensively. These 
employ what is called 2 frequency-shift keying or FSK (sec also 
page 335). 

Frequency-Modulation Radio-Telephone Receivers. These are 
superheterodynes built to operate at the very high frequencies em-
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Fm. 29. Block diagram of the superheterodyne radio-receiving set for frequency
modulated signals. 

ployed. The intermediate-frequency amplifier operates at about 10 
megacycles in many sets. The set shmYn in Fig. 29 includes a limiter 
and a discriminator, but, of course, a ratio detector may be used 
instead. 

In frequency-modulation broadcast transmitters pre-emphasis cir
cuits2· 51 are used which emphasize the high frequencies, and de
emphasis circuits 2 are used in the receiver to return the frequencies 
to their proper relative strengths. Such circuits, which are used to 
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further overcome noise, have been omitted from the drawings shown 
here. Frequency-modulation reeeinrs;j 2 using what is called a fre
modyne circuit for detection are also used. This circuit employs the 
principle of supcrrcgeneration discussed in many books on radio. 5 The 
folded-dipole antenna 5 • 6 • 5:{ is often used with frequency-modulation 
receivers. 

Vehicle Radio-Telephone Systems. The first experiments in radio 
communication with automobiles were made in 1921 in connection with 
police systems. 54 Beginning in 1947, two-"·ay radio-telephone service 
,ms given from the public telephone system to vehicles. A telephone 
user may place a call for a vehicle in much the same manner as a toll 
call is placed. One or more 250-watt transmitters cover a given area , 
and several receiving stations are located in the area. 55 At the begin
ning of 1949, about 5000 vehicles were equipped for this growing 
sen·ice. 

Radio-Relay Systems. Since the beginning of electrical communi
cation, efforts have been directed toward increasing the number of 
messages transmitted from point to point over one two-wire circuit. 
These efforts have resulted in the coaxial cable that will pass as many 
as 600 telephone messages simultaneously. With the development of 
radio, attention was given to the development of point-to-point radio
relay systems that would each pass a large number of messages. 
Coaxial cables and radio-relay systems are in economic competition. 
The United States is now (1949 ) spanned with a coaxial system, and 
installation of a transcontinental point-to-point radio relay system is 
in progress. These systems may be used either for telephone purposes 
or for television. 

Radio-relay systems operate at superhigh frequencies, using wave
lengths of approximately 10 centimeters. They use small amounts of 
power and highly directional antennas that are of the electromagnetic 
horn, 5 6 parabolic,57 or lcns;j 8 types. The antennas arc mounted on 
tall buildings, towers, and hills. 

Surprising as it may seem, such systems have been used for some 
time, the first probably being a two-way channel install ed in 1931 
across the straits of Dowr and using Barkhausen, or positive-grid, 
oscillators, page 306, at approximate ly 1725 megacycles and a wave
length of 17.4 centimeters. 59 

R ecent literature on point-to-point radio relay systems has been 
extensive.6 0, 61. 02 , 63 , 64 In the paragraphs immediately following, 
the New York-Boston radio relay system will be described briefly. 

Two basic types of equipment are required: the terminal equip
ment, 64 by means of which the messages or television programs to be 
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transmitted are translated to the superhigh frequency region, and the 
micro-wave repeaters, 62 which receive the complex signal after it 
has traveled about 30 miles, amplify the signal, and direct it on to the 
next relay repeater station. 

The New York-Boston system operates at about 4000 megacycles 
(wavelength about 7.5 centimeters). Two two-way channels are pro-
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FIG. 30. Block diagram of a repeater of the New Yark-Boston radio-relay system. 
Frequencies are translated, or shifted, at repeater stations so that high-energy level 
and low-energy level signals will not exist at the same frequency at the same point. 

(Reference 63.) 

vided, each capable of handling a television program extending from 
30 cycles to 4.5 megacycles; or, the system can be used to transmit 
hundreds of telephone messages furnished by a type L carrier system 
(page 432). The average length of the repeater sections is 27.5 miles, 
35 miles being the longest. At the input terminal equipment, the 
incoming signal is frequency modulated and emerges at a 65-megacycle 
center frequency. By modulation methods, this is raised to 3930 
megacycles, is amplified, and passes through wanguides to the trans
mitting antenna, which is a metallic lens in the mouth of an electro
magnetic horn. Parallel strips of metal of various dimensions act as 
waveguides and produce a focusing effect. At the receiving terminal 
the process is reversed. At the repeater stations, shown in block form 
in Fig. 30, the signal is received by an antenna as previously described, 
is reduced to an "intermediate frequency" of 65 megacycles, is ampli
fied, then translated to about 4000 megacycles, is amplified in a "radio-
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frequency" amplifier, and finally is retransmitted to the next s tation 
using the same type antenna. These translations arc necessary be
cause the velocity-modulated amplifying tubes (page 306) for low
level amplification at 4000 megacycles prond to be too noisy. 
Conventional tubes are used for low-level amplification at 65 mega
cycles, and velocity-modulated tubes (page 308) arc used for high-level 
amplification at 4000 megacycles. 62 In t he New York-Chicago link 
of the transcontinental radio-relay system, and in similar installations, 
special high-frequency triodes instead of velocity-modulated tubes are 
used.* 

The system just described is operated by the Bell System. Another 
point-to-point microwave relay sys tem is operated by " 'estern l;nion 
over a triangle connecting New York, Pittsburgh , and ·ff ashington. 
Frequencies of about 4000 megacycles are used. Klystrons that are 
frequency modulated are used to drive small dipole antennas \Yith 
parabolic refl ectors. The Klystron is frequency modulated by a re
sultant signal composed of many telegraph messages. The power 
output of the Klystron is about 100 rnilli\rntts. A detailed description 
of the system is given in TV es tern Union Technical R eview, .July, 1948, 
Vol. 2, No. 3. 

Pulse Modulation. Methods that are generally t ermed pulse 
modulation are under intensin experimental study and are used to 
some extent in practice, particula rly with radio-relay systems. A 
study of this subject is complicated by the fact that it is in the 
developmental state. It is not evident which systems ·will eventually 
achieve wide usage, although the last one to be described is very 
prom1smg. When pulses instead of a sine-wave carrier are used, a 
large number of possible modula t ion methods are available. 

P erhaps what is called pulse modulation could be described as pulse 
sampling, and the general method described as communication by 
samples. 65 Senral possible pulse-modulation schemes will be de
scribed. 65 , 66 , 67 

In Fig. 31 is shown a chart for explaining certain types of pulse 
modulation. Sinusoidal modulating signals are shown for conYenience. 
In pulse-amplitude modulation or PAM2 the signal to be transmitted 
is sampled at regular intervals, and pulses of equal width but of 
varying amplitude are transmitted. The receiver must measure the 
amplitude, or voltage, of each pulse and then reproduce the modulating 
signal voltage. 65 

In pulse-duration modulation, or PDJ\f, 2 also called pulse-length 
modulation, or PLl\1, 65 and pulse-width modulation, or PWM, 66 the 

* Electronics, April, 1949, p. 170. 
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signal to be transmitted is sampled periodically, and pulses whose 
duration, or length, or width, which vary with the instantaneous mag
nitude of the signal, are transmitted. The receiver must measure the 
time duration of the arriving pulses and reconstruct the original 
modulating signal from these time measurements. 65 

-~ Modulating signal wave --- ------.... ____ _ ___ .,,,. PAM 

Time--.. 

Fm. 31. Approximate shapes and arrangements of signals in pulse modulation 
with the sinusoidal waves shown as dotted curves. Height of pulses does not, in 
general, equal height of modulating wave. Also, many more pulses per cycle may 
be transmitted. These diagrams are to convey a general picture of the processes 
and should not be regarded as oscillograms. (Based on a diagram appearing in 

Reference 66.) 

In pulse-position modulation, or PPM, 2 the amplitude of the 
pulses and their width remain constant, but the time at which they 
are transmitted depends on the instantaneous magnitude of the signal. 
The receiver must measure the time arrival of the signal and recon
struct the original modulating signal from this information. 65 

In pulse-frequency modulation, or PFM, the repetition frequency 
of the pulse is varied. 66 

In pulse-code modulation, or PCM, 6 5 - 6 s. 6 8 (a) also called pulse
count modulation, 66 • 67 the amplitude range of the modulating signal 
is diYided into a number of discrete lewis, and these arc :-:ampled at 
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regular intervals. Pulses bearing the information as to signal level 
arc transmitted in groups, one group for each sample, and one or more 
pulses of a group arc omitted to deliver specific data regarding the 
amplitude range of a sample. This is at present the most important 
system. The receiver must note the presence or absence of individual 
pulses in a group and reconstruct the modulating signal. 

The circuits used for these systems of communicat ion are different 
from ordinary circuits previously discussed, and , in fact, some of 
them involve the use of special vacuum tubes . 69 , 7 o. 71 

The preceding paragraphs are descriptions . Definitions2 applying 
to certain types of pulse modulation haYe been formulated as follows: 

Pulse-Amplitude Modulation or PAM. :Modulation in ,vhich the mod
ulating wave is caused to ampli tude-modulate a pulse carrier. 

Pulse-Time Modulation or PTM. Modulation in \Yhich the values of 
instantaneous samples of the modulating wave are caused to modul:ite the time 
of occurrence of some characteris tic of a pulse carrier. 

Pulse-Duration Modulation or PDM. Pulse-time modulation in which 
the value of each instantaneous sample of the modulating \\·aye is caused to 
modulate the duration of a pulse . 

Pulse-Position Modulation or PPM. Pulse-time modulat ion in \Yhich 
the rnlue of each instantaneous sample of a modulating wave is caused to 
modulate the posit ion in time of a pulse. 

Facsimile Transmission. :Many systems have been devised for 
elec trically transmitting drawings, figures, photographs, or other in
formation over wire lines and cables, or by radio. A system of 
facsimile for transmission over wire cireui ts 7 2 was placed in commer
cial operation over telephone lines in 1925. This was replaced in 
1935 by an improved method 7 3 which involved modulation by optical 
means. Picture transmission for news purposes by both wire and 
radio methods now is commonplace. 

The principle involved in many systems of facsimile transmi:osion is 
to revolve slowly a cylinder on which the picture or other information 
to be transmitted is attached. In some systems a light beam and 
phototube arc used to connrt the " lights" and "shades" of the image 
into electric signals. In other systems, a special paper (page 339) is 
employed. At the rcrei,·ing station a synchronized reverse process is 
used to record the information by recreating, on paper, an image of 
the material scanned. 

Television. Experimental work on television has been in progress 
for many years. A tu:o-icay television system 74 that transmitted 
over wire telephone circuits was operated for some months about 1930, 
and at approximately the same time television in colors was also 
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demonstrated. 75 During the years following these experiments, t ele
vision has been the subject of much research, and several successful 
methods have been developed. Television shows great promise, and 
there are some who predict that television is destined to capture the 
present radio-broadcast audience, particularly in city and suburban 
areas. This remains for the future to disclose. 

The Image Orthicon. Much of the success of television is due to 
the development of the Image Orthicon 76 by the Radio Corporation 
of America. 

A simplified schematic diagram of the Image Orthicon is shown in 
Fig. 32. The light reflected by the object or scene to be televised is 

Cathode 
(zero) 

Return beam 

Scanning beam 

Two-sided target 

FIG. 32. Diagram of the R.C.A. Image Orthicon, a television camera tube used 
extensively. (Courtesy American Institute of Electrical Engineers.) 

focused on the photocathode, which throws off electrons, forming an 
"electron image" of the object or scene. The two-sided target and 
target screen (Fig. 32) are at + 600 volts with respect to the photo
cathode, and the electron image travels to the target. The electrons 
constituting the electron image are maintained in their respective 
places by the focusing coil that holds them in parallel rays. 

The two-sided target of Fig. 32 is of low-resistance semiconducting 
glass. It is so thin that electric charges flow readily through the glass 
but do not flow "sideways'' with ease. The electrons in the electron 
image striking the glass target knock out secondary electrons, and 
a positive charge pattern is formed on one side of the glass. This 
pattern is an electric-charge image of the visible image to be tele
vised. 

A beam of electrons from an electron gun is directed at the other 
side of the target, and this beam is caused to move in lines hack and 
forth at various levels (somewhat as the page of a book is read), thus 
scanning the side of the two-sided t arget nearest the electron gun. 
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Because the glass conducts from one side to the other, if secondary 
emission from the "front" sid e maintains a ginn area on this side 
positive, the corresponding area on the "back" side (toward the elec
tron gun) will also be positive. If there is no positive charge on an 
area being scanned at a given instant, the electrons in the scanning 
beam will be repelled at that instant. If there is a positive charge on 
an area scanned, some electrons will be absorbed, and the rest will 
be repelled. In this way, the electron beam is modulated, or controlled 
in intensity, corresponding to light reflected by the portion of the 
image scanned at that instant. 

The repelled electrons, constituting the modulated current, strike a 
comparatively large electrode around the aperture of the electron gun 
from which they are shot. Secondary electrons are produced, and 
these enter several stages of secondary electron multiplication. The 
output is the so-called video signal, and this is ready for amplification 
in wideband amplifiers, and then for radiation by a local television 
station, or for transmission over a coaxial cable system, or a radio
relay system, to operate some distant television station. 

The Image Orthicon and associated apparatus constitute the tele
vision camera. 77 The term video is used, technically, to describe 
the original signal coming from the tele,·ision pickup device. There is 
a tendency t o use this term to specify television in general. The 
video band extends from about 30 to 4,500,000 cycles. 

T elevision Transmitters. T elevision channels are assigned in the 
very-high-frequency portion of the radio spectrum. For this reason, 
special tubes and equipment are used. 7 8 Special antennas must be 
used because of the high frequencies involved, and the wide band to be 
transmitted. 79 Amplitude modulation is used for the video, or picture 
signal, one sideband is suppressed, and the carrier and other sideband 
are transmitted. Frequency-modulation is used for the audio signal 
nf the speech or music program accompanying the t elevision image 
transmission. One important function of the transmitting equipment 
is the generation and transmission of synchronizing impulses needed 
for "locking together" the teleYision camera and the television re
ceiver. 80 

Television R eceivers. T elevision receivers include equipment for 
demo<lulating the received t elevision im age signals and for reproducing 
the image on a cathode-ray tube (page 309). Also, equipment is 
included for demodulating the accompanying speech or music signa ls 
and for reproducing the program on a loudspeaker. There are circuits 
for synchronizing the scanning of the electron beam in the cathode-ray 
tube in the receiver with the electron beam used in scanning in the 
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distant television camera. 8 0 The super heterodyne principle is used 
in television receivers. 

As explained, the electron beam in the cathode-ray tube of the tele
vision receiving set scans in synchronism with the beam in the camera 
tube. The intensity of the beam of the cathode-ray tube is varied in 
accordance with the instantaneous intensity of the current from the 
television camera tube. In this way, the television image is reproduced 
on the end of the cathode-ray tube. In some television sets the image 
is viewed directly as it is reproduced on the encl of the tube, and in 
others it is viewed indirectly by a suitable optical system. 81 Special 
receiving antennas are required. 82 
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REVIEW QUESTIONS 

1. Explain what is meant by frequency translation, and discuss several applica
tions in radio. 

2. What general classification is made for the systems of modulation used in 
radio? 

3. \Vhat is the purpose of the buffer amplifier shown in Fig. 1? 
4. What is the difference between high-level and low-level modulation? 
5. What is the source of the sideband power in the modulating circuits of Figs. 3 

and 4? 
6. If the carrier component is suppressed in a radio system, how is reception 

possible? 
7. Name several important reasons why tetrodes and pentodes sometimes are 

used as modulators. 
8. What are meant by the terms resonant and non-resonant feeders? 
9. One of the circuits of Fig. 5 is for connecting at a low-impedance point, and 

the other is for connecting at a high-impedance point. Explain what this 
means. 

10. If a half-wave antenna is fed at the end, will the input impedance be greater 
or less than if it is fed at the center? Why? 



