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PREFACE 

THIS book is the outgrowth of certain less formal notes used for training purposes in the Long 
Lines Department in earlier years. Its origin may be tra~i to a set of such notes bearing the 
title, "Elements of Electricity Applied to Telephone and Telegraph Work". These were issued 

in 1922 in response to a long-standing demand by Long Lines em lloyees for text material that would 
demonstrate the fundamental principles of electricity and magnet" m by applications to the electrical r 
circuits and apparatus with which they worked. 

Since that time technical developments in communications work have called for revisions at varying 
intervals, and the demand for the book has increased steadily. By 1928 the annual requirements 
justified its printing for the first time. Another edition, somewh revised, was printed in 1929 and, 
at the instance of the Department of Operation and Engineering, w 11,s made available to all Bell System 
Companies and regularly carried in stock by the Western Electric mpany. A more extensive revision 
was made in 1930. 

The present edition attempts to bring within the scope of the te.xit some of the more important tech­
nical advances that have been made since 1930. This has resulte1 in a substantial increase in the size 
of the volume. Seven chapters have been added and ten other cha ters have been materially revised or 
enlarged. 

Because of the variety and scope of the subjects covered, the ho ~k is necessarily rather voluminous, 
although every effort has been made to treat each subject taken \i p as briefly as is consistent with a 
reasonably adequate presentation of the theory and fields of applic ,tion involved. On the other hand, 
the book is not intended to be in any sense a complete treatise on el ctrical communication. Its subject 
is electrical theory and such descriptions of telephone or telegraph elquipment and circuits as have been 
included are employed primarily for illustrating some of the app · cations of this theory ~ practice. 
The purpose has been to cover the essential general principles of simple electrical theory and to illustrate 
each principle briefly by one or more of its outstanding applications rather than to duplicate the field of 
the technical instructions and specifications to be found in every tell phone office. 

The use of higher mathematics has been avoided entirely, and efven the more elementary branches 
have been used as sparingly as possible. A general knowledge on ,he part of the reader is assumed of 
only those branches of mathematics ordinarily taught in High Sc ools, including Algebra, Geometry, 
Logarithms and Trigonometry. There is a slight departure, howevler, in the chapters dealing with the 
solution of alternating-current circuits and with transmission theory. Here it has been thought desirable 
to make use of Vector Notation. Though this may involve the in ,roduction of certain simple mathe­
matical concepts with which some readers are not familiar, the gre simplification that is thus effected 
more than justifies the time spent in learning these new concepts. 

For anyone who has difficulty in following the derivation of formulas or in solving illustrative prob­
lems, there is available a booklet of mathematical notes which expla1, in a brief and simple manner the 
essentials of all branches of mathematics used in the text. In so .e cases it may be advisable for the 
reader to review these notes along with his study of this text, taki :i.g up each item as he needs it. A 
knowledge of the more elementary principles of Physics and Mecha · cs is also assumed, but for anyone 
wishing to review these subjects hurriedly, an Appendix is include giving the important fundamental 
definitions and concepts. 
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A word of caution is perhaps needed regarding the circuit dra gs, tables, and other statistical data 
included at various points in the text. The circuit drawings are u eel primarily as a means of illustrating 
the principles under discussion. While they are reasonably reP,resentative of current practice, they 
may or may not conform in detail with any actual situation. Similarly, the tables and other data 
represent the best information available at this time, but they are subject to change and are not intended 
as a substitute for current data as issued in formal instructions. 

32 Sixth A venue, 
New York City, 
November, 1938. 

C. F. MYERS, 

Supervisor of Instruction, 

L. s. CROSBY, 

General Personnel Supervisor. 
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CHAPTER I 

ELEMENTARY DEFINITIONS AND OHMS LAW 

1. Introductory 

Electricity is well adapted to transmitting from one 
place to another and delivering in convenient form 
quantities of energy, either large or small. It enables 
the power engineer to harness the energy of an isolated 
waterfall and to transmit it to some distant city where 
it may be utilized in the form of heat, light, mechanical 
work, or to change the state of certain chemicals. 
Likewise, it enables the telephone engineer to transmit 
the human voice thousands of miles without loss of 
intelligibility. Although in accomplishing such feats 
as these electricity is used with precision, our knowledge 
of its exact nature is limited to the now generally ac­
cepted, though not entirely complete, electron theory. 

According to this theory the electron is the smallest 
possible charge of electricity, just as an atom is the 
smallest possible chemical particle of any substance. 
Electrons are all identical and each bas a definite nega­
tive charge and a definite mass. By means of various 
ingenious methods some of which involve isolating 
individual electrons, these values have been carefully 
measured. The charge is found to be about 4. 79 X 
10-10 electrostatic units and the mass about nt1n part 
of that of the hydrogen atom. These values are so 
infinitesimally small as to be almost meaningless to 
anyone except a trained physicist. 

All substances are made up of electrons and corre­
sponding positive particles called protons. Much less 
is known about protons than about electrons; it has 
been determined, however, that they are of approxi­
mately the same size as electrons but nearly two 
thousand times as heavy. The most widely accepted 
theory of the structure of the atom postulates that it is 
made up of a nucleus consisting of one or more protons 
surrounded by an equal number of electrons, the num­
ber and arrangement of the positive and negative 
charges being different for each chemical element. The 
simplest and lightest element, hydrogen, is made up of 
a nucleus consisting of a single proton around which a 
single electron revolves in certain·fixed orbits. Heavier 
elements have nuclei consisting of a number of protons 
held together and partially neutralized by about half 
as many electrons and the remaining half of the elec­
trons of the atom revolve about the nucleus in various 
orbits. In every case the number of electrons revolv­
ing in ~rbits about the nucleus gives the atomic number 
of t~ element and the number of protons contained in 
the nucleus gives the atomic weight. The electron has 

[ 1 ] 

the properties of a wave as well as of a · corpuscle and 
it is therefore not entirely accurate to think of it as 
being located at a point in space. Nevertheless some 
idea of its status as a part of the atom-model that we 
have been considering may be obtained if we note that 
its magnitude and space relationships relative to the 
atom as a whole are comparable to those of the earth in 
relation to the solar system. Meanwhile we must 
remember that the atom itself is almost inconceivably 
minute. 

Electrons are attracted toward the atom nucleus and 
are repelled by one another with tremendous forces 
relative to their magnitude-forces _ infinitely greater 
than the gravitational forces with which we are familiar. 
For this reason the electrons in the atoms are for the 
most part held permanently in place in fixed orbits 
around the atom nucleus, but in the atoms of many 
materials one or more of the electrons farthest out 
from the nucleus is attached rather loosely and may by 
various means be drawn away from the atom alto­
gether. When this happens to a number of the atoms 
making up a substance, as for instance a piece of metal, 
it contains less than its normal quota of electrons and 
is said to be positively charged. At the same time 
something else must be negatively charged or contain 
more than its normal number of electrons, for those 
taken away from the original substance must of course 
go somewhere. The means of bringing about such a 
condition are too numerous to mention, although we 
will consider several of them in later chapters. 

The electron theory explains the flow of current in a 
conductor as being merely a stream of electrons moving 
along the conductor from atom to atom in a definite 
direction under the influence of an outside applied 
force or pressure. Substances whose atom.s have 
loosely attached outer electrons are good conductors 
while substances to whose atoms all electrons are 
tightly bound contain normally very few free electrons 
and are therefore ·poor conductors, or good insulators. 

While in our study of vacuum tubes in a later chapter 
we will deal with electrons as such, for most of our 
purposes we will not need to be familiar with all the 
details of electron theory, nor to know exactly what 
electricity is. Though we cannot observe it any mor~ 
than we can actually see the force of gravity, we can 
observe its effect on other things about us. In this 
way we associate it with skilfully constructed mech­
anisms that are set in motion at the throw of a switch 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

or the touch of a button, and with forms of energy that 
may be conveyed from place to place and changed from 
one state to another. We learn the conditions un­
der which certain chemicals, or work performed in a 
mechanical way, can produce energy in an electrical 
form and how, through means of intelligently con­
trolling it, we may employ it for practical purposes. 
In so far as this text is concerned, our chief interest in 
electricity lies- first, in the many convenient ways in 
which it can be produced; second, in the means of 
transmitting it; and third, in the simple methods by 
which it may in turn produce active forces. 

In what follows, then, we will be principally con­
cerned with the study of the more important laws of 
electrical circuits which have been deduced from 
observation and with certain of the practical applica-

- tions of these laws. For a proper understanding of the 
electrical quantities with which we will deal it is de­
sirable that the reader have a general knowledge of the 
more fundamental physical quantities and for the 
benefit of any one who may wish to refresh his memory 
regarding these matters a brief review of elementary 
physics may be found in Appendix 1. 

2. The Electrical Circuit 

An electrical circuit in its simplest form consists of 
a source of electromotive force and a continuous con­
ducting path through a resistance from the positive 
terminal to the negative terminal. The source of 
electromotive force may be direct or alternating. If 
direct, the positive and negative terminals remain 
unchanged, but if alternating, their polarity is changed 
or reversed at periodic intervals. Accordingly, the 
study of electricity is usually divided into two parts; 
first, that dealing with circuits having sources of direct 
electromotive force, commonly called dir~ct current 
circuits; and second, that dealing with circuits having 
sources of alternating electromotive force, commonly 
called alternating current circuits. 

3. Electrical Pressure or Electromotive Force 

The flow of electricity through a circuit is analogous 
in many respects to the flow of water through a closed 
system of pipes. Figure 1 shows a simple electrical 

a b 

Fto. 1. SIMPLE ELECTRICAL CIRCUIT 

[ 2 l 

circuit consisting of a battery connected to a resistance 
ab. Figure 2 shows a simple water circulating system. 
In the water mechanism, the pump creates a difference 
in pressure between the points a and b. This difference 
in pressure, or "pressure bead", will cause water to 

Small Pipe 

flow Meter 

b 

FIG. 2. WATER CIRCULATING SYSTEM ANALOGOUS TO SUlPLE 
ELECTRICAL CIRCUIT 

flow from the outlet pipe a, through the small pipe to 
the flow meter, and return to the low pressure side of 
the pump at b. The amount of water that will flow 
will depend upon this difference in pressure and upon 
the nature of the small pipe. In the electrical circuit, 
the battery supplies the electrical pressure or electro­
motive force which causes electricity to flow from the 
high potential side of the battery. The amount of 
electricity that will flow depends upon this electro­
motive force and the nature of the resistance. 

----i+ 11~--
FIG. 3. SERIES CIRCUIT 

If a differential pressure gage were connected be­
tween the points a and bin the water system, it would 
register the difference in water pressure in some suit­
able unit such as "difference of head in feet". The 
electromotive force of the electrical circuit, on the other 
hand, is measured in terms of a uait called the volt. 

It may be noted at this point that the terms electro-
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motive force and difference in potential are commonly 
used synonymously. There is technical distinction, 
however, in that an electromotive force is always 
established by a battery or other primary source of 
electrical energy, whereas a difference in potential 
exists between any two points of a conductor through 
which current is flowing. 

a b 

C d 

.__ _____ +--111----------
FIO. 4. PARALLEL C I RCUIT 

4. Resistance 

In Figure 2, if the small pipe is made longer the flow 
of water will be decreased although the pump main­
tains the constant difference in pressure between the 
points a and b. Also, if the small pipe is decreased in 
size the flow of water will likewise be decreased. 
Though there is no simple unit for measuring this 
resistance to flow of water in a pipe, it is analogous to an 
electrical resistance in many respects. The unit of 
electrical resistance is called the ohin and is defined as 
the resistance offered to e lectrical flow by a column of 
mercury one square millimeter in cross-section and 
106.3 centimeters long at a temperature of zero de­
grees Centigrade . 

6. Current 

In our water circulating mechanism we can describe 
the rate of flow, or the current, as the amount of water 
being circulated in gallons per second. In electrical 
work the current is expressed in amperes. The measure 
of one ampere is the current which when passed through 
a solution of nitrate of silver between two s ilver plates 
under fixed conditions will cause a deposit due to e lec­
trolytic action of 0.001118 gram of silver per second. 

a b 

'--------i+ I I I C 

( 
FIGURE 5 

6. The Volt 

The volt has been named as the unit of electrical 
pressure but its size has not been.defined. A source of 
electromotive force is said to have one volt of electrical 
pressure when it will establish a current of one ampere 
in a resistance of one ohm. 

7. Series and Parallel Circuits 

A simple circuit may contain any number of resis­
tances. Figure 3 shows such a circuit with two resis-

Knife Switch 
Single Pole 

Singre Tt)row 
(SP ST) 

Knife Switch 
Double Pole 

Single The-ow 
(DP STJ 

Knife Switch 
Double Pole 

Double Throw 
(DP OT} 

Push Button Types of Keys 

F1G. 6. REPRESENTATIVE DEVICES FOR OPENING AND CLOSING ELECTRICAL CIRCUITS 
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tances which when connected as shown are said to be 
"in series". Figure 4 shows another circuit with the 
same resistances connected "in parallel". Any number 
may be so connected in either case. 

The current from a battery in a parallel circuit will 
divide between the various resistance branches but in a 
series circuit, as in the flow of water in a single pipe, 
it cannot divide and must be identical at every point. 
In other words, it must have an unchanged value in all 
parts of the circuit from the positive to the negative 
terminal of the battery. 

8. Open Circuits 

The electrical circuits shown thus far indicate no 
means of interrupting the flow of electricity. For the 
same reason that any water system should be equipped 
with valves or other devices for starting and stopping 
the flow of water, switches, push-buttons, keys, etc. 
are used for opening and closing electrical circuits. 
Figure 5 shows a circuit opened by means of a switch. 
Its metallic continuity is interrupted by the switch and 
when so interrupted there is no flow of electricity. 
This protects the source of electromotive force against 
unnecessary losses since when the circuit is open it can­
not absorb any energy. 