538 RADIO SYSTEMS 

11. Expla in why a thermomilliammeter indicates when it is moved along one 
wire as discussed on page 496. 

12. Fully expla in why the matching section of page 497 is exactly :P, in length. 
13. \Vhy a re phase-shifting networks sometimes used with broadcast antenna 

feeders ? 
14. Enumerate several advantages of the superheterodyne radio receiver over 

other types. 
15. What is the approximate bandwidt h required by an amplitude-modula tion 

broadcast transmitter? By a frequency-modulation broadcast t ransmit ter'/ 
16. Should the recei,·ing antenna of a broadcast receiver be directional or non

directional? 
17. What is the purpose of tuning preceding the converter in a superheterodyne 

recei,·er? 
18. Explain the difference between primary and secondary service areas. 
19. Explain how it is possible to send and recei,·e on the same radio frequency. 
20. Discuss the adrnntages of the rhombic antenna over compa rable types. 
21. H ow do di,·ersity systems opera te? 
22. E xplain t he points of similarity and difference between phase and frequency 

m odula tion. 
23. ·why is a beating oscillator necessary in a radio-telegraph receiver? 
24. H ow would a radio-broadcast receiver be designed if amplitude-modulation 

broadcasting were by a single sideband ? 
25. Under what conditions will a phase modulator produce a frequency-modulated 

waye'? 
26. For comparable conditions, will a phase-modulated signal or a frequency-

modula ted signal require the greater bandwidth? Why ? 
27. \\,"hy is a balanced modulator used in Fig. 24? 
28. What is the purpose of a pre-emphasis circuit? 
29. D ocs the Phasitron alone produce pl111se or frequency modulation ? 
30. What is the purpose of resistor R 2 of Fig. 27? ·what is a typical va lue ? 
31. I n terms of percentage, what frequency drift is permitted in frequency-modu

lation broadcast transmitters? 
32. Briefly compare the coaxial cable with radio-relay systems. 
33. In the N ew York-Boston radio-relay system why is the signal reduced to 65 

megacy cles at each repeater? \Vhy is it received and transmit ted at slight ly 
different frequencies ? 

34. What is meant by pulse-code modula tion ? What is an important advantage? 
35. Briefly discuss the operation of the Image Orthicon tube. 

PROBLEMS 

1. A modula ted amplifier that is operated in class C with the modulating signal 
injected into the plate circuit has an unmodulated carrier output of 5.0 
kilowatts. With 100 per cent sinusoidal modulation, what is the approximate 
direct power drawn by the plate circuit, the approximate alt ernat ing power 
drawn from the modulating amplifier, the approximate direct power drawn by 
the modula ting amplifier, and the approximate total 60-cyde alternating power 
drawn by the transmitter. 

2. If the power-output tubes of a transmi t ter should work at 1825 kilocycles into 
3250 ohms resistance and if the inpu t impedance to the transmission line is 
175 ohms resistance, design a simple impedance-matching network for coup-
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ling the transmitter to the line. Repeat if the line impedance 1s 1250 ohms 
resistance. 

3. In the system of Fig. 7, the standing-wave ratio is 4.7 without the stub. If 
the frequency is 59.75 megacyeles, determine the lengths and locations of open 
and shorted stubs to remove the standing waves. Is it possible to substitute 
for the open stub a shorted stub that is ¼.\ longer than the open stub? "\Vhy? 

4. The length of the antenna in Fig. 9 is 0.5 .\. The feeders are of ?\" o. IO wire, 
8 inches apart. Two copper tubes of outside diameter 1.1 inch are a,·ailable. 
Can they be used to approximately match the impedances? If so, what 
spacing must they have? If not, what is a suggested diameter? 

5. A vertical broadcast antenna with a base insulator is fed by an underground 
coaxial cable. What lightning protection would you recommend? If the 
tower is struck, can the trnnsrnitter cause a radio-frequency power arc on the 
system? If so, where will it probably occur? 

6. The functioning of the LO-megohm resistor and 150-micromicrofarad capacitor 
of Fig. 14 is explained on page 501. Assume that the station being receind is 
modulated with a 1000-cycle tone and that the circuit is in a typical super
heterodyne and calculate the impedance offered to the principal alternating 
components that will be impressed on this parallel combination. 

7. In discussing Fig. 26 it is explained that sometimes the capacitor between 
the primary and the secondary is omitted and a coil is used. Assume that 
this change and other necessary modifications have been made and draw the 
required vectors. Prepare a discussion to explain the operation of the circuit. 

8. On page 525 the statement is made that the frequency multipliers increase 
both the frequency and the frequency deviation. Prove this to be true. 



CHAPTER 14 

INTERFERENCE 

AND NOISE 

Introduction. ln the past, noise in communication systems has been 
considered objectionable largely because of its interfering effects, and 
for similar reasons. It is now known, however, that there is a relation
ship between the amount of noise in a circuit and the bandwidth 
required to transmit information. 

Bandwidth and Noise in Communication Systems. Of much 
importance in communication is the bandwidth required to pass in
formation. In 1928 Hartley stated 1 that "the total amount of 
information which may be transmitted over such a system is propor
tional to the product of the frequency-range which it transmits by the 
time during which it is available for transmission." The system 
referred to was one having a restricted transmission range, a charac
teristic common to most communication systems used in practice. 
This principle became known as the Hartley law, and was accepted 
for 20 years. The law in itself apparently is valid. 

With the development of pulse modulation, bandwidth requirements 
were reinvestigated by several independent groups 2· 3 who found that 
the amount of interfering circuit noise in a system was also a factor 
determining bandwidth requirements. This has resulted in a modified 
law, which has been stated in several ways. Expressed mathemati
cally,2 

C = w log2 (1 + S/N), (1) 

where C is the capacity of the channel to carry information per unit 
time, w is the bandwidth of the channel, and SIN is the signal-to-noise 
ratio in power units. 

This law (which is sometimes referred to as the modified Hartley 
law) has very important implications. Thus, if the signal-to-noise 
power ratio is always maintained high, the bandwidth requirements 
may be low. Hence, in telephone, telegraph, or television transmission 
systems, if the power is always maintained high, less bandwidth is 
required by each signal for the same quality of transmission. Either 
more signals, or higher quality, are possible within a given bandwidth 
if the signal-to-noise power ratio is kept high. 4 

540 
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It has been pointed out 2 that the noise-reducing property of fre
quency modulation is in accordance with this principle. Thus, if an 
amplitude-modulated radio transmitter were modulated with an audio 
signal having a maximum frequency of 15,000 cycles and if both 
sidebands were transmitted, the bandwidth required would be 30,000 
cycles. If a frequency-modulation radio transmitter of the broadcast 
type were modulated with the same signal, the bandwidth required 
·would be about 200,000 cycles wide. Hence, for comparable power 
conditions, a frequency-modulation station should give a considerable 
improvement in received signal-to-noise ratio. It appears that pulse
time modulation and particularly pulse-code modulation will be able 
to utilize the advantages indicated by this principle. 4 

Interference and Noise in Wire Communication Systems. Inter
ference will be considered in a broad sense and will include those 
electrical effects which disturb, or handicap, in any way normal use 
and operation. Interference may result in the operation of protective 
equipment, such as fuses, or may result in damage to the physical plant 
if the protection is inadequate or improper. One of the most serious 
types of interference is noise, defined 5 as "any extraneous sound 
tending to interfere with the proper and easy perception of those sounds 
which it is desired to receive." Because acoustic noise was considered 
in Chapter 2, the present discussion will be limited to circuit noise, 
defined 5 as "noise which is brought to the receiver electrically from a 
telephone system, excluding noise picked up acoustically by the tele
phone transmitters." 

Sources of interference may be classified as natural or artificial. 
The natural classification includes lightning, static, the aurora borealis 
phenomena, and dust storms phenomena. Artificial sources include 
power lines, electric railway systems, and other communication circuits. 
Induced currents from these and other sources cause noise in the 
telephone receivers. An unusual source of noise is explained in 
reference 6. 

Telephone lines are designed for, and operated with, low voltages 
and currents and must therefore be protected not only from the 
induced noise currents just considered but also from high-voltage 
natural and artificial hazards as well. Lightning offers the greatest 
natural hazard and, through either direct or induced strokes, can injure 
or destroy telephone equipment. Heavy earth currents that accom
pany magnetic storms and auroral displays have damaged grounded 
apparatus and cables. Power lines, including electric trolleys and 
feeders, offer the greatest artificial hazards. These lines may come in 
direct contact with telephone circuits, or may induce relatively high 
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voltages into these circuits as this chapter will explain. Electrolysis 
also is a source of considerable trouble . 

Effects of Interference. Interference from paralleling power and 
electric traction systems commonly is circuit noise, that is, a buzz
ing or humming in the telephone receiver. If the interference is 
between t\rn paralleling t elephone lines, it is called crosstalk. If one 
telegraph circuit induces signals into a paralleling telegraph circuit, it 
is termed crossfire. 

Crosstalk is usually easily controlled because, first, it occurs between 
circuits operating at about the same power lenl, and second, it is 
usually bet,Yeen lines of the same system, engineered and operated by 
the same organization. If crosstalk is noticeable, it nut only interferes 
with telephone service but also destroys secrecy. Crosstalk inter
feres with normal telephone connrsation by diwrting attention from 
the conversation in progress to the one heard through induction from 
another circuit. There is, furthermore, a masking or interfering effect 
of considerable importance. 

Induction from paralleling power lines offers a serious problem. 
One reason for this is the great difference in the voltage, current, and 
pm,·er magnitudes involnd. If but an extremely small amount of the 
po,Yer in a power system is induced into a low-level communication cir
cuit, it may be of the same order of magnitude as the useful telephone 
currents. 

Induction from power systems may be of two types : first, low
frequency induction; and second, noise-frequency induction. 
(References 7 to 13 inclusive.) Low-frequency induction includes 
only induction at the fundamentai fr equency of th e power system 
(usually 60 cycles), and ordinarily is bothersome only at times of 
a bnormal po,Yer-line conditions. Noise-frequency induction is, ho,Y
ever, due to the harmonics of the fundamental power frefJuency and 
is usually present at all times, although its effect is more pronounced 
under abnormal power-line conditions. 

Both low-frequency and noise-frequency induction interfere with 
telephone service. Among the effects produced by low-frequency in
duction are 11 service interruptions, false signals , telegraph signal 
distortion, damage to plant, electric shock, and acoustic shock. Re
garding this last effect, it is interesting to note that copper oxide 
varistors sometimes are connected across operators' telephone sets to 
reduce acoustic shock; also, that the non-resonant telephone receiver 
produces much less noise when a transient current passes through it. 
Noise currents tend to mask the useful speech or signal currents. A 
noisy circuit having a certain loss is equivalent from a telephone 
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standpoint to a more quiet circuit having a greater loss. The added 
losses due to noise arc known as noise transmission impairments, 
abbreviated N.T.I. Much more speech power must be supplied to the 
telephone user to override the induced and room noises. 

History of Inductive Coordination. Early in the history of the 
electrical industry, the telegraph companies operated alone in the field. 
Interference between adjacent telegraph circuits was experienced but 
was not serious. Earth currents, set up during displays of the aurora 
borealis, 14 affected the grounded lines seriously at times. 

The early telephone sets were operated oYer grounded lines, and 
interference between telephone and telegraph lines, and between the 
telephone circuits themselves, was immediately experienced. Power 
systems and electric railways were introduced during this same period; 
and, especially after alternating current came into use, much inter
ference resulted. 

The history of interference is interesting15, 16 as the following 
quotation indicates. 

About 1883 a nrw iron wire was made which, it was claimed, would be free 
from inductive disturlxmces. Its cross-section was shaprcl like a four-Iraf 
clover and the grooves ran around the wire in a spiral. The company that was 
making and promoting this \Yire intrrcstecl themselws in its use on more than 
a dozen experimental linrs. They had a theory that the voice current would 
follow the spiral and in some \my produce a beneficial rffrct. An officer of the 
spiral wire company said it was not understood by electricians.* 

The use of two-wire, or metallic, instead of grounded telephone 
circuits did much to reduce noise. They were introduced commercially 
by Carty.1 6 Disturbances were further reduced by transpositions 
explained by Carty in his paper1 7 presented in 1891. 

The process by which electric energy is transferred from one circuit 
to another, causing noise or other disturbances in low-level communica
tion circuits, is termed induction. The interference caused thereby is 
called inductive interference. The transfer of energy may be largely 
through the effect of the electric field or the magnetic field, or by both. 
Power engineers and communication engineers cooperate in minimizing 
these effects, such activities leading to inductive coordination. 

Perhaps the earliest comprchensiYe cooperative surYey was begun 
in 1912. Rules were formulated and pubfohed 18 for the coordination 
of power and telephone systems so that inductiYe disturbances would 
be minimum. After 1921, coordination activities were centered in a 

* Reprinted by permission from Beginnings of Telephony by F. L. Rhodes, 
Harper & Bros. 
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joint general committee of the National Electric Light Association and 
the Bell Telephone System. 19 More recently, committees of the 
Edison Electric Institute and the Bell System have continued this work. 
Excellent cooperation exists between the power and communication 
organizations, and inductive interference has been rendered con
trollable. 

Factors Determining lnterference. 2 0, 21 The three important 
factors 11 that determine the inductive interference experienced under 
given conditions are as follows: (1) influence factors; (2) susceptive
ness factors; (3) coupling factors. 

Each power circuit has certain distinguishing characteristics of its 
line and connected apparatus, such as generators, transformers, and 
loads. These determine the influence factor. Similarly, each tele-

G 

FIG. 1. A parallel consisting of a grounded power line (fed by generator G 
and connected to motor Jf) and a two-wire, or metallic, telephone line. The reason 

for considering a grounded power line will be explained on page 557. 

phone circuit has special features, and these determine its responsive
ness to the electric and magnetic fields from the power line, and the 
susceptiveness factor. Also, each parallel has individual character
istics, such as distance between the power and telephone lines and 
length of parallel. These determine the coupling factor. It is em
phasized that these factors and the discussions that follow are general 
in nature; they apply to electrical noise pickup by a radio or sound 
system. 

Methods of Induction. Electric energy is transferred from power 
lines into communication circuits and from one communication circuit 
into another in three ways. First, energy transfer may occur through 
leakage paths between the two circuits. This is usually of little 
importance, and its solution is obvious. 
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The magnetic field offers the second medium for introducing inter
fering currents into communication circuits. Thus, in Fig. 1, assume 
that a grounded alternating-current power line parallels a metallic 
two-wire telephone line as indicated. The power-line current will 
then produce a magnetic fi eld about 
the power wire, and this field will link 
with the telephone line as shown in 
Fig. 2. Instantaneous induced volt
ages, represented by the generators 
e1 and e2 , will be produced in the 
telephone wires. Since wire 1 is closer 
to the power line than wire 2, wire 1 
will have a greater voltage induced in 
it by the alternating magnetic field , 
and thus a difference of potential e1 -e2 

will exist beb,·een wires 1 and 2. 
This difference of potential ( often 
called metallic-circuit induction, and 
sometimes transverse induction) will 
cause a current to flow in the telephone 
circuit, and noise from the power 

Fw. 2. The magnetic field of the 
power line of Fig. I links with the 

telephone conductors. 

line will accordingly be heard in the t elephone receivers. 
The magnetic field causes a voltage to be induced in series with each 

M 

Fw. 3. The magnetic field of Fig. 2 induces 
voltages in each telephone wire as indicated by 
e1 and e2. Since e1 is greater than e2, noise 
currents will be forced around through the tele
phone sets. These induced voltages tend to act 
between the te lephone wires and ground as 
indicated by the fact that voltmeter V will indi
cate the presence of a voltage. This voltage to 
ground will force currents through capacitive and 

leakage paths to ground. 

wire. As Fig. 3 indicates, 
one end of each wire is 
positive and the other is 
negative. A difference of 
potential ( often called 
longitudinal-circuit in
duction) will also exist 
between the wrres and 
ground. If a high-impe
dance voltmeter V is con
nected as in Fig. 3, the 
voltmeter will deflect be
cause the circuit is com
pleted through the dis
tributed capacitance repre
sented by C111. 

The third method by 
·which noise energy is in
troduced into paralleling 
telephone circuits can be 
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explained from a consideration of the power-line voltages and distrib
uted capacitances between the circuits involved (Fig. 4). Considering 

for the moment one wire only, 
suppose that C 1 represents the 
distributed capacitance between 
the power wire and wire 1, 
and that C01 represents the 
capacitance of wire 1 to 
ground. The effective voltage 
E between the power wire 
and ground will divide in
versely proportional to the 
capacitances, and thus E 01 = 
ECi/(C1 + C0i). The volt
age from wire 2 to ground will 
be less than E 01 since the 
respective distances between 
wires are greater, but the ca-

Ground pacitances to ground are the 

Fm. 4. The power-line voltage E to 
ground acting through the distributed ca-
pacitance raises the telephone line wires to 
unequal voltages above ground. The volt
age E0 1 exceeds E02. The shape of the 
electric field is approximately as indicated. 

same. 
Since the two voltages to 

ground are unequal, the wires 
will have a difference of poten
tial between them, and this 
will cause noise currents to flow 
through the connected tele

phone sets. The way in which the two telephone wires are raised to a 
voltage above ground is also shm,:n in Fig. 5. The induced voltages are 
represented by the small generators E/1 1 and E02 • 

From this section it is apparent that the power-line current and the 
resulting magnetic field induce voltages which act as small generators 
connected in series in the line wires (Fig. 1). Also, the power-line 
voltage and the resulting electric field raise the paralleling telephone
line wires to voltages above ground, and these voltages act as small 
generators connected betu·een the telephone u·ires and ground 
(Fig. 5). 