+ 

FIG. 7. WIRING OF DooR-BELL CIRCUIT 

Figure 6 illustrates representative types of switches, 
push-buttons, and keys used for opening and closing 
electrical circuits. The familiar knife switch is a 
device by means of which a circuit may be closed and 
left closed, while the push-button provides a method 
whereby a circuit may be closed but must be held 
closed; it is a "non-locking" device. The more com-

roon designs of circuit closing apparatus used in tele­
phone and telegraph work are called keys. When the 
circuit to be opened or closed does not carry an ex­
cessive current, these will perform the corresponding 
functions of the knife switch and the push-button; that 
is, they may be either locking or non-locking. The 
locking key may be operated or closed and left closed 
in the same way that the knife switch may be closed 
and left closed, while the non-locking key roust be held 
closed in the same way that a push-button must be 
held closed. 

Circuits are often opened and 'closed through the 
operation of other electrical circuits; any device for 
mechanically controlling one electrical circuit from the 
operation of another is called a relay. 

FIG. 8. CONVENTIONAL DRAWING FOR CIRCUIT 01!' FIG. 7 

9. Electrical Symbols and Circuit Conventions 

(4] 

In the foregoing circuit diagrams we have represented 
the battery with a long and a short line, a resistance 
by a wavy line, connecting wires by straight plain lines, 
and connections between the wires and the battery or 
the wires and the resistances by small circles. These 
are circuit conventions. Thus, Figure 7 illustrates an 
actual door bell circuit and Figure·s shows the electrical 
properties of the same circuit drawn in accordance with 
standard electrical conventions. There are many 
such conventions and different ones are used for differ­
ent purposes. For example, on drawings which are to 
guide the electrical installer when connecting wires to 
various units of apparatus, a somewhat different set of 
conventions is used than on drawings to illustrate a 
circuit's theory of operation. Figure 9 shows a few 
simple conventions that should be learned at this time. 

In addition to the circuit conventions used in illus­
trating the theory of electrical circuits by diagrams, 
certain symbols are necessary for representing elec­
trical quantities in simple mathematical formulas. 
Table I gives standard symbols for electrical quan­
tities. It is necessary to learn now those applying to 
the quantities we have defined. The table can later 
be referred to for other quantities treated. 
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o-a--
BATTERY usually 

o-J\/VVv--o 
RESISTANCE 

~ 

INDUCTANCE 

+ + + 
one cell when shown thus. WIRES 

CROSSED 
WIRES 

CONNECTED 

VOLTMETER AMMETER 
Long mark is positive 
short mark is negative 

~1111111----o 
BATTERY several cells 

~-
PUSH BUTTON 

1 
WIRE connected 

to ground or 
grounded side 

of battery 

==::::r= --
--0 ::::r= 

D. P. S. T. D. P. D. T. 
_/' O-

s. P. S. T. 
SWITCHES 

CONDENSERS 

WIRE connected 
to ungrounded 
side of battery 

SWITCHBOARD RESISTANCE 

TELEPHONE RECEIVERS 

Locking 

LAMP LAMP 

TELEPHONE 
TRANSMITTER 

Non - Locking 
KEYS 

·0--0 
D. C. A. C. 

GENERATORS 
MAGNETO RINGING 

GENERATOR 

MOTOR GENERATOR 
SET 

SUBSCRIBER'S SET 
RINGER 

RELAY 
(Armature wired 
to close circuit) 

RELAY 
(Armature wired 
to open circuit) 

RETARDATION COILS 

l oooooooJ 
f 0000000 l 

RELAY POWER 
2 groups of springs TRANSFORMER 

(Each to close contact) 

( 0000000 J 
f 0000000 l 

INDUCTION COILS, REPEATING 
COILS OR TRANSFORMERS 

FIG. 9. CONVENTIONS COMlll'.ONLY USED IN TELEPHONE CIRCUIT DRAWINGS 
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10. Ohm's Law 

A German physicist named George Simon Ohm was 
the first to discover the relation between electromotive 
force, current, and resistance in an electric circuit. 
The discovery is called "Ohm's Law" and simply ex­
pressed is-that for any circuit or part of a circuit under 
consideration the current in amperes is equal to the 
electromotive force in volts divided by the resistance 
in ohms. 

This law, mathematically expressed, is as follows: 

Current = Electro~otive Force 
· Resistance 

provided that the quantities are expressed in proper 
units, or 

Volts 
Amperes = Ohms 

If in the above expression we substitute the proper 
symbols instead of current, electromotive force and 
resistance (ar instead of amperes, volts and ohms) we 
have the following equation: 

I = E + R, 

or, as more commonly expressed, 

(1) 

This is the equation for Ohm's Law. It is perhaps the 
most important one in all electrical work. It may be 
expressed in other forms, but when expressed as shown, 
permits us to calculate the current that may be ex­
pected in any circuit when we know the voltage of the 
source of electromotive force and when we know the 
resistance connected to this source in ohms. 

Example: In Figure 10 if the electromotive force 
of the battery is 24 volts and the resistance of the 
lamp connected to it is 112 ohms, what will be the 
value of the current flowing through the la.mp . 
when the circuit is closed? 

FIGURE 10 

[ 6 l 

TABLE I 

SYMBOLS USED IN ELECTRICAL WORK 

SYMBOL 
A.BBRJ:Vl• 8TANl>II roa 

ATION 

--
I Intensity of current in.Amperes. 

- -
E E.M.F. Electromotive force in Volts. 

R Resistance in Ohms. 

p Power in Watts. 

Q Quantity in Coulombs. 

V Rea.ding of Voltmeter in Volts (some special 
value of E). 

A Rea.ding of Ammeter 
special value of I) 

in Amperes (some 

G Conductance in Mhos (is reciprocal of R in 
Direct Current Work). 

T Time in Seconds. 

C Ca.pa.city in Farads. 
- -

mf. Microfarad (one millionth part of the farad). 

L H Inductance in Henrys: 

I Frequency in cycles per Second. 

B Susceptance in Mhos. 

z Impedance in Ohms. 
--y Admittance in Mhos. 

"' Attenuation per unit length. 
--

d Distance or length of circuit. · 

Solution: E = 24 

R 

I 

112 

E 
R 

24 
112 

.21 ampere, ans. 

11. Other Ways of Expressing Ohm's Law 

Equation (1) states that the current is equal to the 
electromotive force divided by the resistance; then by 
simple algebra the electromotive force must be equal 
to the current multiplied by the resistance, or the equa­
tion may be expressed-

E = RI (2) 

From this equation we may find the electromotive force 
acting in any circuit if we know the resistance and the 
current. 

Example: In Figure 8 the resistance of the door bell 
winding is 4 ohms. If during the instant the cir­
cuit is closed the current is .2 ampere, what is the 
voltage of the dry cell? 
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Solution: R = 4 

I= .2 

E = RI = 4 X .2 = .8 volt, ans. 

The third case is one where current and electromotive 
force are known and it is desired to find the resistance. 
Ohm's Law may likewise be stated to cover these con­
ditions. If the electromotive force is equal to the 
resistance multiplied by the current, the resistance must 
be equal to the electromotive force divided by the 
current or, algebraically expressed-

E R= -
1 

(3) 

Example: What is the resistance connected between 
the points a and b in Figure 5 if the voltage of the 
battery is 1.3 volts and the current is .5 ampere? 

Solution: E = 1.3 volts 

I= .5 ampere 

R = ~ = ~: = 2.6 ohms, ans. 

12. Potential Differences in a Closed Circuit 

We have spoken of how the differential pressure gage 
may measure the difference in pressure head of the two 
sides of the water pump shown by Figure 2. The 
electrical instrument used for measuring the electrical 
pressure of a source of electromotive force, or the 
potential difference between any two points in a cir­
cuit, is called the voltmeter. 

Figure 11 shows a voltmeter being used to measure 
the voltage of a dry cell on an open circuit. Figure 12 

shows the voltmeter connected to mea­
sure the voltage of a source of electro­
motive force in a closed circuit. In this 
case we have a simple circuit with three 
resistances in series. If the voltmeter 
is connected across the points a and b 
as shown in Figure 13, which represents 

+ the same circuit as Figure 12, its reading 
will be lower than when connected across 
the battery. Moreover if the voltmeter 
is connected across the resistances b and 
c, and c and d, the three readings, that 
is the readings across a and b, b and c, 

FiGuRE 11 and c and d when added together, will be 
equal to the voltage of the battery 

(measured while the circuit is closed). We learn, 
therefore, that the sum of the potential differences 
measured across all parts of the circuit, beginning at 
the positive pole of the battery and returning to the 

[ 7 I 

to the voltage of the battery, or we 
might say, the plied voltage distributes itself pro­
portionately thr ughout the series circuit. If in 
Figure 13 the va e of the resistance from a to d and 

FIG. 12. VoLT E or BA'ITERY ON CLOSED CIRCUIT 

the voltage of . th I electromotive force are known, it is 
possible to calcul • te the resistance of that part of the 
circuit between a nd b from the voltmeter reading. 

Example: The otal resistance of a series circuit is 
15 ohms, the voltage of the electromotive force on 
closed circui is 10 volts, the potential drop across 
a certain par of the circuit is 3 volts; what is the 
resistance of this part of the circuit? 

Solution: For ntire circuit:-

r = : = ~~ = .67 ampere. 

e part of the circuit in question-

I of series cir , it is same in any part of circuit as for 
entire circuit! therefore, 

r = .67 ampere 

V = 3 volts 

FIG. 13. VOLTAGE DROP ACROSS ONE RESISTANCE OF 
CLOSED CIRCUIT 

.... 
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E 3 
R = y = .67 = 4.5 ohms, ans. 

The total resistance of a series circuit is equal to the 
IWD of all the individual resistances. In Figure 12 the 
total resistance is the sum of the three resistances; 
namely, that connected between a a.nd b or R1, that 
connected between b and c or Rs, and that connected 
between c and d or R1 : 

R = R1 + R2 + R, (4) 

Emmple: A 24-volt battery supplies a series circuit 
containing a No. 18-B resistance (40 ohms), a 
No. E-3 switchboard lamp (43 ohms) and the wind­
ing of a No. B-22 relay (95 ohms); what is the 
total resistance of the circuit and what current 
will flow through the switchboard lamp? 

Solution: R = Ri + Rs + Ra 

= 40 + 43 + 95 = 178 ohms, ans. 

E = 24 volts 

E 24 
I= R = 178 = .13 ampere, ans. 

13. Internal Resistance 

If a dry cell, as shown in Figure 11, is placed in a 
closed circuit like that of Figure 3 and its voltage again 
measured with a voltmeter, a reading will be obtained 
which will be somewhat less than the reading on open 
circuit. This means that the electromotive force of the 
dry cell depends to some extent upon the value of the 
current it is furnishing. As the current is increased the 
electromotive force is decreased. This is due to a 
potential drop within the cell itself, which is merely a 
drop across a resistance in the same way that the 
potential measured a.cross the terminals ab in Figure 12 
is a drop across a resistance, excepting that in this case 
the resistance is inside the dry cell. Any electrical 
current leaving the positive pole of the dry cell and 
returning to the negative pole from the external circuit 

. must likewise flow from the negative to the positive 
through the chemicals in the dry c~ll. These chemicals 
have a definite resistance called the internal resistance. 
In our consideration of the simple circuit, therefore, 
we must. either use the electromotive force measured 
on closed circuit or recognize that the open circuit 
electromotive force is acting through a resistance 
additional to. that of the external circuit. The ab­
solute convention for this source of electromotive force 
would be that shown by Figure i4, which represents the 
open circuit voltage plus a series resistance equal to the 
internal resistance of the cell. 

The ordinary dry cell has an internal resistance aver-
[ 8 I 

aging about one ohm, but this greatly increases with 
the aging of the cell. In the telephone central office 
where storage batteries are used almost exclusively, the 
internal resistance is negligible for most direct current 
considerations. 

14. Electrical Power 

In the simple circuits we have thus far considered we 
have only dealt with resistance, electromotive force, 

and electrical current, but each 

1 LA~ A .... ~ of these circuits is actually con-
r-vv vv v ~ verting energy from chemical to 

heat or some other form. They, 
F'Ioua:m 14 therefore, have a definite power 

consumption or represent a defi­
nite transfer of power to some external device. The 
scientific unit for work is the joule, equal to about ¾tbs 
of one foot-pound, and the scientific unit for rate of 
doing work or power is the watt, which is equal to 
about ¾tbs of one foot-pound per second. The elec­
trical units have been so derived as to facilitate con­
venient calculations in transforming expressions for 
power and energy from mechanical to electrical units. 
In the electrical circuit if we multiply the electromo­
tive force in volts by the current in amperes we have 
an expression for the power in watts. The watt may, 
therefore, be defined as an electrical unit as well as a 
mechanical unit and is the power expended in a cir­
cuit having an electromotive force of one volt and a 
current of one ampere. 

Because the watt is the connecting relation between 
mechanical units and electrical units, its value in terms 
of horsepower should be committed to memory (see 
Appendix I), and the following formula should be con­
sidered second only to Ohm's Law in importance: 

P = EI (5) 

A somewhat more convenient form for determining 
the power expended in any given, resistance is-

P =I2R (6) 

This latter equation is apparent from Ohm's Law, 
which states that E = IR and we may, therefore, sub­
stitute IR for E in Equation (5), which gives us I2R. 

Example: In Figure 12, what is the power expended 
in the resistance between terminals a and b if the 
potential difference is equal to 10 volts and the 
resistance is 5 ohms? 

Solution: P = EI, and 

E 10 
I= R = 5 = 2, 
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then P = EI = 10 X 2 = 20 watts, ans. 

15. Quantity of Electricity 

In Figure 2 we may say that the amount of water that 
will pass through the small pipe in a given interval of 
time is a definite number of gallons; thus the gallon is a 
unit of quantity of water. The amount of electricity 
that flows through an electrical conductor in one 
second when the current intensity (or rate of flow) is 
one ampere is called a coulomb. This is the unit for 
measuring quantities of electricity. 