In this discussion and the one which follows, it has been assumed 
that the telephone line is paralleled by a power line consisting of a 
single grounded wire. Such lines seldom exist for commercial power 
purposes, but, as will be discussed later, under certain conditions a 
three-phase power line has the characteristics of a grounded circuit as 
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just considered. Also, the grounded system applies for the single 
trolley wire of an electric railway. 

Line Unbalances. In the preceding section it was shown that 
induced voltages were of two types: first, voltages acting in series in 
each wire of the disturbed cir-
cuits; and second, voltages act
ing between the wires and 
ground. 

As was also shown in the 
preceding discussion, if either 
the voltages induced in series 
or those to ground are not 
equal, then noise currents will 
flow through the connected 
telephone sets. In the follow
ing paragraphs it will be as
sumed that the telephone wires 
are raised to equal voltages 
above ground, and the way 
these eqiwl voltages cause noise 
will be considered. Later in 
the section the effect of equal 
series voltages will be discussed. 

Suppose that the two tele
phone wires of Fig. 6 are raised 

FIG. 5. Showing Fig. 4 somewhat in per
spective. The power-line voltage acting 
through the distributed capacitances raises 
the telephone wires to unequal voltages 
above ground as shown by the small gen
erators. The voltage E01 exceeds E02. The 
internal impedance of each generator con
sists largely of the ca.pacitance between the 

wire and ground. 

to equal potentials E 91 and E02 above ground, that the series imped
ances Z1 and Z2 of each section of line wire are exactly the same,, 

1 Z1 Z1 1 
T Zz Zz I T 

2 J I I 2 I I I 
I I I 

Cgl::~:: I I 

I ::~::c,2 :::l:::c112 
I 

I I 
I I --t-- I 

I - I 

--t-- -J.:--
F10. 6. An approximate simplified circuit for a balanced telephone line on which 
equal voltages E0 1 and E02 exist to ground. The series impedance Z of each ele
mental section is the same. Also, the impedance to ground of each elemental section 
is the same. In these simplified circuits the shunt elements (Fig. 3, page 196) and 

leakage paths to ground are not shown. 

and that the impedances to ground also arc identical. Then the tele
phone line is balanced, and the equal voltages to ground "·ill produce 
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no noise currents in the telephone receivers. In commercial systems 
it is impractical, if not impossible, to keep the telephone lines exactly 
balanced, and thus equal voltages induced to ground u·ill produce 
noise currents in the connected telephone sets. 

Figure 7 shows a line with a series unbalance, such as would 
be caused by a poor joint in the telephone line wire. The capacitance 
to ground of each elemental section is represented approximately by 

FIG. 7. Illustrating the way in which a series unbalance, such as a poor splice, 
causes noise currents to flow when the telephone wires are raised to equal voltages 
E0 1 and E02 above ground by a power parallel. The telephone wires are assumed 
to be balanced to ground. Points X and Y will not be at the same potential, and 

a noise current will flow through the connected telephone sets. 

the lumped capacitances Cu1 and Cu2 • The equal voltages to ground 
Eu1 and Eu2 acting on the telephone wires send currents to ground 
through these capacitances. But the current flowing in wire 2 must 
flow through the unbalance R, and the hvo points X and Y will accord
ingly be at different potentials. As a result, noise currents will flow 
through the telephone sets. 

Unbalances to ground originate in many ways. The most common 
causes are tree "leaks," defecti-ve or dirty insulators, and poorly 
designed or maintained terminal equipment. An unbalance to 
ground causes noise as shown in Fig. 8; the "leak" Ru is assumed to 
be of high resistance. With this arrangement point Y is at a lower 
potential than point X, and noise currents will flow through the con
nected telephone sets even when the voltages induced to ground, Eu1 

and E u2 , are equal. 
In addition to causing noise, a high induced voltage to ground may 

offer a serious electrical hazard to employees and to equipment. 
When a telephone line is very close to a power line, the telephone line 
may assume potentials of hundreds or even thousands of volts above 
ground. Voltages to ground on a telephone line necessitate a high 
quality of maintenance of both lines and equipment if excessive noise 
is to be prevented. Thus, even if the noise is not actually produced, 
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the presence of the induced voltage necessitates higher maintenance 
expenditures. In many instances excessive noise on telephone circuits 
has been reduced when the balance of the lines, both series and to 
ground, was improved by removing faulty line joints and by replacing 
broken insulators and removing tree and brush "leaks." 

Leaving now the effect of voltages to ground, the effect of equal 
series voltages will be briefly considered. In Fig. 3 it was shown that 
voltages induced in series would act to ground. Thus, even if the 
induced voltages are equal, unbalances either in series or to ground 

FIG. 8. Illustrating the way in which an unbalance to ground, such as would result 
from a poor insulator or a tree " leak, " causes noise currents to flow. The two 
voltages E01 and E02 to which the telephone line is raised above ground are equal. 
The resistance of the ground is assumed negligible. The potential of point Y 
approaches as a limit that of ground, and noise currents accordingly flow through the 
telephone set. The series impedances of the two telephone wires are assumed equal. 

may cause the currents which flow to be unequal. Then, the ends 
of the two line wires to which the telephone sets are connected may be 
at different potentials, and noise currents may flow. 

Telephone Line Transpositions. It has been shown that two 
types of voltages-voltages in series in the line wires, and voltages 
between the wires and ground-may be induced in telephone circuits 
by paralleling electric power lines. The effects on these voltages of 
transpositions in the telephone iines will now be considered. Trans
positions in the power circuits will be considered in later sections. 

The circuit of Fig. 1 has been redrawn in Fig. 9 with a transposition 
at the center of the telephone line; this balances the telephone line 
with respect to the power wire. Voltages will still be induced in each 
telephone wire by the varying magnetic field; these are indicated by 
e1 , ei', and e2 and e2 ' of Fig. 9. Since the two telephone wires now 
occupy the same relative positions, e1 + et' = e2 + e2 ', and, since 
these sums are substantially equal and the voltages are opposite, they 
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will almost neutralize each other. Telephone line transpositions 
therefore tend to equalize the voltages induced in series in each line 
wire by magnetic coupling. This often greatly reduces the noise. 

The effect of transpositions on induction from power-line volt-

2 

FIG. 9. A transposition in the telephone line 
balances it with respect to the power line. With 
this arrangement, e1 + et' = e2 + e2', and neg
ligible resultant voltage will exist to force a 
noise-producing current through the connected 

telephone sets. 

The equivalent circuit is also shown in 
effect of transpositions can be explained. 

ages through the electric 
field will now be consid
ered. As shown in Figs. 4, 
5, and the accompanying 
discussions, this field tends 
to raise the telephone 
wire:< to unequal voltages 
above ground. 

With the circuit trans
posed, conditions change 
from those of Fig. 5 to 
those of Fig. 10. In this 
figure, voltage E 91 = E!I/ 
and E!/2 = Eu1', but the 
hvo former exceed the 
hrn latter in magnitude. 
These voltages at a ginn 
instant are assumed to act 
in the direction shmrn. 

Fig. 10, and from this the 

Analyzing the equirnlent circuit, it will be found that the voltage 
Eg2'-E!/ 1' will tend to send a noise current I' up through the telephone 
at the right, and that the voltage E!/1-Eu2 tends to send a current I down 
through the same telephone set. This current I will be less than I' 
because of the series impedances in the line wires. Hence, a resultant 
noise current ·will flow up through the telephone set at the right. 
Thus, a difference of potential, determined by the magnitude of 
the line series impedances (other facts being comparable), exists 
between the ends of the two wires at the right (and at the left as 
well). 

If the transposition sections are shortened, the series line impedance 
per section will be reduced, and the difference of potential across the 
telephone sets will be lessened. Although the transpositions reduce 
the noise-producing voltage between the wires as just explained, they 
do not appreciably affect the voltages to ground which may, there
fore, act through unbalances to cause noise. 

In both the explanations just giYen, it was pointed out that trans
positions tend to reduce noise. It has sometimes been thought that 
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one transposition located in the center of a disturbed circuit of any 
length will reduce the noise to a very low level. (In fact, such an 
arrangement was tried without success on the early New York
Philadelphia circuits.) 

One transposition is not effective for several other reasons. The 
first is that because of line attenuation the magnitudes of the current 
and voltage are not exactly the same at each point along the power 
wires. This will prevent 
complete equalization of 
the voltages. Although 
this effect may be neg
ligible for many power sys
tems, it exists nevertheless. 
It. is especially important 
when considering crosstalk 
from telephone circuits 
which have comparatively 
high attenuation. 

The second important 
reason that very long 
transposition sections are 
not effective is due to phase 
relations. As was shown 
in Chapter 6, a finite 
time is required for the 
propagation of current and 
voltage impulses, and, al
though these might have 
the same magnitude (neg
lecting attenuation) in dif
ferent parts of a circuit, 
they would have different 
phase relations. It is ap
parent that, if the phase 

G 

Actual circuit 

1 

T 

2 
Equivalent circuit 

FIG. 10. Actual and equivalent circuits showing 
how telephone line transpositions reduce noise 
caused by the te lephone line wires being raised to 

unequal voltages above ground. 

relations are greatly different in two sections of a line, it would be 
possible to have the induced voltages tending to add. Phase rela
tions are particularly important for the higher frequencies (shorter 
wavelengths) encountered in communication circuits; it also becomes 
of increasing importance for the higher power-line harmonics which 
are in reality the components causing noise. 

The practical solution is to have the telephone transpositions (and 
also the power transpositions as will be shown later) close together, 
so that the distance between transpositions is but a small fraction of 
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a wavelength of the impulses in the disturbing circuit. Also, keeping 
the wires of the disturbing circuit close together will tend to reduce 
the stray fields and the influence factor, and, similarly, keeping the 
wires of the disturbed circuit close together will tend to reduce the 
susceptiveness factor. 

Telephone Transposition Schemes. 22 · 23 , 24 A very elementary 
transposition scheme for crosstalk alone is shown in Fig. 11. A study 

i------d-------i 
1 

2 :::========~=========l 
3 i:=::::x:======:x:::::::i 
4 t=::::::x==~==~==::::l 
5 

FIG. 11. An elementary trans
position scheme for reducing 

crosstalk. 

of this diagram will indicate that, if the 
distance d is small, about one mile or less, 
each circuit will be inductively balanced 
with respect to each of the others, and thus 
excessive crosstalk will not occur. 

It is apparent that where many wires are 
involved, as in a four-arm line having 40 
wires, transposition schemes become very 
complex. This is further complicated by 
the use of phantom circuits (page 224), for 
not only must crosstalk between side cir

cuits be minimized but also crosstalk caused by phantoms must be 
reduced. 

From these discussions it should not be inferred that special trans
position schemes are designed for each new line. In fact, quite the op
posite is true; standard transposition systems 23 are available and are 
used in new line construction. A standard scheme is shown in Fig. 12. 

Attention is called to the four different types of phantom transposi
tions indicated in the diagram. These, it will be observed, depend on 
the side-circuit transpositions at the phantom transposition points. 
·when a new line is laid out, transposition schemes such as Fig. 12 are 
fitted in so that they best meet conditions, especially from the stand
point of coordination with existing or proposed power parallels. The 
complexity of phantom transpositions is evident from Fig. 12. In 
fact, the necessity for transpositions is one factor preventing the use 
of "phantoms on phantoms," often called "superphantoms" or 
"ghosts." 

Classification of Power Parallels. From the standpoint of induc
tive interference there are many possible types of power parallels. 
The arrangement of the conductors or configuration greatly affects 
the induction. 18 In the following pages, the discussion will be limited 
to three-phase circuits having triangular configuration. These circuits 
may be classified as follows: (1) non-transposed, non-grounded; 
(2) non-transposed, grounded; (3) transposed, non-grounded; and 
( 4) transposed, grounded. 
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Power lines, when grounded, are usually grounded at the neutrals 
of three-phase, wye-connected transformer banks. The neutrals of 
alternators are often grounded. There are in general three types of 
grounds in common use in this country: first, a direct connection to 
earth; second, grounds through current-limiting resistors or reactors; 
and third, grounds through parallel-resonant circuits offering low im

1.73 Ew 
Accidental 
Ground 

pedance to the fundamental, but 
greatly attenuating noise-producing 
harmonics. The influence factor va
ries greatly with grounding arrange
ments. 

-~ Although there arc other reasons 

Fro. 13. The effect of an accidental why it is desirable to ground neu-
ground on a three-phase system. trals , one is that it offers a protec-

tion to equipment in the event of a 
ground on one of the line wires , and thus insulation costs are less. 
This is shown in Fig. 13. The transformer or alternator windings 
must be insulated from the core which is assumed to be at ground 
potential. If the windings are not grounded and an accidental ground 
occurs on wire 3, the voltages between windings and core at points 
1 and 2 will now be approximately l.73Eu , where Ew is the voltage in 
each winding. If, however, a ground is in existence at the neutral of 
the winding as shown dotted and if then an accidental ground occurs 
on wire 3, the voltage at points 1 and 2 cannot rise above Ew. 

Balanced and Residual Currents and Voltages. In studying in
ductive interference problems, it is helpful to divide the power-system 
currents and voltages into ,,omponents with respect to earth as a 
reference point. In defining these, it will be well to quote from the 
California Joint Committee's report. 18 According to this committee, 
there are 

two general classes: (1) "balanced" with respect to earth as a neutral con
ductor or point of reference, and (2) "residual," completely unbalanced with 
respect to the earth, i.e., employing the metallic power-circuit conductors, as a 
group, for one "side" and the earth as the other side of their circuit.* 

To quote this committee further, 

"Balanced" current components in the several conductors of a power circuit 
are such that at every instant their algebraic sum is zero. The algebraic sum 
of the total currents in the several conductors of a power circuit at any instant 
is the "residual" current. Similarly, the "balanced" voltages of the several 
conductors are such that their algebraic sum is zero at every instant, while the 
algebraic sum of the total voltages to ground at any instant is the "residual" 
voltage. [AuTHOR's NoTE: The word algebraic as used probably implies what 
is usually termed a vector solution.] 
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As an example, a trolley circuit, consisting of an overhead trolley wire and 
" return" through rails and earth, is completely unbalanced with respect to 
earth, its total voltage and current being residual. On the other hand, a two
wire circuit having no metallic connection to earth and its two sides symmet
rical with respect to the earth's surface and not in close proximity to other cir
cuitl'J or objects would have no residuals, the voltages to earth of the sides of the 
circuit being equal and opposite and the currents wholly confined to the metal
lic conductors and therefore equal and opposite, i.e., in both cases balanced. 

This classification of the voltages and currents is of basic importance, since 
there is no generally applicable relation between balanced and residual com
ponents or their inductive effects, and furthermore since the remedies for 
induction from balanced and residual voltages or _currents are often funda
mentally different.* 

These definitions and explanations can be illustrated by the simple 
series of drawings of Fig. 14. In this, (a) illustrates an electric rail
way system employing a trolley wire. A voltmeter connected between 
the trolley ,vire and ground 
measures the entire system 
voltage. This system is ac
cordingly entirely unbalanced 
with respect to the earth. 
Similarly , ( b) represents a 
single-phase system which ful
fil s the requirements of balance 
as specified in the quotation 
given. If a voltmeter is con
nected between wire 1 and 
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ground and another voltmeter is connected between wire 2 and ground, 
for perfect balance to ground each voltmeter will read the same. The 
voltages at any instant will be opposite, however, and thus the re
sultant voltage to ground will be zero. That is, there will be no 
residual voltage. If, however, either wire has an impedance to ground 
different from that of the other, the voltmeters will not read the same, 
and their vector sum will show a residual voitage to exist. For the 
three-phase system in (c), if the line is properly transposed and if the 
insulation is good, the impedance of each line wire to ground will be 
essentially the same, and the voltages to ground will be about equal. 

In a balanced three-phase system a voltage exists between each 
line wire and ground, and these voltages are equal and 120 degrees out 
of phase. These balanced components accordingly add up to zero as 
shown by Fig. 15 (a) . If, however, for any reason a balance does not 
exist among the voltages to ground, the triangle will not close, and a 

* Reprinted by permission, courtesy the Railroad Commission of the State of 
California. 
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residual will be left as shown in Fig. 15 (b). Although in this section 
only voltages were considered, similar reasoning can be applied to the 
currents. 

Those familiar with the subject of symmetrical components will 
recognize balanced voltages and currents as positive-or negative
sequence quantities and will recognize that the residual voltages or 

currents correspond to the sum of 

FIG. 15. 