TABLE II 
RESISTIVITY OF VARIOUS METAL CONDUCTORS AT 0°C. 

(Compared to pure copper of same length and cross section) 

TDIE.8 TUB BNl&9 
DMD or l(ft.U, TANCID OP PUB■ 

con•• 

Silver................................ . .... .. .941 

Copper (pure)........... . ..... .. ............ 1.000• 

Copper (annealed) ..................... .' ... . . 1.018 

Copper (hard drawn) ......... ............ .. . 1.025 

Gold ............ . ...... . .. ..... ............ . 1.423 

Aluminum................................... 1.679 

Magnesium.............................. .... 2. 788 
,-----

Zinc. .. . .... .... ..... .... ........ .... ......... 3 .449 

Tungsten (hard drawn) ..................... . 3.474 

Nickel. .................................... . 4.442 

Iron (pure) .......... .. ............ . ........ . 5.673 

Platinum ................................... . 6.301 

Tin ........ · ...................... . ......... . 6.730 

Steel (soft) .... . .......... ...... ...... .... .. . 7.564 

Tantalum .......... . .............. . ........ . 9.359 

Lead ....................................... . 12.692 

German Silver .................. ..... ....... . 21.218 

Steel (hard) ....................... . ........ . 29 .294 

Mercury ... ..... ... ..... .......... . ......... . 60.301 

Cast Iron (hard) ...... .' .................... . 62.692 

• Resistivity of pure copper 1.56 microhms per cm*. 

16. Properties of Electrical Conductors 

A column of mercury was used to define the standard 
unit of resistance, the ohm. Other metals could have 
been used for this fixed standard but their dimensions 
would have been different from that of mercury. Dr. 
Ohm investigated the conducting properties of various 
kinds of metals and called those offering very high 
resistance to the flow of electricity "poor conductors" 

TABLE III 

}NSULATINO MATERIALS 

(Given in the orde of their approximate insulating properties) 

Dry air 
Shellac 
Paraffin 
Paraffin paper 
Paraffin oil 
Ebonite 
Rubber 
Porcelain 
Sulphur 
Glass 
Mica 
Silk 
Varnish 
Dry paper 
Celluloid 
Dry wood 
Slate 
Fiber 
Distilled water 
Alcohol 

and those offerin comparatively little resistance to the 
flow of electricit "good conductors". There is another 
classification for aterial having extremely high resis­
tance, in fact so high as to give an open circuit for all 
practical purpo s. These are called insulators. 

Table II show1 a few conductors in the order of con­
ductivity. Tho offering the least resistance are at 
the top of the Ii . Table III shows a list of materials 
which are co only used as insulators. There are 
many other gooo insulators but they are not all adapt­
able for use as s ch in practice. 

In addition t the law showing the relation between 
electromotive fo ce, current, and resistance, Ohm in­
vestigated the P! operties of conductors and established 
in addition to t~ eir relative values the following laws: 

a. The resist ce of any conductor varies directly 
with its length. 

b. The resist ce of any conductor varies inversely 
with its ~ross-sectional area. 

Here we have e analogy to the water pipe previously 
mentioned but ortunately the electrical conductors 
have more exac laws governing their electrical resis­
tances than wa 1r pipes have governing their resistance 
to the flow of w lter. 

Copper is th most universally used conductor in 
electrical work. It offers very low resistance, does not 
deteriorate rapi ly with age and has many mechanical 
advantages. TE ere are several standard wire gages 
for designating the cross-sectional area or diameter of 
copper wire, and three apply to the standard conduc­
tors used by th Long Lines Department. 

Table IV sho11 s the standard gages of wire used by 
the Long Lines epartment and their resistance values. 

[ 9] . 
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TABLE IV 
ELECTRICAL PROPERTIES 01' COPPER CONDUCTORS STANDARDIZED BY LONG LINES DEPARTMENT 

.... WSIORT BS8l91'.0.l!ft:S llfl>UCT A.l!ft:■ CA.P.O.CITT 

COJll)tJC'l'OU NO, Ohma per 
Ga&• Diameter in Lbo. per •OhmaJ71r 1,000 feet Henrya per 'Mfs.~ 

lnohee Wire Mile Loop ' le (ainale wiNJ) Loop 'Mile Loop ile 

Open Wire 8 B.W.G. .165 435 4.02 .381 .00337 .00915 
(use 4) 

(12-inch spacing) 
10 N.B.S.G. .128 264 6.68 .632 · .00353 .00871 

12 N.B.S.G. .104 174 10.12 .959 .00366 .00837 
(use IQ) 

Cable 10 A.W.G. .102 168 10.55 .999 .001 .062 

(side circuits of 13 A.W.G. .072 82.6 21.15 2.003 .001 .062 
standard ~uad-

ded cab e) 16 A.W.G. .051 41.2 42.41 4 .016 .001 .062 

19 A.W.G. .036 20.5 85 .01 8.05 .001 .062 

22 A.W.G. .025 10.2 170.44 16.14 .001 .062 

• These resistance values are for 20° C or 68° F; add 2/10 of 1 % per degree Fahrenheit for higher temperatures. 
NoU: A.W.G. is American Wire Gage and is same as B. & S. which ie Brown and Sharpe Gage. B.W.G. is Birmingham Wire 

Gage and N .B.S.G. is New British Standard Gage. 

Simple rules for remembering the approximate con­
stants of the cable conductors are as follows: 

a. Five sizes of cable conductors are standard for 
the Long Lines Department and all are A.W.G. 
(or Band S). 

b. The largest size is fl, 10 A.W.G. Add three gages 
for successive smaller sizes,- thus fl, 10, fJ 13, 
fl, 16, fJ 19 and 11,22. 

c. The diameter of fl, 10 A.W.G. is slightly greater 
than one-tenth inch and its resistance is slightly 
greater than ten ohms per loop mile. 

l 10 I 

d. Smaller sizes double resistance by the addition of 
each three gages beginning with fl, 10 as a base. 

e. In cables, conductors are slightly longer than the 
cable lengths due to the spiraling effect. This 
will average about 5%. 

f. Three sizes of conductors are standard for open 
wire; 104 ( 11, 12 N.B.S.G.), 128 ( fJ 10 N.B.S.G.) 
and 165 ( fJ 8 B.W.G.) 

g. A fl, 10 is the nearest A. W. Gage to 104 ( fJ 12 
N.B.S.G.) but is slightly smaller. 