E1-G 
(b) 

three phase quantities or to three 
times the zero-sequence quantities. 2 0 

Causes of Residuals. Power sys
tems use the balanced components of 
voltages and currents for giving elec
trical service. Moderate residuals 
are usually no great detriment to a 
power system, but they are very 
undesirable from an inductive inter-

ference standpoint. In one instance it was reported 25 that one ampere 
residual produced as much induction in a ground return communication 
circuit as would be produced by 40 amperes of balanced current and 
that one volt residual voltage produced as much induction as 110 volts 
of balanced voltage. 

Residual voltages and currents may be caused by either the trans
mission line itself or the apparatus connected to the line. If, because 
of the configuration, the line wires do not each have the same capaci
tance to ground or because of poor insulation do not each have the 
same leakage to ground, the power line will be unbalanced and residuals 
will result. Capacitive unbalances to ground can in general be pre
vented by properly transposing the power-line conductors, and this is 
usually done. Unbalances caused by poor insulation can be corrected 
by proper line maintenance. 

As would be expected, the connected loads and apparatus can cause 
residuals in many ways (references 9, 10, 11, 12, 20, 21, 26, and 27). 
Among the causes are the following: 

Load Unbalances. If all the loads connected to the three phases of 
a power system do not have the same magnitude and phase angle, the 
transmission line will be unbalanced. 

Generators and Trans/ armers. The generating and transforming 
equipment connected to power lines is a source of residuals, as will be 
explained in the following sections. 

Power-System Harmonics. Most inductive interference is caused 
by the harmonics produced by rotating machinery and transformers 
connected to the power lines. These harmonics are of two classes: 
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first, those that are multiples of 3, that is, the 3rd, 9th, 15th, 21st, etc.; 
and second, those that are not multiples of 3, such as the 5th, 7th, 
11th, 13th, etc. The first group is termed the triple harmonics, and 
the second group the non-triple harmonics. As can be shown, 2 6 the 
only voltages that can exist between the wires of a three-phase system 
are the fundamental and the 5th, 7th, 11th, etc., harmonics, that is, 
the non-triple harmonics. Furthermore, non-triple harmonic currents 
are the only ones that can flow out on a transmission line and back 
over the wires as does the fundamental. The triple harmonfr voltages 
and currents do not add to zero like the non-triple harmonics, and the 
resultant is three times the value of the triple harmonic of voltage or 
current in each phase. 26 The triple harmonics are residuals; that 
is, a triple-harmonic voltage acts between the three power wires in 
parallel (as one conductor) and ground, and a triple-harmonic current 
flows over the three wires in parallel as one side of the circuit, and the 
ground as the other side. The reason for using a grounded power sys
tem at the beginning of the chapter to illustrate inductive action is now 
evident. 

Slot harmonics have been the source of much of the trouble caused 
by rotating machinery. They are produced because the armature has 
slots cut in its surface into which the conductors are placed. These 
harmonics have been reduced by improved design. Harmonics are 
also caused if the flux distribution in the air gaps is non-sinusoidal. 
The type of armature winding influences the wave shape also. 

Interference may be caused by generators with grounded neu
trals_ 10. 2 6 This can be controlled 1 0 by (1) isolating the generator 
neutral, and supplying the system ground through properly designed 
transformer banks; (2) grounding the neutrals of only those generators 
that have no detrimental triple harmonics in their phase-to-neutral 
voltage; and (3) grounding the neutrals through devices such as re
actors and parallel-resonant circuits (wave traps), which suppress 
the undesired harmonics. 

The harmonics caused by transformers are due to the magnetizing 
requirements of the transformer core. When the primary of a trans
former is connected to a source of voltage, the back or counter-electro
motive force induced in the transformer windings must at each instant 
(approximately) equal the instantaneous value of the impressed volt
age. If the impressed voltage is a sine wave, the back voltage must 
also be a sine wave. The flux in the transformer determines the back 
electromotive force, and thus, under the conditions just assumed, the 
flux must also follow sine-wave variations. These relations are shown 
in Fig. 16. 
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Suppose that the voltage is at zero as indicated at point (I). The 
flux must be maximum at this point, since the induced voltage is given 

-Nd<t> 
by the relation e = 108dt · But, from the hysteresis curve, when the 

flux ,j> is maximum the current I is maximum, and thus a point on the 
current curve is obtained. Ninety electrical degrees later at point (2) 
the voltage will be maximum, and the flux must accordingly be passing 
through zero; but, to produce zero flux , the current must be negative 
as indicated on the hysteresis curve. Simliarly, the values at points 
(3), (4), and (5) are found to be as shown, and also, the intermediate 

Magnetizing 
-2 

3 

1 

Force 
4+ 

Magnetizing Force= 
0.41T NI 
-1-

FIG. 16. Current distortion caused by hysteresis in iron-cored coils. 

values can be determined. The current wave is there! ore considerably 
distorted, the amount depending on the degree of saturation of the 
core. For this reason, transformers should not be operated at above 
rated voltage. In much the same manner it can be shown that, if a 
sine-wave current is passed through a transformer, then a distorted 
voltage results. These current and voltage waves therefore contain 
harmonics and are a source of inductive disturbance, as has been 
discussed. 

Transformers are usually connected to three-phase lines in banks of 
three and may be connected either delta or wye (also called star). 
If they are wye connected, the triple harmonic components add di
rectly. If the neutral of the transformers is not connected to the 
system neutral ( either ground or a fourth wire), then a large triple
harmonic (or residual) voltage will appear between the neutral of the 
transformer bank and system neutral. If the neutral is grounded, 
then a residual current composed of these triple-harmonics flows 
through the neutral ground and ground to line capacitance, and the 
residual voltage is decreased . If the transformers are delta connected, 
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the triple harmonics flow around the closed delta and do not appear 
as residuais on the [ine. 

The effects of the various possible connections are well summarized 
as follows. 10 

A large measure of control may be exercised on the magnitudes of the 
triple-harmonic residual voltages and currents by the use of certain transformer 
connections and by not operating the transformers at high flux densities. 

The magnitudes of triple-harmonic residual currents in grounded-neutral 
systems may be minimized by the use of star-delta connected transformers, in 
which case nearly all the required triple-harmonic current circulates in the 
delta. The opposite extreme occurs with star-star connections in which case 
the full triple-harmonic magnetizing current flows in the two systems which the 
transformer interconnects, the relative magnitudes in each depending on their 
relative impedances. Where a star-star bank is connected at one terminal of a 
line, with a star-delta at the other, the neutrals at each end being grounded, 
practically the entire third harmonic required by the star-star bank may be 
expected to circulate in the line connecting the t\rn. 

An effective method of control for cases in which star-star connections are 
required due to phase relations is the provision of a third set of windings or 
tertiaries in the transformers, the impedance of the tertiaries with respect to 
the other windings being sufficiently low to furnish an adequate path for the 
triple-harmonic magnetizing current. An alternate method of control, which 
also provides like phasing on the two sides of the bank, is the use of zig-zag 
connected transformers.* 

In addition to the sources of harmonics that have been considered 
here, many others exist. One that is particularly bad is mercury-arc 
rectifiers 2 8 used to convert from alternating to direct current. Elec
tric railways using alternating-current trolley systems have been a 
source of trouble. 

Effects of Harmonics. The interfering effects of the harmonics 
found in power systems depend on both the frequency and the ampli
tude of these harmonics. A telephone influence factor meter has been 
devised to measure the tendency of a generator or a power system to 
produce interference. This tendency to produce interference, due to 
the harmonics and the resulting irregularities in the power system cur
rent or voltage wave shape, is called the telephone influence factor 
or TIF and is defined 29 as "the ratio of the square root of the sum of 
the squares of the weighted effective values of all the sine-wave com
ponents (including in alternating waves both fundamental and har
monics) to the effective value of the wave." 

The telephone influence factor takes into consideration the charac
teristics of the receiver and of the ear, and the fact that the induction 

* Reprinted by permission, courtesy H. L. Wills, 0. B. Blackwell, and the 
American Institute of Electrical Engineers. 
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is roughly proportional to the frequency of the harmonics. As has 
been mentioned before, a low-frequency power-system harmonic causes 
very little interference compared to that caused by one in the middle 
of the voice range. The TIF meter accordingly contains a specially 
designed weighting network 30 having the characteristics shown in 
Fig. 17. In practice this network is connected to the power source to 
be studied (through transformers), and the amount of "weighted" cur
rent passing through the network, as measured by a thermoammeter 
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Fm. 17. Frequency-weighting curve used in 1935 and curve recommended 28,30 in 
1941 to incorporate advances in the design of telephone sets. 

in the output, is an indication of the tendency of the power-system 
current or voltage to produce interference. The TIF of a power
system current or voltage can be calculated from measurements made 
with a wave analyzer. 29 

Induction from Power Parallels. It has been shown that power
line voltages and currents are composed of two components with respect 
to ground as a point of reference. These were termed balanced and 
residual components, and it was also shown that the residual compo
nents usually produced most of the interference. The balanced com
ponents are the useful power currents and voltages; the residuals 
are largely incidental and undesirable. It has been found convenient 
to consider separately the effects of these two components in produc
ing noise in telephone circuits, and this will be done in the following 
paragraphs. 

Case A. Voltages Induced by Balanced Voltages. A grounded 
three-phase power line, paralleled by a metallic telephone circuit, is 
shown in Fig. 18. Since the power line is grounded, it is apparent that 
the phase voltages E 1 , E 2 , and E 3 exist between the corresponding 
line wire and ground. If the power line is not grounded, voltages will 



INDUCTION FROM POWER PARALLELS 561 

still exist between the power wires and ground because of the dis
tributed capacitances as explained on page 555. 

All three voltages existing to ground on the power line of Fig. 18 
are assumed to be equal in magnitude and 120 degrees out of phase. 
If the power wires were closely grouped together, then these three 
voltages would produce no resultant electric field to ground because 
of the cancellation which would occur. To provide insulation, the 
power wires must be spaced some distance apart, and hence a resultant 
field is produced in the vicinity of the telephone wires, and this re
sultant field will accordingly raise each telephone wire to a voltage 

FIG. 18. The phase voltages E1, E2, and Ea exist between the corresponding power 
wires and ground. Since these power wires are some distance apart, they will raise 

the telephone wires to voltages E0 1 and Eu2 above ground. 

above ground. For the condition of Fig. 18, these voltages Eu1 and Eu2 
to ground which are induced on the telephone wires are unequal. 

Or, from the standpoint of the distributed capacitances as discussed 
on page 546, each power wire will tend to raise each telephone wire to 
a voltage above ground. If the power wires were close together so 
that the distances involved were equal, then the three voltages induced 
between the telephone wires and ground would be equal and 120 
degrees out of phase, and they would therefore cancel, leaving no 
resultant voltage between the telephone wires and ground. Since the 
power wires are not grouped together, each telephone wire is raised to 
a voltage above ground as represented by the generators Eu1 and Eu2 

of Fig. 18. Furthermore, the voltage on wire 1 will exceed that on 
wire 2. 

As was explained on page 548, raising two telephone wires to unequal 
voltages to ground may cause noise in connected telephone sets in two 
ways: First, because of the fact that the two voltages to ground are 
unequal, a difference of potential will exist between the two wires, 
and noise currents will flow through the two connected telephone sets 
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(page 547). Second, the voltages to ground will act through any series 
unbalances, or through unbalances to ground, and -cause noise. 

From these facts, two remedies are apparent. First, if the two 
telephone wires are transposed, as explained on page 550, the noise

producing effects of the unequal volt
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ages to ground will be lessened, and, 
if the telephone circuit is also well bal-
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Tele- each power transposition section will 
Pti~~e tend to raise each portion of the tele

Fm. 19. Showing a complete 360-
degree rotation or "barrel" of the 
power line, and coordinated trans
positions in the paralleling telephone 

line. 

phone line parallel to it to a resultant 
potential above ground. These re
sultant induced voltages will be of 
substantially equal magnitude, 120 
degrees out of phase, and their effects 
will cancel, giving a low overall re

sultant noise on the telephone line for each power-line 360-degree 
transposition "barrel" as shown in Fig. 19. 

The power-line transpositions must be reasonably close together if 
the effects of phase differences, due to the finite velocity of propaga
tion, and line attenuation are to be 
negligible. For usual conditions at road
side separation, the power-line transposi
tions are often about one mile apart. The 
telephone transpositions must be coordi
nated with those in the power line. 

Case B. Voltages Induced by Residual 
Voltages. As was explained on page 554, the 
residual voltage on a three-phase power 
Hne acts between the three power wires as 
one side of the circuit and ground as shown 

Power Wires in Parallel 

_ Residual 
Voltage 

Residual 
Voltage 

i 
Fm. 20. A residual voltage 
acts between the power wires 
in parallel (as a single con-

ductor) and ground. 

fo Fig. 20. That is, the residual voltage acts like the power system 
consisting of one wire and a ground return. 

The residual voltage will raise each telephone wire to a voltage above 
ground (page 546). These voltages will be unequal, and, if the tele
phone line is not transposed, a large difference of potential will exist 
between the telephone wires (page 551), and excessive noise cur
rents will flow through the connected telephone sets. If the telephone 
wires are transposed, the difference of potential and the noise will be 
reduced. However, voltages to ground will still exist and may act 
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through unbalances in series and to ground to cause noise (page 548). 
The reason residual voltages are so likely to cause noise is now 

apparent. Transposing the power line will not reduce the induction 
due to residuals unless the residuals are caused by the fact that the 
power line was formerly unbalanced with respect to ground. Since 
most power lines are transposed and since in most instances the 
residuals are caused by the connected power equipment, it can be 
stated that in general transposing the power line has no effect on the 
induction due to residuals because they act between the power wires 
in parallel and ground. Usually, with properly constructed and main
tained lines, the only remedy from induction clue to residuals is to 
correct the connected equipment causing them. 

Case C. Voltages Induced by Balanced Currents. The balanced 
currents are the useful currents, and in each wire of a three-phase power 
system they are equal in magnitude and 120 degrees out of phase. The 
paths of the balanced components are confined entirely to the line 
wires. The balanced currents in each of the three line wires tend to 
produce a magnetic field . If the three power wires were very close 
together, no appreciable magnetic field would be produced. Since the 
wires are not close together , a resultant magnetic field will exist in 
the vicinity of the paralleling telephone line. 

This resultant magnetic fi eld will induce voltages in series with each 
of the telephone-line wires. As was shown in Fig. 1, these two induced 
voltages will act in the same direction. If the telephone line is not 
transposed the voltage e1 induced in wire 1 will exceed e2 in wire 2. 
A resultant voltage will accordingly exist, and a noise current will flow 
through the connected telephone sets. If the telephone wires are 
transposed, then, as in Fig. 9, the two induced voltages will be more 
nearly the same, and the noise will be reduced. 

But, as was shown on page 549, even equal voltages in series with 
the telephone wires may cause noise, and it is important to keep these 
voltages as low as possible. Transpositions in the power line will tend 
to do this. Within one complete 360-degree rotation or "barrel," as 
shown in Fig. 19, each power wire is closest to the telephone line for 
one-third the distance. Thus each portion of the corresponding section 
of the telephone line will have an induced voltage corresponding to a 
particular power wire. The result is that, instead of one power wire 
having a predominating effect for a given length, with power transposi
tions each power wire will affect the telephone line more equally. 
Thus, if the power transpositions are reasonably close together, so that 
the phase shift and attenuation effects are negligible, substantially 
equal voltages which are approximately 120 degrees out of phase will 
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be induced, and these will tend to cancel, greatly reducing the resultant 
voltage existing in series in each telephone wire. 

Case D. Voltages Induced by Residual Currents. Because residual 
currents flow along the power wires in parallel and the ground as the 
other side of the circuit, the method of induction is illustrated by 
Fig. 1 and the accompanying theory. 

Transpositions in the telephone circuits will tend to equalize the 
voltages induced in series in each line wire, but they will not eliminate 
these voltages. As explained on page 549, these may cause noise by 
acting through unbalances. Power-line transpositions will not be ef
fective in reducing these induced series voltages unless such transposi
tions cause a reduction in the residual currents themselves. 

It is possible to calculate the voltages and currents that will be 
induced in telephone circuits by a power-line exposure. 18· 19 · 20 Also, 
it is possible to predetermine the amount of telephone-circuit noise 
that an exposure will cause. 19, 2 0 

The rapid extension of rural power systems has necessitated much 
investigational work. 32 The discussions of the preceding pages has 

Line under 
.------, test 

FIG. 21. Simplified circuit of a 
noise-measuring set which was 

once widely used. 

been largely concerned with induction 
to telephone circuits. In general, what 
has been said for telephone circuits 
applies also to telegraph circuits. 3 3 

Noise Measurements. The noise
measuring set of Fig. 21 was used for 
many years. With this set the sound 
produced in the telephone receiver by 
the line noise was compared with that 
produced in the same receiver by a 
standard buzzer source. The receiver 

was switched alternately from the telephone line to the buzzer, and the 
tone adjusted until in the judgment of the listener the noise from the 
buzzer and that from the line would have the same interfering effect. 
This was a subjective test, and rather wide deviations in the measured 
noise were obtained by different observers. 

The noise meter now used 34 is similar to the sound-level meter 
described on page 42. The frequency-weighting network is for tele
phone applications, however. The noise to be measured is, of course, 
an "electrical," instead of an acoustical, noise, and no microphone need 
be used. A microphone may be used with the telephone noise meter 
if desired, converting it into a sound-level meter for acoustical measure
ments. Measurements are often made of "noise metallic" and of 
"noise to ground." This latter test is a rough indication of the 
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voltage to which the telephone line is raised above ground. The 
noise level is measured in decibels above an arbitrary reference 
value. 34 

Crosstalk Measurements. These measurements are made with a 
crosstalk meter shown greatly simplified in Fig. 22. A standard 
interrupted "tone" was formerly used as a source, but now a special 

A-c source 

_g....-..., r To 

[

- disturbing 
line 

f To 

[

disturbed 
line 

Frn. 22. Simplified circuit of a crosstalk meter. 

warble oscillator is employed. 35 The signal is impressed on the dis
turbing circuit, and the amount transferred by magnetic and electric 
coupling (and also by leakage) is detected in the receiver connected 
to the disturbed circuit. This received amount is then compared with 
the original signal by the switching arrangement shown. When the 
calibrated shunt is so adjusted that the sound heard through the shunt 
and that heard over the disturbed line are equally loud, then the set
ting of the shunt gives the crosstalk. One unit of crosstalk exists 
between two circuits when the current flowing in the disturbed circuit 
is one one-millionth of that flowing in the disturbing circuit. The 
noise meter is often used instead of a receiver for determining when the 
two sounds are equally loud. 

The tests just described are for near-end crosstalk. If the standard 
source is impressed on the disturbing circuit at the distant end of the 
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line, the measurements are termed far-end crosstalk. Although the 
tests just described are for crosstalk between metallic circuits, other 
tests, such as crosstalk from the phantom to side circuits, are also 
made. Care must be taken to ensure that the circuits are properly 
terminated when noise and crosstalk tests are made. 

At the frequencies employed in carrier telephone work (Chap
ter 11) special crosstalk equipment and measuring methods must be 
used. Such equipment is described in the literature devoted to carrier 
systems. 36 

Interference in Balanced and Unbalanced Circuits. With respect 
to ground as the reference plane, two separate types of lines and 
networks exist: first, those that are completely unbalanced, such as 
the coaxial cable which operates with the shield at ground potential; and 
second, those circuits that are carefully balanced with respect to 
ground as discussed in this chapter. 

In the unbalanced circuit, interfering noise and crosstalk are con
trolled by carefully shielding the circuits, the sheath acting as the 
shield in the coaxial cable. In the balanced circuit no shielding is 
provided; the balance (including the transpositions) keeps the induced 
voltages equal, and, since they are in the same directions, they cancel. 

Extreme care must be taken in connecting balanced and unbalanced 
lines ( or other equipment) to each other. When this is done, these 
two basically different circuits should be isolated metallically from each 
other by transformers (or repeating coils), and for best results these 
should have a grounded shield between the primary and the secondary. 

Principles of Plant Protection. Communication plant, including 
lines, cables, subscriber equipment, and central-office equipment, must 
be protected from excessive currents and voltages. 

The following cover most of the sources of dangerous currents and 
voltages in communication systems: 

1. Lightning and other atmospheric disturbances. 
2. Differences in the potential of the earth in different localities caused by 

earth currents due usually to electric railway or power systems, or to 
phenomena accompanying the aurora borealis. 

3. Physical contact or insulation leaks between power and telephone lines. 
4. Induced voltages from power lines usually during abnormal operating 

conditions. 
5. Abnormal conditions such as short circuits in improperly designed cen

tral-office equipment. 
6. High-power radio transmitting stations. 

These sources cause three general types qf electrical hazards to lines 
and equipment. The first of these is high voltages. Protection is 
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obtained from these by open-spaced cutouts. The second hazard is 
heavy currents, and these are protected against by fuses. The third 
type is currents slightly in excess of the normal operating values. 

GROUNDED ,,,_ __________ _ -•} CABLE CONDUCTORS 
TO OUTSIDE PLANT 

FIG. 23. Typical central-office protector mounting equipped with protector blocks 
and heat coils. The white markings on the sides of the carbon protector blocks do 
not represent holes in the blocks, but the sides of the holders into which the blocks slide. 

These currents are often called "sneak" currents, and, although they 
do no harm if they flow for only a short time, the cumulative heat they 
develop may cause serious damage to apparatus if they flow for a 
considerable period. Protection is afforded by heat coils. 

Open-Space Cidovts. In Fig. 23 is shown a carbon protector block 
upon which a porcelain block is held by a spring. This porcelain block 
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has a small carbon insert which it holds a definite distance from the 
carbon block, providing an air gap. As can be seen in this drawing, 
the carbon protector blo;k is at ground potential, and the spring 
touching the carbon insert is at line potential. If the potential between 
line and ground exceeds a certain value, the gap sparks across, allowing 
this potential to disappear. If the sparking is intense, carbon dust 
from the blocks may put a permanent ground on the wire; and, if the 
sparking is prolonged, sufficient heat may be generated to soften the 
cement holding the carbon insert in place, thus allowing the spring to 
push the insert against the carbon block. This action places a perma
nent ground on the line. The average cutout used at stations and 
central offices breaks down at 350 volts. Those used at the junctions 
of open wire and cable average 710 volts. Open-space cutouts often 
become dirty after they have been discharged many times and place 
high resistance unbalances on the lines, tending to cause the lines to 
become noisy. Insulating transformers are used in extreme cases to 
isolate equipment from lines exposed to dangerous potentials, such as 
when telephone wires are placed on power-transmission poles. Drain
age coils are sometimes used to protect telephone lines against 
lightning.37 

Fuses. The fuses usually employed blow if the current exceeds 
about 7 amperes. Fuses are used in conjunction with open-space cut
outs and are placed on the line side. If the cutout grounds the 
system, a heavy current often flows; and if the fuses are on the line 
side, this current will operate the fuses and will not damage the 
telephone circuits. 

One factor in the selection of 7 amperes as the current limit for the 
fuse is that it is desired that the fuse will carry the 6.6 amperes used in 
series street-lighting systems without blowing. In such series circuits 
a very high voltage tends to build up across a gap. If such a circuit 
comes in contact with a telephone line and is grounded through the 
open-space cutout and fuse, operation of the fuse might cause the 
voltage of the series circuit to increase, as a result of which the arc 
across the fuse is maintained, causing a fire hazard. 

Heat Coils. A heat coil consists essentially of a coil of fine wire 
wound on a copper tube into which a pin is soldered. The heat coil is 
held in position, as shown in Fig. 23, by a spring, and, when the heat 
becomes sufficient to melt the solder, the spring forces the pin through 
the tube until the pin encounters a ground plate, thus grounding the 
circuit. A typical heat coil will carry 0.35 ampere for 3 hours but will 
operate in 210 seconds on 0.54 ampere. 

A typical installation38 of these protective devices (on one wire) is 
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shown in Fig. 24. Strange as it may seem at first, buried toll cables of 
both the conventional type and the coaxial type sometimes must be 
protected against lightning. 39 • 40 Of course this would be unneces
sary if the earth were a perfect conductor. It is of interest to note 
that underground cables are injured sometimes by gophers. 41 

Central Office 
Underground 

,Heat Coil Cable Sheath 

Cable 
Conductors 

Frn. 24. Typical system of plant protection. 

Electrolysis. Telephone cable sheaths that are made of lead and 
antimony and that are buried underground offer very low-resistance 
paths to stray currents flowing through the earth. Where the current 
enters the cable (according to the conventional direction) no harm is 
ordinarily done; but where it leaves the cable ( unless a solid contact 
is made) electrolytic action takes place, and, if this action is long 
continued, the sheath may be entirely eaten through. This permits 
the entrance of moisture, thus damaging the cable and interfering with 
service. 

Although electric trolley networks and direct-current power systems 
in general are not being extended at present and in many instances are 
being abandoned, the problem of preventing electrolysis is in some 
respects even more important than in past years. One reason for this 
is that telephone cables are being placed underground at an increasing 
rate, and another is that many of these underground cables provide 
very important toll service. 

In considering electrolysis it is convenient to use a street railway 
system as an illustration. The trolley is positive, and the earth and 
rails are negative, the potential difference usually being about 600 
volts. According to the conventional direction, the current flows out 
on the trolley wire and back to the substation through the rails. 
Heavy conductors called negative feeders are often installed in 
parallel with the rails to act as an additional return path. Rail joints 
are bonded together with low-resistance conductors to keep the rail 
return resistance low. If the rails are small, if the rail bonds are in 
poor condition, or if the negative feeder system is inadequate, the 
return path for the current will be of high resistance, and there will 
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be a tendency for the currents to leave the rails and flow in the 
earth and in underground pipes and cable sheaths to the vicinity of the 
substation or negative feeder taps. At these points the currents 
leave the underground structures, and it is at these discharge points 
that damage is done. The decomposition of the sheath follows the 
laws of electrolytic action, the rapidity of the action varying with the 
magnitude of the current and the length of time it flows. 

The sketch of a street railway system shown in Fig. 25 indicates the 
tendency of currents to fl.ow to a cable or other underground metallic 
structure. The areas at which current is entering or leaving a cable 
can be found from the polarity of the cable sheath with respect to 

+ 
Substation 

Trolley Wire 

Position Generator 
of 

Drainage 
Bond _ Rails _ 

1--~ \@ ~oii\ve Ail!~ ~tgat/( ~/a// Ci) 

+ Paralleling Under~round Cele .1 

Danger of Electrolysis Cable Safe 

Fm. 25. Current paths and dangerous area when negative return path (rails) is 
of high resistance. Position of drainage bond and current-limiting resistor shown. 

earth. Thus, since the conventional current direction is from positive 
to negative, a voltmeter placed between the cable sheath and ground 
will read negative at point (1) if the positive voltmeter terminal is 
on the cable sheath. With the same connections at point (2), the 
voltmeter will read positive. Thus, a voltmeter reading indicates 
whether a cable or other underground structure is accumulating or 
discharging current. Two points should here be stressed: first, the 
potential may be due to a high current and low earth resuitance, or 
sec.and to low current and high earth resistance. Usually, however, 
a high potential indicates a high current flow. The second point to 
be stressed is that, although a negative reading from sheath to ground 
indicates that the cable sheath is safe at thui point, it may be in danger 
at some other point, since the entering current must again leave the 
sheath. 

Electrolysis surveys 42 are made to determine the areas in which 
cables are collecting current, and the areas in which the cables are 
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discharging this current and in which damage is likely to occur. 
These are usually termed potential surveys . A center-zero voltmeter 
with several ranges is very convenient for such work. Proper explor
ing electrodes must be used to prevent errors due to the voltages set 
up between dissimilar metals . If great reliability is desired, a record
ing voltmeter may be used. Potential readings taken on the entire 
underground cable system may be plotted on a cable map. 

Cables are often bonded directly to the substation ground or to 
negative feeders to drain off the currents without danger of electrolysis. 
This bond may have a resistor in series to limit the current flow. 
Although cable sheaths can carry very large currents, these currents 
may become great enough to damage the cables by heating. Reverse
current relays and copper oxide rectifiers are sometimes placed in the 
bonds to prevent reversals of current if at any time the electric-power 
network is so opera ted that current would tend to flow out through 
the bond and leave the cable at some distant point. 

An interesting method of forcing a cable sheath negative to prevent 
electrolysis has been developed 43 and used with success. Motor
generator sets, copper oxide rectifiers, or batteries may be used for this 
purpose. The method is particularly well suited to toll cables. 

As in dealing with inductive interference, close cooperation between 
telephone engineers and the engineers of the railway and power com
panies is the best safeguard against electrolysis. Of course, corrosion, 
as distinguished from electrolysis, may occur, and it has been particu
larly bad where lead cables have been placed underground in wooden 
ducts. In some areas it has been found necessary to force ammonia 
gas at intervals through the ducts to minimize corrosion. In general , 
.lead cables should not be placed underground in proximity to wood. 
,The extent to which plastic cable sheath (page 236) will reduce the 
.electrolysis and corrosion problems is not apparent as yet . 
. . Reducing Interference from Electric Equipment. Noise inter
f.erence is often caused by devices containing make-and-break contacts 
(armatures, relays, vibrators, etc.), or by devices which may not con
lain such contacts but in some way distort the wave form , thereby 
producing harmonics. The situation is depicted in Fig. 26. 

In general, an electric device causes noise first by direct radiation, 
and second by radiation over the supply wires. If the device is en
closed completely in a metal housing or cabinet, the direct radiation 
will be largely prevented. The radiation over the supply wires may 
be caused by the propagation of noise components between wires, or 
th e propagation may be between wires and ground. 

In Fig. 26 are shown inductors ( choke coils) in series with the line 
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wires, and capacitors between each line wire and ground. Also, it will 
be noted that these are within the metal shield, such as the metal 
housing or cabinet, in which the electric device is placed. 

The values of the inductance and capacitance to be used and the 
current and voltage ratings will depend on circumstances. If audio
frequency interference is being created, then the inductance and ca
pacitance should be greater than if the interference is of radio fre
quency. Also, it may not be necessary to use both inductors and 
capacitors, and, if one side of the supply circuit is grounded, as is often 
the case, then the arrangement may be simplified. 
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Frn. 26. Method of shielding a noise-producing device so that it will produce the 

minimum of external radiation and resulting noise. 

Radio Interference. 44 Communication by radio means is subject 
to interference so intense at times as to render the systems inoperative. 
Such interference has been mentioned in preceding chapters, and 
methods of minimizing its effects have been discussed, particularly in 
Chapter 13 in considering transoceanic systems. Radio interference 
is defined 4 5 as "an undesired disturbance in reception, or that which 
causes the undesired disturbance. Radio interference may thus be a 
disturbance at the radio transmitter, the transmission medium, or the 
radio receiver. Some examples of radio interference are background 
interference in the transmitter, undesired disturbance in the transmis
sion medium as by lightning or undesired radio waves, and hum or 
thermal agitation in the receiver." 

Radio interference is of several types as follows: 4 4 

Selective Interference. Radio interference whose energy is concentrated 
in a narrow band of frequencies. Some examples are other radio stations on 
the same or adjacent frequencies, harmonics of other radio stations, and un
shielded diathermy equipment. 

Radio Station Interference. Selective interference caused by the radio 
waves from a station or stations other than that from which reception is 
desired. 
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Electrical Interference, Interference caused by the operation of elec
trical apparatus other than radio stations. It may be either selective 
interference or noise, usually the latter. 

Noise in Radio Reception. The common effect of radio inter
ference is to produce noise that renders reception difficult or impossible. 
For radio purposes, noise is defined 45 as "an undesired disturbance 
within the useful frequency band." 

Noise in radio systems is divided into two general classifications. 
The first is atmospheric noise defined 4 4 as "noise caused by natural 
electrical discharges in the atmosphere." This is commonly called 
atmospherics abroad, and static in the United States. The second 
type is electrical noise, defined 4 0 as "unwanted electrical. energy other 
than crosstalk present in a transmission system." These last two 
words are here construed to cover the entire system for transmitting a 
message or program. 

A third source of radio noise is known by several names, inter
stellar interference being applied by one writer, 4 6 and cosmic static 
by another. 4 7 This interference is of interest but apparently is of 
little practical importance. Methods of measurement, results, and a 
list of articles on the subject are given in reference 47. 

It is emphasized that the sources of noise now being considered do 
not include background noise, defined 45 as "noise due to audible dis
turbances of periodic and/ or random occurrence." 

Atmospheric Noise. The nature of the interference caused by 
static is so well known as to need no description. Static is due largely 
to lightning disturbances, and possibly to some extent to the electric 
discharges accompanying the aurora borealis (see also pages 332 
and 448). 

Lightning discharges consist of one or more transients having cur
rent peaks of perhaps 10,000 to 100,000 amperes, and each lasting a 
few microseconds. Individual lightning discharges produce impulse 
noise, defined 48 as "noise characterized by transient disturbances 
separated in time by quiescent intervals." The electromagnetic 
energy radiated by lightning discharges follows the laws of radio 
propagation discussed in Chapter 12. Thus, all other factors being 
the same, static is weak in daytime and strong at night; it also fol
lows seasonal variations. Static is usually not particularly bother
some in the frequency bands above 30 megacycles, unless it comes from 
a local discharge. 