• 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

CHAPTER II 

THE SOLUTION OF. D.C. NETWORKS 

17. Parallel Circuits 

Figure 15 shows two resistances connected in parallel. 
If we apply Ohm's Law to either of these, we shall find 
that the current in it must be equal to the potential 
measured across the particular resistance divided by its 
value in ohms; and for this particular circuit, the poten­
tial measured across either resistance is the potential of 
the battery. The battery is in reality supplying two 
currents, one through the resistance ab and the other 
through the resistance ed. These two currents are 
united and flow together in the conductors connecting 
the poles of the battery with the junctions of the two 
resistances. Likewise, for any circuit having two 
resistances connected in parallel, the current supplied 
to the combination must be greater than the current 
supplied to either of the resistances. If we think of the 
combination of resistances in Figure 15 as equivalent 
to a single resistance that might be substituted in their 
stead, we may say accordingly that the value in ohms 
of two resistances in parallel is less than that of either 
resistance taken singly. 

Q b 

------P 
C d 

Fm. 15. Two RESISTANCES IN PARALLEL 

We may make calculations for determining the cur­
rent in a parallel circuit such as is shown by Figure 15, 
but these are more complicated than for a simple series 
circui_t having more than one resistance, such as is 
shown in Figure 3. The solution of a parallel circuit 
is accomplished with the aid of Kirchoff's Laws in 
addition to Ohm's Law. 

18. Kirchoff's First Law 

Kirchoff's First Law states that at any point in a 
circuit there is as much current flowing to the point as 
there is away from it. This applies regardless of the 
number of branches that may be connected to the point 
in question. The law can be interpreted by its applica-
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tion to point Pin Figure 15. If I is the current being 
supplied by the battery to the combination of the two 
resistances in parallel, and I 1 and I 2 ai:e the respective 
currents through the two parallel resistances, then..:.. 

(7) 

If we apply Ohm's Law to the entire circuit and let 
R represent the value of the combined resistances in 
parallel, we have-

But 

'­
Therefore, 

E 
R = - or 

I 
E 

R=--
11 + 12 

But in this latter equation, the E's cari be cancelled 
and the equation written-

R = I 
_!_ + _!_ 
R1 R,. 

and if we simplify this compound fraction by simple 
algebra-

(8) 

This gives an equation for calculating the combined 
value of two parallel resistances. Expressed in words it 
may be stated as follows: To obtain the combined 
resistance of any two resistances in parallel, divide 
their product by their sum. 

C d 

e 

Flo. 16. THREE RESISTANCES IN PARALLEL 
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Example: What is the combined resistance of the 
inductive and non-inductive windings of a type-B 
relay used in a local A-board cord circuit if the 
inductive winding measures 16.4 ohms and the 
non-inductive winding measures 22 ohms? 

Solution: 

R1Rt 16.4 X 22 
R = R1 + Rt = 16.4 + 22 = 9.4 ohms, ans. 

Figure 16 shows a circuit having three resistances in 
parallel. A formula similar to (8) can be worked out 
for combinations of this kind, or calculations can be 
made to obtain the combined resistance of ab and cd 
and this value then combined with ef. But for prob­
lems involving more than two resistances in parallel, 
it is usually simpler to use the conductance method. 

Generator 

Street li_Qht - 300 Walts 
25 Ohms 

Fto. 17. SMALL ELBorn1cAL Powma SYSTEM 

19. Conductance 

Conductance is defined in direct current work a.s the 
reciprocal of resistance. It is expressed by the symbol 
G, and for any single resistance--

(9) 

For a combination of resistances in para.Ile!, such as 
is shown by Figure 16, the conductance of the combina-

..!!!..24 V 

21·0hms -

Fto. 18. CONVENTION FOR CIRCUIT OP Fro. 17 

tion is equal to the sum of the individual conductances, 
or-

G = G, + G2 + Ga (10) 

In a circuit having a number of resistances in parallel, 
it is often of advantage to solve for the total con­
ductance of the circuit and then find its total resistance 
by taking the reciprocal of the total conductance. 

40hms 

FIGURE 19 

Example: If a B-3 relay ha.s an inductive winding of 
16.4 ohms, a non~inductive wiJ}ding of 31 ohms, 
and these are shunted by an 18-U resistance (of 
100 ohms), what is the resistance of the com­
bination? 

Solution: 

1 1 
G, = - = - = 061 R1 16.4 . 

1 1 
G2 = Rt = 31 = .032 

1 1 
G, = Ra = 100 = .010 

1 -iMile 
I Line I 
1 440hmsl 
1 Loop 1 
I I 
I I 
I I 
I I 
I I 

Fto. 20. CORI> CIRCUIT AND SWITCHING Taumt OF LocAL TELEPBONll: CONNECTION 
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G = G1 +Gs+ G, 

= .061 + .032 + .010 = .103 

1 1 
R = G = _103 = 9.7 ohms, ans. 

20. Direct Current Networks 

Several resistances may be connected in such manner 
a.s to form very complicated networks. In practice 
many circuits a.re of this type. For example, Figure 
17 illustrates a 110-volt power distribution line supply­
ing a residence and a street light. We may represent 
the electrical characteristics of such a circuit by the 
network shown by Figure 18, and can further simplify 
this network as shown by Figure 19. Power supply 
systems are usually complicated networks of this sort. 

In the same way, many telephone circuits may be 
analyzed by drawing their equivalent network dia­
grams. Figure 20 represents an A-board local cord 
circuit connected to a local switching trunk having 
½ mile of 19-gage cable. The equivalent network is 
shown by Figure 21. 

139.4·0hms 

: 24·V 

FIG. 21. 8IlllPLIJ'IED CONVENTION FOR CIRCUIT OF FIG. 20 

In the solution of D.C. networks, it is usually desired 
to know the current in the various branches, having 
given the resistance values of each individual branch 
and the voltage of the source or sources of E.M.F. 

Example: What is the value of the current through 
each winding of the B-59 relay in Figure 20? 

Solution: We must first find the total current 

through both windings and have: I = I where E 

is 24 volts and 

R1 Rs 27 X 12000 
R = 139.4 + Ri + R

2 
= 139.4 + 27 + l2000 

= 139.4 + 26.9 = 166.3 ohms 

24 Then I= 
166

_
3 

= .144 ampere. 

But the potential drop V across the two windings is 
equal to the current times the combined resistance 

[ 13 l 

of the two · dings, or 

V =IX R1Rs 
. R1+& 

= .144 X 26.9 

= 3.88 :volts. 

Then, appl :ing Ohm's Law to each winding in­
dependent! we have-

V 3.88 
11 = Ri = 'i7 = .144 ampere, ans. 

and 

V 3.88 
12 = Ri -· 12000 = .00032 ampere, ans. 

21. Kirchoff's 

When a currel!tt flows through a resistance there is 
always a differen ~e in potential between the ends of the 
resistance, the v lue of which depends upon the current 
flowing and the v lue of the resistance. This difference 
in ·potential is co only called the IR drop since it is 
equal to the pro uct of the current and the resistance. 
This IR drop ac · in the opposite direction to, or op­
poses, the E.M. which drives the current through the 
resistance. 

In a closed ci cuit, such as is shown in Figure 22, 
the sum of the · R drops across the three resistances 
must be equal t the impressed E.M.F. Thus if the 

I 

FIGURE 22 

drop across the r !Si.stance R1, as measured by the volt­
meter, is represe 1ted by V1 and those across Rs and 
Ra by V2 and 7, respectively, we may write the 
following equati -

=Vi+ V, + Va (11) 

This fact is kn >wn a.s Kirchoff's Second Law, which 
states that for IY closed circuit or any closed portion 
of a complicate · circuit, the algebraic sum of the 
E.M.F.'s and th potential drops is equal to zero. 