Because of the impulse nature of static, it may cause shock excita
tion40 in a receiver, causing damped oscillations, blocking, and other 
operating difficulties. Methods of reducing interference from static 
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include the use of directional transmitting and rece1vmg antennas, 
with the latter located in regions where static is least bothersome 
(page 512). To some extent at least, it is possible to obtain a high 
signal-to-noise ratio by using a strong transmitted signal. Further
more, certain receiving circuits (page 507) have been developed that 
reduce the effects of static. However, when static is continuous, most 
of the methods that have been used are ineffective. In such instances, 
systems using frequency modulation are advantageous. 

Electrical Noise. This is caused by electric transmission lines, 
distribution systems, and electric devices such as motors, contactors, 
vibrators, razors, furnaces, etc. The term man-made static is often 
applied to s1.1ch disturbance to distinguish it from atmospheric noise. 

Transmission Lines. 4 8 High-voltage transmission lines are a serious 
source of radio interference and cause excessive noise unless the lines 
are designed, constructed, operated, and maintained properly. The 
main sources of disturbance are corona that forms on the wires if they 
are too small for the voltage used, corona that may form on insulator 
tie wires and insulator pins and hardware, breakdown of the air ad
jacent to the insulator because of faulty insulator design, and small 
sparks, arcs, and corona that may occur on line hardware such as 
bolts, etc. Much progress has been made in controlling radio inter
ference48 of this type, and transmission lines are constructed and 
operated so that they are essentially noise free. 

Distribution Systems. 49 Distribution systems cause radio inter
ference resulting in noise much as for transmission lines, except that 
the voltages are lower and hence corona and certain other types of 
interference that occurs on transmission lines may not be so bother
some. Distribution systems are within city areas close to many 
receiving antennas, however, and interference from them may be 
serious. Here again, good design, construction, operation, and mainte
nance will greatly reduce interference. A distribution system may 
cause noise in a variety of ways, including sparks and arcs at fuses, 
cutouts, bushings, hardware, trees, etc. 

Electric Equipment. 48 In general, electric equipment of good qual
ity is constructed so that radiation and noise interference is not 
serious. Unless such apparatus is installed and maintained properly, 
satisfactory design is of no avail. Home appliances, in particular, are 
often poorly maintained and may cause noise because of sparking and 
arcing contacts. Methods of shielding electric equipment were con
sidered on page 82 (see also reference 48). 

Electric Trolley Systems. 5 ° For street railways and other direct
current traction systems the voltages are commonly 600 volts. The 
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trolleys themselves cause sparks. Other causes of interference are 
sparking motor commutators, sparking generator commutators, and 
harmonics caused by mercury-arc rectifiers often used to provide the 
direct-current power. Good design, construction, and maintenance are 
essential, and the design may include the installation of filters at the 
substations, particularly when rectifiers are used. 

Interference from Yehicles. Engine ignition noise is a source of 
radio interference. This can be mitigated by the use of shielding and 
filtering, following the general principles outlined on page 82. Spe
cial automotive equipment is available for this purpose. Rubber
tired vehicles accumulate electric charges 51 which may cause explo
sions in addition to radio noise interference. 

Precipitation Static. 5 2 , 5 3 Airplanes in flight accumulate electric 
charges that cause radio noise interference. This is in addition to the 
interference that might be caused by the ignition system and other 
electrical equipment. 54 Snow, 55 ice, rain, and dust particles generally 
are electrically charged, and, when an airplane flies through masses of 
such particles, the airplane acquires an electric charge. If the charges 
through which the airplane flies were uniformly distributed, the matter 
would be simplified. During turbulent air conditions, accompanying 
atmospheric storms (a thunderstorm, for example), the magnitude and 
polarity of the charge from point-to-point along the flight path varies. 
This causes the rapidly moving airplane to acquire a charge of one 
sign, then rapidly lose it, and so on. The charge may not be dis
tributed uniformly on the airplane. When an airplane loses charges to 
the atmosphere, corona and electric sparks often occur; or brush 
discharges and electric streamers may be formed. These cause 
electromagnetic radiations, called precipitation static, that may 
render radio reception impossible, a matter of great seriousness if a 
pilot is "flying blind" and following the beam of a ground radio-range 
station. 

Although many details are involved, precipitation static could be 
controlled if receiving systems not sensitive to the static were devel
oped, or, if the accumulating charges on the airplane were drained 
away slowly and uniformly, so that no sparks and similar discharges 
occurred. 

One of the first developments 56 was the use of the shielded loop 
(Fig. 27) for reception when precipitation static is bad. Such a loop is 
shielded so that it does not receive energy from an electric field but does 
receive energy from a magnetic field. Furthermore, a loop is directive 
and can be "aimed" in the direction of the desired station. The loop is 
close to the source of disturbance on the airplane and is in the induction 
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field (page 441). Because of the high-voltage nature of the precipita
tion-static discharges, the electric-field component of the induction field 

Fro. 27. An antistat'le shielded loop antenna 
located for experimental purposes beneath an 
airplane. In practice the loop is usually located 
beneath the front portion of the main body of 
the airplane. The dark band around the loop is 
an insulating insert in the metal shield so that 
the shield will not offer a continuous path to 
current flow. (Courtesy Bell Telephone System.) 

is strong, and the magnetic 
component is weak. Thus, 
the electrically shielded 
loop docs not pick up 
the same amount of noise 
that would be picked 
up by an open-wire an
tenna. 57 The radiation 
field from a distant sta
tion arrives at the air
plane with equal electric 
and magnetic components, 
and the shielded loop re
ceives the desired signal 
by magnetic induction 
(page 504). "Open-wire" 
antennas, insulated with 
polyethylene, are also 
used.;; 3 This insulation 
reduces the possibility of 
corona or other discharges 
from occurring on the re
ceiving antenna where such 
discharges would be in 
a strategic location to 
cause interference. I\1eth
ods of draining away the 
charges were early used. 
These have taken the 
form of trailing wires, 5 6 

wicks,52· 53 and other 
devices. Tufts of fine stainless steel wire have been advocated. 53 

Radio oise Meters .59, 60, 6 1 Various instruments and methods 
have been used for measuring radio noise. Cooperative work has 
resulted in the development of a standard instrument and methods of 
measuring radio noise.us This instrument covers the ranges of 150 to 
350 kilocycles, and 540 to 18,000 kilocycles. The radio noise meter is 
essentially a superheterodyne radio receiver with suitable weighting 
arrangements in the circuit of the second detector so that the response 
of the measuring instrument in this circuit will have the desired 
characteristics. 
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Protection of Radio Equipment. Radio transmitters, whi~h are 
powered from 60-cycle sources, are fused much as any electrical equip
ment. Radio receivers arc seldom protected in any way. If a receiver 
has an antenna in an exposed location, such as above the roof, and if 
lightning is prevalent, it is advisable to use a suitable lightning 
arrester between the antenna lead-in wire and ground. These ar
resters are usually small gaps 
that arc over to ground if 
the voltage exceeds a certain 
safe value. Generally the 
arrester is placed outside the 
building and should have a 
direct connection to a good 
ground, such as a water pipe. 
Also, the ground wire and 
lead-in should be of reason
ably large wire. 

Radio transmitting antennas 
are usually quite tall, are lo
cated in exposed positions, and 
offer excellent targets for light
ning discharges. The exact 
nature of the protection de
pends on the type of antenna, 

~rn 1 .. , 

Antenna 

Choke 
coil 

Impedance
matching 

network, etc. 

FIG. 28. A horn gap connected between 
an exposed transmitting antenna and ground 
is sometimes used to provide lightning 
protection. (Adapted from Reference 62.) 

type of matching network, and whether it is a series-fed antenna 45 

with an insulated base or a shunt-fed antenna45 with a grounded 
base. 62 The lightning protection is often a horn gap connected 
across the base insulator. A lightning discharge will flash across the 
horn gap, carrying the discharge to ground. This will put a short 
circuit on the feeder from the transmitter, and a power arc may follow, 
the energy for the power arc being supplied by the transmitter. The 
heat evolved will cause the arc to rise in the horn gap, quickly rup
turing the arc, thus clearing the circuit. 

REFERENCES 

1. HARTLEY , R. V. L. Transmission of Information. Bell System Tech. J., July, 
1928, Vol. 7, No. 3. 

2. FINK, D. G. Bandwidth vs. Noise in Communication Systems. Electronics, 
January, 1948, Vol. 21, No. l. 

3. SHANNON, C . E. Communication in the Presence of Noise. Proc . l.R.E., 
January, 1949, Vol. 37, No. l. 

4. FINK, D. G. Trends in Electronic Engineering, Elec. Eng., July, 1948, Vol. 
67, No. 7. 

5. American Standard Definitions of Electrical Terms, A.I.E.E., 1941. 



578 INTERFERENCE AND NOISE 

6. PENNELL, W. 0., and H .P. LAWTHER. A Magneto-Elastic Source of Noise in 
Steel T elephone Wires. Bell System T ech . J ., April , 1936, Vol. 15, 
No. 2. 

7. H UNTLEY, H. R., and E. J. O'CONNELL. Some Aspects of Low-Frequency In
duction between Power and T elephone Circuits. Bell System T ech. J., 
October, 1935, Vol. 14, No . 4. 

8. PACK, R. F. Symposium on Coordination of Power and T elephone Plant
Introductory Remarks. Trans. A.I.E.E., March, 1931, Vol. 50, No. 1. Also 
Bell System Tech. J., April, 1931, Vol. 10, No. 2. 

9. HARRISON, W. H., and A. E. SILVER. Symposium on Coordination of Power 
and T elephone Plant. Part 1. Trends in Telephone and Power Practise 
as Affecting Coordination. Same sources as Reference 8. 

10. WILLS, H. L ., and 0. B. BLACKWELL. Symposium on Coordination of Power 
and T elephone Plant. Part 2. Status of Joint Development and Research 
on Noise Frequency Induction . Same sources as R eference 8. 

11. CONWELL, R. N., and H . S. WARREN. Symposium on Coordination of Power 
and T elephone Plant. Part 3. Status of Joint Development and Research 
on Low-Frequency Induction. Same sources as Reference 8. 

12. MARTIN, J. C., and H. L. HUBER. Symposium on Coordination of Power and 
T elephone Plant. Part 4. Status of Cooperative Work on Joint Use of 
Poles. Same sources as Reference 8. 

13. GHERARDI, B. Symposium on Coordination of Power and T elephone Plant
Closing R emarks. Same sources as R eference 8. 

14. KING, R. W. The Aurora Borealis. Bell Telephone Quart erly, April , 1920, 
Vol. 5, No. 2. 

15. CASSON, H . N. The History of the T elephone. A. C. M cClurg & Co. 
16. RHODES, F . L. Beginnings of Telephony. Harper & Bros. 
17. CARTY, J. J. Inductive Disturbances in Telephone Circuits. Trans. A.I.E.E., 

Vol. 8, 1891. 
18. CALIFORNIA RAILROAD CoMMISSION. Inductive Interference. 
19. Engineering Reports of Joint Subcommittee on Development and R esearch, 

N ational Electric Light Associat ion (Kow Edison Elect ric Institute), and 
Bell Telephone System. 

20. Electrical Transmission and Distribution R eference Book. Westinghouse 
Electric Co. 

21. CORBET, L. J. Inductive Coordination. The Keblett Pressroom Ltd. (San 
Francisco, Cal.) 

22. CHAPMAN, A. G. Some Principles of Transposing Open-Wire Lines. Bell Lab. 
R ecord, November, 1934, Vol. 13, Ko. 3. Also Open-Wire Crosstalk . Bell 
System Tech. J., January and April, 1934, Vol. 13, Nos. l and 2. 

23. OSBORNE, H. S. The Design of Transposit ions for Parallel Power and T ele
phone Circuits. Trans. A.I.E.E., Vol. 37, Part 2, 1918. 

24. BABCOC K, W. C. Transpositions. Bell Lab. Record, January, 1940, Vol. 18, 
No. 5. 

25. R eport of the Joint Committee on Inductive Interference to the Railroad 
Commission of the State of California . (1914). 

26. SMITH, J. J. Telephone Interfe rence from A-C Generators F eeding Directly 
on Line with Neutral Grounded. Trans. A.I.E.E ., Vol. 49, 1930. 

27. NoRTH, J . R. Some Factors Affecting Inductive Coordination. E lec. Eng., 
August, 1933, Vol. 52, No. 8. 



REFERENCES 579 

28. McDONALD, D. J. Rectifiers and Inductive Coordination. Elec. Eng., Feb
ruary, 1945, Vol. 64, No. 2. 

29. BARSTOW, J. M., P. W. BLYE, and H. E. KENT. Measurement of Telephone 
Noise and Power Wan Shapes. Elec. Eng., December, 1935, Vol. 54, 
No. 12. 

30. Joint Subcommittee on Development and Research of the Edison Electric 
Institute and Bell Telephone System. Engineering Report No. 45. 

31. VoIGHTL.AXDER, F. vo::-i. Power-line Transposition Practices. Elec. Eng., 
January, 1943, Vol. 62, No. 1. 

32. PLUCK!O:TT, K. J., W. T. SMITH, and T. A. TAYLOR. Inductive Co-ordination 
of REA Distribution Systems and Telephone Systems. Trans. AJ.E.E., 
June, 1941, Vol. 60. 

33. MILNOR, J. W. Control of Inductive Interference to Telegraph Systems. 
Elec. Eng., August, 1940 .. Vol. 59. 

34. BARSTOW, J. M. A New Noise Meter. Bell Lab. Record, April, 1937, Vol. 15, 
No. 8. 

35. ALFORD, R. S. Crosstalk Measurements. Bell Lab. Record. August, 1937, 
Vol. 15, No. 12. 

36. WEAVER, M. A., R. S. TucKER, and P. S. DARNELL. Crosstalk and Noise 
Features of Cable Carrier Telephone System. Trans., A.l.E.E., May, 1938, 
Vol. 57, No. 5. 

37. CASH, C. C. Protection Against Lightning Interference. Bell Lab. Record, 
December, 1936, Vol. 15, No. 4. 

38. Some Features of Telephone and Telegraph Systems. Publication No. 144. 
National Electric Light Association. 

39. SuNDE, E. D. Lightning Protection of Buried Cable. Bell Lab. Record, 
May, 1943, Vol. 21, No. 9. 

40. lNsKIP, L. S. Lightning-protected Cable. Bell Lab. Record, July, 1945, Vol. 
23, No. 7. 

41. LIVINGSTON, F. B. Cable Damage By Gophers. Bell Lab. Record, April, 1946, 
Vol. 24, No. 4. 

42. WHITE, W. C. A Cooperative Electrolysis Survey. Trans. A.l.E.E., March, 
1931, Vol. 50, No. 1. Also Bell System Reprint B-546, March, 1931. 

43. BLOMBERG, J.B., and N. Dm.:GLAS. Cable Sheath Corrosion-Cause and Miti
gation. Elec. Eng., April, 1935, Vol. 54, No. 4. 

44. Standards on Radio Wave Propagation. Definitions of Terms. I.R.E., 1942. 
45: Standards on Antennas, M adulation Systems, Transmitters. Definitions of 

Terms. LR.E., 1948. 
46. JANSKY, K. G. A Note on -the Source of Interstellar Interference. Proc. 

1.R.E., October, 1935,Vol. 23, No, 10. 
47. REBER, G. Cosmic Static. Proc. I.R.E., February, 1940, Vol. 28, No. 2. 
48. AGGERS, C. V. Methods of Controlling Radio Interference. Trans. A.I.E.E., 

April, 1940, Vol. 59, No. 4. 
49. AGGERS, C. V., W. E. PAKALA, and W. A. STICKEL. Effect of Radio Frequencies 

of a Power System on Radio-ReceiYing Systems. Trans. A.l.E.E., April, 
1943, Vol. 62, No. 4. 

50. HowE, L. M. Radio Interference from Street Railway Systems. Proc. I.R.E., 
June, 1937, Vol. 25, No. 6. 

51. BEACH, R. Static Electricity on Rubber-tired Vehicles. Elec. Eng., May, 
1941, Vol. 60, No. 5. 



580 INTERFERENCE AND NOISE 

52. Army-Navy Precipation Static Project. A group of four papers appearing 
in Proc. I.R.E., April and May, 1946, Vol. 34, Nos. 4 and 5. 

53. BEACH, R. What of Air Safety? Elec. Eng., May, 1948, Vol. 67, No. 5. 
54. OwEN, T. B. Very High-frequency Radio-noise Elimination. Trans. Al.E.E., 

December, 1944, Vol. 63, No. 12. 
55. BENNETT, W. H. Snow Static on Aircraft. Elec. Eng., October, 1948, Vol. 67, 

No. 10. 
56. HucKE, H. M. Precipitation-static Interference on Aircraft and at Ground 

Stations. Proc. l.R.E., May, 1939, Vol. 27, No. 5. 
57. SKILLING, H. H. Fundamentals of Electric Waves. John Wiley & Sons, Inc. 
58. Methods of Measuring Radio Noise. 1940 Report of the Joint Coordination 

Committee on Radio Reception of Edison Electric Institute, National 
Electrical Manufacturers Association, and Radio Manufacturers Association. 

59. AGGERS, C. V., D. E. FosTER, and C. S. YouNG. Instruments and Methods of 
Measuring Radio Noise. Trans. A.l.E.E., March, 1940, Vol. 59, No. 3. 

60. BURRILL, C. M. Progress in the Development of Instruments for Measure
ing Radio Noise. Proc. I.R.E., August, 1941, Vol. 29, No. 8. 

61. BURRILL, C. M. An Evaluation of Radio-noise-meter Performance in Terms 
of Listening Experience. Proc. I.R.E., October, 1942, Vol. 30, No. 10. 

62. TowLSON, H. G. Protecting Against Carrier Failure. Electronic Ind., 
November, 1946, Vol. 5, No. 11. 

REVIEW QUESTIONS 

1. Discuss the original Hartley law, and its modifications. 
2. If a given bandwidth is available, what effect will a high signal-to-noise power 

ratio have on the number of messages that can be successfully transmitted? 
On the quality of a limited number of messages? 

3. What relations exist between frequency modulation and the modified Hartley 
law? 

4. What are the effects of interference in wire transmission systems? 
5. \Vhy do copper oxide varistors, connected across operators' telephone sets, 

reduce acoustic shock? 
6. What is meant by the statement (page 542) that noise masks speech and 

signal currents? 
7. What is meant by induction, inductive interference, and inductive coordina

tion? 
8. Discuss the nature of the factors determining interference between wire lines. 
9. In Fig. 5 and subsequent figures, voltages to ground are represented by 

generators. If, in calculations, the internal impedance of these fictitious 
generators must be considered, what will be its nature? 

10. What are meant by the terms series unbalance, and unbalance to ground? 
Give a practical example of each. 

11. Why must transpositions in a telephone line be reasonably close together? 
12. Explain the difference between balanced and residual components. 
13. Name several methods of reducing interference from generators with grounded 

neutrals. 
14. What is the difference between triple harmonics and non-triple harmonics? 

Which are the more bothersome? Why? 
15. How may the magnitudes of triple and non-triple harmonics be controlled? 
16. What is meant by TIF? Describe a meter for measuring it. 
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17. What effect do balanced voltages have on paralleling conductors? What 
effect do balanced currents have? 

18. What effect do residual voltages have on paralleling conductors? What effect 
do residual currents have? 

19. From the standpoint of noise interference, what is the fundamental difference 
between balanced and unbalanced telephone circuits? 

20. What is the difference between near-end crosstalk and far-end crosstalk'? 
21. What is meant by plant protection? What hazards exist for telephone and 

telegraph plant? For radio systems? 
22. Why is it necessary, at times, to protect buried cables against lightning? 
23. How can a direct-current street railway system cause trouble to underground 

telephone and telegraph systems? 
24. What are the fundamental principles of reducing interference from electric 

equipment? 
25. What is meant by radio interference, and what types are of importance? 
26. What are the causes of, and remedies for, atmospheric noise? Why is it 

less bothersome at very high frequencies? 
27. What is electrical noise, and what are some of its causes? 
28. How can a direct-current trolley system cause noise in telephone and radio 

systems? 
29. What is precipitation static? What are the causes and successful remedies? 

Will precipitation static be experienced with jet planes? Why? 
30. Describe a radio noise meter. 

PROBLEMS 

1. On page 546 it is stated that E,, = EC,/(C, + C,,) gives the line to ground 
voltage. Prove this to be true. 

2. The arrows of Fig. 7 show the way noise currents flow through the telephone 
set at the distant end. Analyze conditions at the near end. 

3. Repeat Problem 2 for Fig. 8. 
4. The device of Fig. 26 operates at 115 volts, 10 amperes, and is causing 

excessive audio-frequency noise. What values of inductors and capacitors 
should be used, and why should they have these values? 

5. Repeat Problem 4 if the device is causing radio-frequency noise only. 
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"A" board, 366 
Acoustic radiator, 111, 113 
Acoustic shock, 129 
Aerial, see Antenna 
Alignment array, 469 
Alnico, 60 
Amplification factor, 283 
Amplifier, 285--303 

audio-frequency, 285--295 
balanced, 293 
carrier, 432 
class A, B, C, 291 
distributed, 302 
modulated, 490 
modulating, 490 
power, 285, 291-300 
resistance-coupled, 286 
transformer-coupled, 290 
voltage, 285--291 
wideband, 301 

Amplitude-modulated radio systems, 
505 

Amplitude-modulated transmitter, 489 
Amplitude-modulated wave, 488 
Amplitude modulation, 334, 412, 488--514 

analysis, 412, 420, 516 
methods, 490 

Angle, critical, 450 
Angle modulation, 514 
Antenna feeders, 494 
Antenna resistance, 477 
Antennas, 439, 458-483 

aperiodic, 479 
array, 469 
Beverage, 479 
broadcast, 471-479 
calculations, 474 
dipole, 460, 527 
directional, 468, 473, 479 
doublet, 461 
efficiency, 478 
folded-dipole, 527 
gain of, 468 
image, 462 

Antennas, impedance, 477 
MUSA, 512 
non-resonant, 479 
periodic, 458 
radiation patterns for, 460, 465, 474, 

480 
radiation resistance of, 477 
resonant, 458 
rhombic, 480, 511 
straight-wire, 465 , 503 
tilted-wire, 481 
Vee, 481 
wave, 479 
Yagi, 471 

Antiresonance, 65 
Antisidetone sets, 353 
Aperiodic antenna, 479 
Apparent velocity, 267 
Arcs, 574 
ARM STRONG, 15, 514 
ARNOLD , 13 , 282 
Arrester, lightning, 577 
Articulat ion tests, 45 
Attenuation, 162 
Attenuat ion constant, 163, 201 
Attenuation equalizer, 410 
Attenuator, 159 
Audio frequency, 63 
Audition , field of, 38 
Auditoriums, acoustics of, 25 
Aurora borealis, 332, 541, 566 
Automatic volume control, 502, 525 

"B" board, 366 
Baffle, 114, 118 
Balanced circuit, 566 
Balanced currents, 554 
Balanced modulator, 421 
Balanced networks, 139 
Balancing networks, 409 
Band-elimination filter, 179 
Band-pass filter, 176 
Bandwidth, 540 
Baud, 330 

583 
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Beam-power tube, 285 
Beat-frequency oscillator, 514 
Beats, 20 
Bel , 86 
BELL, 7, 13, 15 
Bells, 348 
BERLINER, 10, 347 
Beverage antenna, 479 
Bias, 331 
BLAKE, 11 
Bleeder, 281 
BOURSEUL, 6 
Bridge, a-c, 76 

d-c, 74 
incremental, 80 

Bridge duplex, 322 
Bridge transformer, 401 
Broadside array, 469 
Brush discharge, 575 

Cables, 235-262 
aerial, 235 
characterist ics, 250, 252, 253 
coaxial, 235, 257 
constants of, 236 
exchange, 250,252,360 
loaded, 242, 261 
local, 250, 252, 359 
quadded , 235 
radio, 257-261 
submarine, 262, 339 
telegraph, 261 , 329, 339 
telephone, 235--257 
underground, 235 

Call circuit, 367 
Call indicator, 380 
Camera, television, 533 
CAMPBELL, 12, 164, 242 
Capacitance, 55 
Capacitor, 57 
Carbon granules, 94 
Carbon microphone, 94, 101 
Cardioid microphone, 109 
Carrier frequ ency, 63 
Carrier telegraph , 333, 336 
Carrier telephone, 411-434 

early types, 414-422 
frequency allocation of, 415 
multichannel, 426-434 
types, 414-434 

CARTY, 12, 15, 543 

INDEX 

Cathode follower, 301 
Cathode-ray tube, 309, 533 
Cavity oscillator, 305 
Central office, 345, 368 
Channel, radio, 505 

telegraph, 329 
telephone, 394 

Characteristic impedance, 202 
Circuit, cord, 351 

grounded, 192, 348 
matched , 159 
metallic, 12, 192 
phantom, 12, 224, 249 

Clear channel, 505 
Coaxial cable, 235, 257 
Coaxial carrier system, 432 
Code, printing telegraph, 325 
Coil, heat, 567, 568 

hybrid, 401 
induction, 347 
loading, 249, 254 
repeating, 67, 224 

Coil-loaded cable, 242 
Cold-cathode tube, 277, 358 
Collinear array, 469 
Community dial system, 380 
Compandor, 507 
Composite circuit, 337 
Composite filters, 181 
Compressor, 507 
Condenser microphone, 103 
Cone loudspeaker, 112-114 
Conjugate impedance, 70, 152 
Connector switch, 376 
CoxRAD, 15 
Constant-k filt ers, 167-181 
Constants, of cables, 236 

of coaxial cables, 260 
of lines, 193, 201 , 219, 222 

Continuous loading, 261 
Com·erter, frequency, 500 
Copper oxide varistors, 274, 423 
Cord circuit, 351 
Cores, powdered, 59 
Corona, 574 
Cosmic static, 573 
Coupled circuits, 66 
Coupling factor, 544 
Critical angle, 450 
Critical frequency , 449 
Crossbar dial system, 384 
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Crossfire, 318, 331, 542 
Crosstalk, 428, 432, 542, 565 
Crystal filter, 187 
Crystal microphone, 94, 108 
Crystal oscillator, 304 
Current, balanced, 554 

earth, 332 
eddy, 52 
residual, 554, 556 
sneak, 567 

Cutoff frequency, of filters, 168, 173, 
177, 179 

of loaded cables, 244 
of wave guides, 266 

Cutout, 281 
Cutouts, 567 

D layer, 447 
Decibel, 86 
De-emphasis, 526 
DE FOREST, 13, 14 
Delay, time, 162 
Delay distortion, 85 
Delay equalizer, 411 
Delta-matching transformer, 495 
Demodulation, 421, 488 
Demodulator (detector), A-M, 421, 498, 

500 
diode, 501 
first, 500 
F-M, 522, 524 
grid-leak, 500 
second, 501 

Deviation, frequency, 517 
phase, 516 
ratio, 517 

Dial, 372 
Dial system, all-relay, 380 

community, 380 
crossbar, 384 
exchange, 378 
history, 11 
panel, 382 
rotary, 382 
step-by-step, 373 

Dialing, nationwide, 398 
Dielectric, 62 
Differential duplex, 323 
Diffraction, 444 
Diode, 274, 275, 277, 501 
Diode detector, 501 

Dipole, 460, 527 
Direct wave, 457 
Directional antennas, 468, 473, 479 
Director, 470 
Discriminator, 336, 522 
Disk-seal tube, 305 
Dispersion, 453 
Distortion, 85, 331 
Distortionless cable, 240 
Distributed amplifier, 302 
Dirnrsity reception, 512 
Divider, voltage, 137, 282 
DoLBEAR, 13 
Dot cycle, 330 
Double-button microphone, 101 
Doublet, 461 
Dry-disk rectifier, 272 
Duplex telegraph systems, 322 
Dynamic loudspeaker, 114 
Dynamic microphone, 104 

E layer, 447 
Ear, 35 
Earth reflection, 451 
Echo, 20 
Echo suppressor, 409 
Eddy currents, 52 
EDISON, 10, 347 
Effective height, 448 
Effective resistance, 51 
Efficiency, plate, 292 
Electric networks, 137-189 
Electric transducers, 138 
Electroacoustic devices, 93 
Electrolysis, 569 
Electromagnetic horn, 263 
Electromagnetic waves, 194, 439, 

440 
Electron gun, 309 
Electron tuning, 308 
Electronics, 272-312 
End-fire array, 469 
End-on array, 469 
Energy dissipation factor, 57 
Energy storage factor, 57 
Equalizer, 410 
Equipment, telephone, 368 
Equivalence, 141 
Equivalent circuits, 71 
Equivalent height, 448 
Equivalent networks, 141, 146, 152 
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EVERITT, 514 
Exchange, dial, 378 

manual, 363 
multioffi.ce, 366 
telephone, 345 

Exchange cable, 250, 252, 360 
Exchange service, 345 
Exciter, 470 
Expander, 507 
Exponential horn, 117 
Exponential line, 229 
Extraordinary wave, 499 
EYRING, 21 

Flayer, 447 
Facsimile, 339, 531 
Far zone, 441 
Feedback, 298,300 
Feeders, antenna, 494 
FESSENDEN, 14 
FIELD, 5 
Field, induction, 441 

of audition, 38 
radiation, 441 

Field strength, 453 
Filters, 164-189 

composite, 181 
constant-k, 167-181 

band-elimination, 179 
band-pass, 176 
high-pass, 173 
low-pass, 168 

lattice, 186 
m-derived, 182 
quartz crystal, 187 
rectifier, 280 

FLEMING, 14 
Flutter, 254 
Folded dipole, 527 
Follower, cathode, 301 
Frame, line, 383 

link, 385 
selector, 383 

Fremodyne, 527 
Frequency, audio, 63 

critical, 449 
in communication, 63 
instantaneous, 516 
maximum usable, 450 
penetration, 449 
pilot, 509 

INDEX 

Frequency, radio, 63, 439, 442, 443 
Frequency bands, 442,443 
Frequency designations, 443 
Frequency deviation, 517 
Frequency distortion, 85 
Frequency image, 505 
Frequency inversion, 507 
Frequency-modulated receiver, 526 
Frequency-modulated transmitter, 525 
Frequency-modulated wave shape, 

518 
Frequency modulation, 514-527 

with coil, 521 
Phasitron, 521 
reactance, 520 

Frequency multiplier, 298 
Fuses, 567, 568 

Gain, antenna, 468 
Gap, horn, 577 
Gas tube, 275 
GRAY, 10 
Grid-leak detector, 500 
Ground effect, 461-465, 554 
Ground reflection, 451, 461 
Ground system, 498 
Ground wave, 452 
Grounded lines, 348, 357 
Group Yelocity, 268 
Gun, electron, 309 

Hand receiver, 118 
Handset, 96, 355 
Harmonic ringing, 358 
Harmonics, 556---559 
HARTLEY, 540 
Hartley law, 540 
Head receiver, 118 
Hearing, 35 
Heat coils, 567, 568 
HEAVISIDE, 5, 12, 242, 445 
Height, ionosphere, 448 
HENRY, 3, 7, 13 
HERTZ, 13, 440 
High-leYel modulation, 489 
High-pass filter, 173 
Horizontal rhombic antenna, 483 
Horizontally polarized waYes, 440 
Horn, acoustic, 115 

electromagnetic, 263 
Horn gap, 577 



HUNNINGS, IO 
Hybrid coil, 401 
Hysteresis, 52 

lgnitron, 276 
Image antenna, 462 
Image frequency, 505 
Image impedance, 153 
Image Orthicon, 532 
Impairment, noise, 543 
Impedance, bridge, 76 

characteristic, 202 
conjugate, 70, 152 
image, 153 
irregularities of, 254 
iterative, 155 
matching, 71, 494 
midseries, 140, 156 
midshunt, 140, 156 
mutual, 153 
non-linear, 85 
reflected, 66 
sending end, 200 
transfer, 423 

Impedance transformation, 71 
Impulse noise, 573 
Impulse repeater, 378 
Index, modulation, 517 
Inductance, 52, 54 
Induction, 543 

noise-frequency, 542 
low-frequency, 542 
methods of, 544, 560 
types of, 545 

Induction coil, 347 
Induction field, 441 
Inductive coordination, 543 
Inductively coupled circuits, 66 
Inductively loaded cables, 242 
Inductor, 56 
Influence factor, 544 
Initial wave, 205, 207 
Input impedance, of any circuit, 204 

of open lines, 206 
of shorted lines, 207 

Insertion loss, 159 
Instantaneous frequency, 516 
Intelligibility tests, 45 
Interference, atmospheric, 573 

electrical, 573 
inductive, 543 

INDEX 

Interference, interstellar, 573 
radio, 572 
selective, 572 
static, 573 
telegraph, 338, 542 
telephone, 542--566 
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Intermediate distributing frame, 369 
Intermediate-frequency amplifier, 501 
Interstellar interference, 573 
Inversion, temperature, 445 
Ionization, 275 
Ionosphere, 443 

absorption in, 445 
ionization in, 446 
layers in, 447 
reflection from, 445 
refraction in, 445 