In the case of 'igure 22, Kirchoff's Second Law may 
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be written as follows: 

E - R1I - Rd - Ral = 0 (12) 

In solving any network problem, the first thing to do 
is to draw a good diagram. When the problem is to be 
solved by Kirchoff's Laws, the pext step is to assign 
letters to all the unknowns in the circuit and to put 
arrows on the circuit diagram to indicate the assumed 
directions of current flow. If Kirchoff's First Law' is 
applied at the junction points of a network, the number 
of unknowns may be kept down. Thus, if three wires 
meet at a point, and 11 and 12 have already been as­
signed to the currents in two of them, the third current 
may be designated as their sum or difference, depending 
upon the assumed direction of current flow. That is, 
instead of using a third unknown I a, we will have 
(11 + 12) or (11 - 12). This will eliminate one equation. 
However, at least as many equations as there are un­
knowns must be written. 

In the practical applications of Kirchoff's Laws, the 
correct use of algebraic signs iis fundamentally impor­
tant. When one sign has been given to the electro­
motive force in the direction of current flow, the 
opposite sign must be given to the IR drops in the 
direction of current flow. ln other words, when going 
through a resistance in the same direction as the current 
flow, there is a drop in voltage and this voltage should 

a I1 b C, 

I ~2AV 

FIG. 23. SERIES-PARALLEL CIRCtTIT 

be preceded by a minus sign. Conversely, when going 
through a resistance in the direction opposite to the 
current flow, there is a rise in voltage which should be 
preceded by a plus sign. We may for convenience 
accept the clockwise direction as positive, or accept 
as positive all E.M.F.'s which tend to make a current 
flow in a clockwise direction, and as negative all 
potential drops due to this flow of current as well as 
any E.M.F.'s in the circuit tending to make current 
flow in the opposite direction. It is immaterial whether 
the directions of current flow assumed are actually cor­
rect as long as they are consistent throughout the net­
work. The signs of the answers will show whether or 
not the assumed directions are correct. When the 
value of a current found by solving the equations is 
preceded by a - sign, it merely means that the actual 
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a 

FIGURE 24 

direction of flow is opposite to the direction which was 
assumed. 

Example: Find the current vaiues in each branch of 
Figure 23, if the resistance of R1 = 5 ohms, R,. = 
10 oh~, Ra ·= 15 ohms, and R. = 20 ohms, and 
the voltage E = 24 volts. 

Solution: We may first assume that the direction of 
current flow is clockwise through both branches 
of the network. Applying Kirchoff's First Law 
at the point b, we know that the current flowing 
through R3 plus the current flowing through R2 
equals the total current flowing through R1. 
Therefore, I 1, the current through R1, is equal to 
12 +Is. 

Considering first only the one closed loop of the 
circuit of Figure 23 that is shown by Figure 24, we 
may write in accordance with Kirchoff's Second 
Law: 

E - R1 (12 + ]3) - Rala = 0 (a) 

and for the closed loop shown by Figure 25-

E - R1 (12 + la) - Rtl2 - R.I2 = 0 (b) 

We thus have two independent equations contain­
ing two quantities which are unknown, namely, 11 
and I 3• Substituting the known values of E, 
R1, R,.,,, Ra, and R,, these equations may be written 
as follows: 

24 - 5 (12 + Ia) - 151a = 0 (a) 

24 - 5 (12 + Ia) - 1012 - 201: = 0 (b) 

F1ouu 25 
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Simplifying, the equations become-

24 - 512 - 201a = 0 

24 - 3512 - 5la = 0 

(H) 

(b) 

Multiplying equation (a) by seven, and subtract­
ing equation (b) from it, we have-

168 - 3512 - 14013 = 0 

24 - 3512 - 5/a = 0 

(a) 

(b) 

144 - 13513 = 0 

or, 

144 
I 3 = 

135 
= 1.07 amperes, ans. 

Then, substituting this value in Equation (b), we 
have-

24 - 3512 - 5 (1.07) = 0 

or, 

24 - 5.35 18.65 
12 = 

35 
= 35 = 0.53 ampere, ans. 

and finally, the main current, 
I 1 ;= (/2 + I 3) = 0.53 + 1.07 = 1.60 amperes, ans. 

I, - -

e d 

Fro. 26. CI~UIT CONTAINING MORE THAN ONE SOURCE OF 
E.M.F. 

22. Networks Containing More Than One Source of 
E.M.F. 

If a network contains more than one source of E.M.F. 
it may be solved by either of two distinct methods. 
The first of these is to solve for current values in each 
branch of the circuit considering only one E.M.F. at 
a time, and to add or subtract as the case may be, 
the current values thus obtained for the individual 
branches. If we have, for example, a network such as 
is shown by Figure 26, containing the sources of E.M.F., 
E1 and Ea, we may imagine that Ea is omitted and the 
solution under this condition would be similar to that 
for Figure 23. The current values thus ohtained would 
be those due to the E.M.F. designated as E 1• Those 
due to the E.M.F. designated as Ea could be solved by 
assuming E, short-circuited and solving the network 

[ 151 

d 
FIGURE 'lfl 

shown by Figure 27. The values obtained for branches 
1 and 3 in the two cases would be subtracted and the 
values for branches 2 and 4 would be added. 

The second method is to apply Kirchoff's Laws, 
taking all E.M.F.'s into consideration in each equation. 
This is the more general method. In this case, we have 
two sources of E.M.F. which oppose one another. In 
applying Kirchoff's Second Law to this network, we 
would consider the main source of electromotive force, 
or E 1, as positive, and the second source, or Ea, as 
negative. A good rule to remember in this connection 
is: The potential due to the battery electromotive force 
rises in passing through a battery from the - to the 
+ terminal and should, therefore, be preceded by a 
+ sign. Conversely, in passing through a battery 
from the + terminal to the - terminal, the potential 
due to the battery drops and should be preceded by a 
- sign. 

In this case, we may assume the directions of current 
flow as indicated on Figure 26. Now, considering 
first only that portion of Figure 26 represented by the 
closed loop abe, the first equation may be written 
thus-

(a) 

Here Ea is preceded by a - sign in accordance with 
the above rule. If the terminals of Ea were reversed, 
Ea would be preceded by a + sign because it would 
be aiding, not opposing, EI• 

Considering now the portion of the network without 
the be branch, we find the loop similar to that shown in 
Figure 25 and we may write the following equation-

Substitutidg the known values of E1, Ea, R1, R2, Ra, 
and R4, these equations may be written as follows: 

24 - (12 + Ia) 5 - 15/a - 15 = 0 (a) 

24 - (I2 + Ia) 5 - 1012 - 2012 = 0 (b) 

Simplifying, the equations become-

9 - 512 - 2013 = 0 

24 - 3512 - 513 = 0 

(a) 

(b) 
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Multiplying (a) by seven, and subtracting (b) from it, 
we have-

and 

63 - 3511 - 1401, = 0 

24 - 3511 - 51, = 0 

39 

(a) 

(b) 

- 1351, = 0 

39 Ia= 
135 

= 0.288 ampere, ans. 