Irregularity, impedance, 254 
Iterative impedance, 155 

KENNELLY, 445 
Kennelly-Heaviside layer, 445 
Keying, 514, 526 
Klystron, 306 
Krarup loading, 261 

Ladder network, 147 
Lattice network, 147 
Leased wire service, 336 
Level, power, 89, 192 

zero, 89 
Light, velocity of, 439 
Lightning arrester, 577 
Lightning discharge, 573 
Limiter, 336, 522 
Line, 192-232 

balanced, 547 
characteristics of, 192-232 
determining constants of, 230 
distortionless, 240 
electrically long, 193 
electrically short, 193 
exponential, 229 
ground-return, 192 
lossless, 207-215 
metallic, 192 
open-wire, 192-232 
party, 356 
radiation loss from, 228 
radio-frequency, 224-229 
resonant, 214 
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Line, subscriber, 359 
telegraph, 329 
telephone, 192-224 
toll, 394 
transmission, 192-232 
unbalanced, 548 
unbalances, 548 
uniform, 192 

Linear electrical constants, 193 
Line-of-sight path, 457 
Line switch, 375 
Link frame, 385 
Loading, 12, 242, 261 

coil, 249, 254 
continuous, 261 
Krarup, 261 
lumped, 245 

Local-battery sets, 346 
Local-battery switchboard, 349 
Local channels, 505 
Local service, 345 
LODGE, 112 
LOMOXD, 2 
Long distance service, 345 
Longitudinal induction, 545 
Loop antenna, 504 
Loop mile, 194 
Loss, insertion, 159 

radiation, 228 
reflection, 158 
transition, 157 

Lossless line, 207-215 
Loudness, 38 
Loudness lenl, 40 
Loudspeaker, cone, 112-114 

dynamic, 114 
efficiency of, 132 
horn-type, 115 
magnetic, 112 
pneumatic, 130 
tests of, 130 

Low-frequency induction, 542 
Low-pass filter, 168 
Lumped loading, 245 

m-derived filter, 182 
Magnetic materials, 58 
Magnetic receiver, 118---129 
Magnetic transmitter, 101 
Magneto sets, 346 
Magneto switchboard, 349 

INDEX 

Magnetron, 309 
Main distributing frame, 368 
MAHCOKI, 14 
Marginal relay, 322 
Marking, 317 
Masking, 41 
Matched circuits, 159 
Matching stubs, 496 
Maximum power transfer, 68 
Maximum undistorted power, 292 
Maximum usable frequency, 450 
MAXWELL, 13, 440 
Mechanical repeater, 400 
Mercury-arc rectifier, 276 
Mercury-vapor tube, 275 
Metallic circuit, 12, 192 
Metallic rectifier, 272 
Microphone, calibration of, 110 

carbon, 94, 101 
cardioid, 109 
condenser, 103 
crystal, 94, 108 
double-button, 101 
dynamic, 104 
electrodynamic, 104 
history of, 10 
magnetic, 93 
moving-coil, 104 
ribbon, 106 
velocity, 106 

Microwave repeater, 528 
Midseries, 140, 156 
Midshunt, 140, 156 
Millivolt per meter, 454 
Mixer, 500 
Mode, 266, 267 
Modem, 425 
Modulated amplifier, 490 
Modulating amplifier, 490 
Modulation, amplitude, 334, 412, 488---

514 
analysis of, 412, 420 
angle, 514 
frequency, 335, 514 
high-level, 489 
low-level, 489 
methods, 490 
percentage, 413 
phase, 514 
pulse, 529 
reactancc, 520 
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Modulation, varistor, 423 
Modulation index, 517 
Modulator, balanced, 421 

class C, 490 
suppressor, 494 
van der Bijl, 418 

MORSE, 3, 4 
Morse telegraph, 316 
Morse thump, 339 
Motor element, types, 111 
Multioffice exchange, 366 
Multiple switchboard, 363 
Multiplex telegraphy, 324, 328 
Multipliers, frequency, 298 
Murray loop, 74 
MUSA, 512 
Music, 32 
Mutual impedance, 153 
Mutual inductance, 54 

Nationwide dialing, 398 
Negative feedback, 298 
Neper, 89, 171, 175, 223 
Network theorems, compensation, 152 

Norton's, 149 
power transfer, 152 
reciprocity, 151 
superposition, 151 
Thevenin's, 148 

Networks, balanced, 139 
balancing, 409 
equivalent, 141, 146, 152 
impedance, 140, 156 
ladder, 147 
lattice, 147 
unbalanced, 139 

Neutralization, 299 
Noise, 34, 541 

acoustical, 34, 41 
background, 573 
circuit, 541 
electrical, 540, 542, 573, 574 
impulse, 573 
levels of, 44 
measurements of, 42, 576 
meters, 42, 576 
reduction of, 43, 574 

Noise-frequency induction, 542 
Noise transmission impairment, 543 
Non-linear impedance, 85 
Non-multiple board, 359 

Non-triple harmonics, 557 

Open-wire line, 192-232 
ground-return, 192 
metallic, 192 
uniform, 192 

Operator, local, 359-367 
toll, 394-398 

Optical path, 457 
Ordinary wave, 449 
Orthicon, image, 532 
Oscillator, beat-frequency, 514 

cavity, 305 
crystal, 304 
Klystron, 306 
L-C, 303 
postive-grid, 306 
R-C, 304 
stabilized, 303 
transmission-line, 304 

Oscilloscope, 309 

Pad, 159, 162 
Page printer, 328 
Panel dial system, 382 
Parallel, power, 552 
Parallel resonance, 64 
Parameters, cable, 236 
Parasitically excited, 470 
Party line, 356 
Path, optical, 457 
Paths, radio wave, 443, 450 
Patterns, antenna, 460, 465-477 
Pentode, 284 
Permalloy, 58 
Permindur, 62 
Perminvar, 62 
Phantom circuit, 12, 224, 249 
Phase constant, 163, 201 
Phase deviation, 516 
Phase modulation, 514 
Phase shift, 162 
Phase velocity, 267 
Phasitron, 521 
Phon, 42 
Pi section, 141 
Piezoelectricity, 108 
Pilot frequency, 509 
Plant protection, 566 
Plate-circuit efficiency, 292 
Plate resistance, 283 
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Pneumatic loudspeaker, 130 
P olar duplex, 322 
Pola r relay, 320 
Polarization, 440 
Posi t ive-grid oscillator, 306 
Powdered core, 59 
Power amplifier, see Amplifier 
Power level, 89, 192 
Power output, 292 
Power para llel, 552 
Power transfer, 68, 152 
Precipitation static, 575 
Pre-emphasis, 526 
Primary service a rea, 505 
Printer, 324 
Printing telegraphy, 324 
Privacy methods, 507 
Private branch exchange, 359 
Propagation constant, 163, 200 
Propagation wa,·e, 199, 452, 454, 457 
Protection, plant, 566 
Prototype fil ter, 183 
Proximity effect, 215, 236 
Pulse modulation , 529, 530 
PUPIN, 242 

Q, 57 
Quality of music, 32 
Quartz fil ter, 187 
Quartz oscillator, 304 

Radiation field, 441 
Radiation loss, 228 
R adiation patterns, 460, 465-477 
R adiator , acoustic, 111, 113 
Radio development, 13 
R adio frequency, 63, 439, 442, 443 
Radio interference, 572 
R adio noise meter, 576 
R adio propagat ion , 439 
Radio receivers, 499, 500, 514, 526, 

533 
Radio stations, 505 
Radio systems, 488--534 

broadcast, 505, 525 
high-frequency, 508 
low-frequency, 506 
point-to-point, 527 
relay, 527 
ship, 513 
vehicle, 527 

R adio transmitters, 489, 525 
R adio lines, 224-229 

characteristic impedance of, 226 
constants of, 225, 226 
exponential, 229 
radiation loss from, 228 

Ratio, deviation, 517 
Ratio detector, 524 
Ray, 443 
Rayleigh-Carson theorem, 458 
Rayleigh disk resonator, 19 
Reactance modulat ion, 520 
R eceiver, radio, A-M, 499, 500 

communication, 514 
F-M, 526 
television, 533 

telephone, 118--130 
blocked, 123 
efficiency, 131 
free, 125 
handset, 129 
impedance of, 122 
miscellaneous, 129 
t heory of, 120 
thermal, 129 

Reciprocity theorem, 151, 458 
R ectifier, bleeder, 281 

copper oxide, 273 
cutout in, 281 
di ode, 274 
dry-disk, 272 
l gnitron, 276 
mercury-arc, 276 
metallic, 272 
selenium, 274 

Rectifier circuits, 279 
R ectigon, 275 
Reference level, 89 
R eflected impedance, 66 
R eflected wave, 205 
Reflection, ground , 451 , 461 

ionospheric , 450 
tropospheric, 445 
wave, 451 

Reflection factor , 158 
Reflection gain, 159 
Refl ection loss, 158 
R egenerat ive repeater, 332 
R egional channel, 505 
Regulation, 281 
Relay, marginal , 322 



Relay, polar, 320 
telegraph, 320 
telephone, 373 

Relay dial system, 380 
Repeater, impulse, 378 

mechanical, 400 
microwave, 528 
regenerative, 332 
telegraph, 319, 332 
telephone, 282, 400-408 

Repeating coil, 67, 224 
Residual current, 554, 556 
Resistance, 51, 52 
Resistor, 55 
Resonance, parallel, 64 

series, 63 
Resonant lines, 214 
Reverberation, 21 
Reverberation time, 23 
Reverting call, 380 
Rhombic antennas, 480, 511 
Ribbon microphone, 106 
Ringer, 347 
Ringing, 356 
RODER, 514 
Rotary dial system, 382 

SABINE, 21 
Sabine, 22 
Scanning, 532 
Selector frame, 383 
Selector switch, 376 
Selenium rectifier, 274 
Self-inductance, 52 
Sender, 383, 390 
Sending, automatic, 329 
Sending-end impedance, 200 
Series resonance, 63 
Service, local, 345 

toll, 394 
Shielding, 82, 572 
Ship radio systems, 513 
Shock, acoustic, 129 
Shock excitation, 573 
Sidebands, 413 
Sidetone, 351 
Signal-to-noise ratio, 400 
Signal strength, 453 
Skin effect, 52, 236 
Sky wave, 454 
Sneak currents, 567 

INDEX 

Sound, loudness of, 38 
nature of, 18 
reflection of, 18 
transmission of, 18 

Sound absorption, 18 
Sound insulation, 19 
Sound intensity, 39 
Sound meter, 42 
Sound-powered transmitter, 101 
Space wave, 455 
Spark, 574 
Speech, 28 
Speech power, 30 
Square wave, 318 
Standing waves, 209 
Start-stop printer, 324 
Static, atmospheric, 573 

man-made, 574 
precipitation, 575 

Station, telephone, 345 
STROWGER, 11, 373 
Strowger dial system, 373 
Stub matching, 496 
Studios, 27 
Submarine telegraphy, 5, 261, 339 
Subscriber, 345 
Subscriber lines, 359 
Superheterodyne, 15, 499 
Supermalloy, 59 
Suppressor, echo, 409 
Susceptiveness factor, 544 
Switch, connector, 376 

crossbar, 384 
line, 375 
selector, 376 

Switchboard, local-battery, 349 
magneto, 349 
multiple, 363 
non-multiple, 359 

Systems, radio, 488-534 
telegraph, 316-340 
telephone, 345--434 

T sections, 141 
Tandem trunking, 370 
Tape printers, 328 
Taper pad, 162 
Teledeltos paper, 339 
Telefax, 339 
Telegraph, automatic sending, 329 

carrier, 333, 336 
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Telegraph, composite, 337 
double-current, 320 
duplex, 322 
history of, 2, 3, 5 
interference with , 338, 542 
metallic, 339 
multiplex, 324, 328 
neutral , 316 
polar, 320 
printing, 324 
radio, 513 
simplex, 337 
single-current, 317 
start-stop, 324 
submarine, 339 
varioplex, 332 

Telegraph cables, 261, 329, 339 
Telegraph channel , 329 
Telegraph code, 325 
Telegraph concentrators, 337 
Telegraph crossfire, 331 
Telegraph distortion, 331 
Telegraph lines, 329 
Telegraph relay, 319, 320 
Telegraph repeater, 319 
Telegraph speed, 330 
Telegraph switching, 337 
Telegraph theory, 330 
Telegraph thump, 339 
Telephone, carrier , 411-434 

dial , 372 
history of, 7, 9 
interference with, 541-566 
radio, 488-529 

Telephone bell , 348 
Telephone cable, 235-257 
Telephone central office, 345 
Telephone exchange, 345 
Telephone influence factor, 559 
Telephone line, 192-224 
Telephone line connection, 356 
Telephone operator, 359-367, 394-398 
Telephone receiver, 118-130 
Telephone relay, 373 
Telephone repeater, 282, 4~08 
Telephone ringer, 347 
Telephone se1Tice, 345 
Telephone set, 345, 347, 351-355 
Telephone sta tion, 345 
Telephone subscriber, 345 
Telephone systems, 345 

INDEX 

Telephone transmitter, 93-100 
T eletape, 339 
T eletypewriter, 324 
T elevision, 531 
T ermination, cable, 247 

network, 140 
Tetrode , 276, 284 
Theorems, 148-152, see Network the-

orems, Rayleigh-Carson theorem 
Thermistor, 310 
Thermocouple, 81 
Thevenin's theorem, 148 
Thump, 318, 339 
Thyratron, 276 
Ticketing, automatic, 398 
Time delay, 162 
Timed wire service, 336 
Toll cables, 236-257 
Toll lines, 215-224, 394 
T o ll office, 394 
Toll operating, 395 
Toll operator , 394-398 
Toll service, 345 
T oll switching, 394- 399 
T oll switching plans, 396 
Toll ticketing, 398 
Toll trunking, 395 
Transducer, electric, 138 

electroacoustic, 93 
Transfer, power, 68, 152 
Transfer impedance, 423 
T ransformer, 67 

connections of, 558, 559 
delta-matching, 495 
distortion by, 558 
equivalent, 152 
ideal , 153 

Transistor, 311 
Transit time, 305 
Transition loss, 157 
Transmission line, 192-232 
T ransmission-line oscillator, 304 
Transmitter, radio, 489, 525 

telephone, 93-100 
television, 533 

Transoceanic radio, 506-514 
T ransposition, 549, 552, 562 
Traveling-wave t ube, 308 
Triode, 276, 282 
Tripole harmonics, 557 
Troposphere, 443 



Trunk, 345, 395 
Trunking, 366, 370, 395 
Tube, see Vacuum tube 
Tuned R-F recci,·er, 499 
Tungar, 275 
Tuning, electron, 308 
Twist, 431 

Unbalance to ground, 548 
Unbalanced circuits, 139, 566 
Unbalanced networks, 139 
Unbalances, line, 547 

series, 548 
Uniform line, 192 

Vacuum tube, 279-309 
beam-power, 285 
cold-cathode, 277, 358 
diode, 274, 275, 277, 501 
gas, 275 
history of, 14 
oscillator, 303, 306 
pentacle, 284 
rectifier, 274-282 
rt>peater, 282, 400--408 
tetrode, 276, 284 
traveling-wave, 308 
triode, 276, 282 

Vacuum-tube amplifier, 285-303 
Variable-mu tube, 503 
Varioplex, 332 
Varistor, 274, 309, 423 
Varley loop, 75 
Vee antenna, 481 
Velocity, apparent , 267 

group, 268 
microphone, 106 
of light, 439 
phase, 267 
wave , 204,246,267,439 

Vertical polarization, 440 
Vi calloy, 60 
Video , 533 

INDEX 

Virtual height, 448 
Vodas, 507 
Voder, 32 
Voltage, balanced and residual, 554 
Voltage divider, 137, 282 
Voltage stabilizer, 282 
Volume level, 89 
Volume unit, 89 

Wave, amplitude-modulated, 488 
direct, 444 
electromagnetic, 194, 439, 440 
extraordinary, 449 
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frequency-modulated, 335, 518, 
520 

ground, 444 
initial, 205 
ionospheric, 443 
ordinary, 449 
reflected, 205, 445 
space, 444 
surface, 444 
tropospheric, 444 

Wave antenna, 479 
Wave diffraction , 444 
\Vave filter, 164-189 
Wave front , 443 
Wave guide, 263 
Wave propagation, 199 
Wave reflection, 205, 445 
Wave refraction, 445 
Wave trap, 557 
Wavelength, 204 
\Vavemeter, 300 
Weber-Fechner law, 40 
Wheatstone bridge, 74 
\Videband amplifier, 301 
Wireless, see Radio 
\Vires, see Lines 

Yagi antenna, 471 

Zero Jeni, 89 