Substituting this value of I, in the simplified form of 
equation (a) above, we have-

63 - 3512 - 40.3 = 0 

from which 

1, = 2;57 
= 0.648 ampere, ans. 

Then, (12 + 1 a) = .648 + .288 = .936 ampere, ans. 

[ 16] 
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CHAPTER III 

MAGNETS AND MAGNETIC CIRCUITS 

~. Nature of Magnetism 

Magnetism is a peculiar property of iron, nickel, and 
cobalt and is most pronounced in iron and certain of its 
alloys. AB with electricity, our knowledge of its exact 
nature is incomplete. Our study here will be confined 
to those laws concerning the magnetic properties of 
materials learned through observation and to the be­
havior of such materials under practical conditions. 

The early Greeks were familiar with a natural stone 
that would attract bits of iron. It was a form of iron 
ore, now known as magnetite, and the power of attrac­
tion possessed by it was called "magnetism". It was 
later learned that this magnetic property could be 
artificially given . to steel or iron by means of an elec­
trical current. 

Magnets as we know them may be classed as per­
manent magnets and electromagnets. A hard steel 
bar when magnetized becomes a permanent magnet 
because it tends to retain its magnetism under normal 
conditions for a long period unless subjected to heat or 
jarring. Soft iron tends to become easily magnetized 
when subjected to a magnetizing influence, but does not 
retain an appreciable part of the magnetism thus 
imparted to it. Consequently, permanent magnets 
are of steel or of such an alloy as cobalt-steel or re­
alloy (iron-cobalt-molybdenum), and cores for elec­
tromagnets are ordinarily made of soft iron or of iron 
alloys such as permalloy (iron-nickel), perminvar (co­
balt-iron-nickel), or permendur (iron-cobalt). 

24. Permanent Magnets 

Figure 28 represents a rectangular steel bar magnet 
which will attract bits of iron brought near to either 
end, and will exert a force of either repulsion or attrac­
tion upon other magnets in its vicinity. The influence 
of a magnet may be detected in the space surrounding 
the magnet in various ways, and is found to vary in­
versely as the square of the distance from the magnet. 
To account for this phenomenon, the magnet is said to 
establish a magnetic field, which is represented. by the 
curved lines in Figure 28. These curved lines are 
merely a convention for illustrating the effect of the 
magnet. They are commonly known as "lines of 
magnetic induction". All the lines as a group are 
referred to as the "flux", and designated by the symbol 
1/,. The unit of flux is one line and is called the "max­
well". The flux per unit area, or the number of max-
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wells per square centimeter, is known as the flux density 
and is designated by B. The unit of flux density, or 
one maxwell per square centimeter, is called the 
"gauss". 

Flo. 28. MAGNETIC FIELD AROUND BAR MAGNET 

The lines of magnetic induction, previously men­
tioned, are thought of as passing through a magnet from 
the south to the north pole, leaving the magnet at its 
north pole and reentering the magnet at its south pole. 
This is the significance of tlie arrows shown on the lines 
of magnetic induction in Figure 28. 

:t:,ines of magnetic induction are always closed loops. 
Each line or loop may be thought of as acting within 
itself somewhat like a stretched rubber band in that it 
tends to become as short as possible. Yet each of these 
lines or loops has a repelling effect upon its neighbors, 
tending to keep them separated from each other. A 
vivid graphical demonstration, not only of the presence 

FIGURE 29 
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of the magnetic field but of the arrangement of the lines 
of magnetic induction, may be had by sprinkling iron 
filings upon a glass plate placed above a magnet. 
Figure 29 shows how the filings arrange themselves 
under such a condition. 

FIG. 30. MAGNETIC FIELDS AIDING 

If a second magnet is placed at the end of the bar 
magnet shown in Figure 28, the magnetic field will 
become either like that shown in Figure 30 or that 
shown in Figure 31. In the first case the two magnets 
will attract each other. In the second case they will 
repel each other. If they should attract and establish 
a combined magnetic field such as that shown by Figure 
30, merely changing ends of one magnet will give the 
effect in Figure 31. We then learn from the action of 
one magnet toward another that the two ends of any 
magnet are unlike. These two ends are called the 
poles and for convenience, the pole having one influence 
is called the north pole and that having the opposite 
influence is called the south pole. The distinction 
comes from the earth, which is itself a magnet. If a 
bar magnet is suspended so as to swing freely, that pole 
which tends to point toward the north is called the 
north seeking or north pole; the other is called the south 
pole. The needle of the surveyor's compass is an ap­
plication of a bar magnet free to swing on its pivot and 
its north pole will point to the earth's magnetic pole 
located near the geographical north pole. (However, 
since the earth is itself a magnet, it may be noted that 
with this conventional definition, the pole nearest the 
geographical north is the earth's south magnetic pole 
inasmuch as it attracts unlike or north seeking poles 
of suspended magnets.) 

A permanent magnet may exert, upon bits of iron or 
other magnetic materials, forces either large or small. 
These depend first, upon the magnet's strength and 
second, upon the location of the particles attracted 
with respect to the magnet's field. To express quan­
titatively the strength of any magnet, it follows that 
we must have a unit of definite strength with which 
other magnets may be compared. If two like poles of 
equal strength at a distance of one centimeter apart 
repel each other with a force of one dyne, each is said 
to be a pole of unit strength or is called a "unit pole". 
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The unit pole is very small but if we can imagine one 
end of a small magnet sufficiently isolated from the 
other end and placed in the magnetic field about the 
magnet in Figure 28, it will tend to move in the path 
of the curved line nearest it and in the direction desig­
nated by the arrow if it is a north pole, and opposite 
to the direction designated by the arrow if it is a south 
pole. While the force one magnet exerts upon another 
depends upon the nature of their combined fields, there 
is an approximate law which states that the force of 
attraction or repulsion varies inversely as the square of 
the distance separating the poles in question and di­
rectly as the strength of the magnets. Expressed as an 
equation this law may be written-

!= m1m2 
d2 

Here f is "in dynes, d in centimeters and m1 and m2 

are the strength of the magnets in unit poles. 
If the strength of the magnet in Figure 28 is doubled, 

the magnetic field will be strengthened in proportion, 
and may be represented by a more congested arrange­
meht of lines of magnetic induction. The force that 
will be exerted upon a unit pole located at any point in 
the magnetic field will depend upon the intensity of 
the field, or ,the extent to which the lines of magnetic 
induction at that particular point are crowded. The 
unit of field intensity is that field which will exert a 
force of one dyne upon a unit pole. It is therefore 
usually expressed in dynes per unit pole and repre­
sented by the symbol H. It follows that if a pole of 
K units be placed in a magnetic field of intensity H, 
the force acting on the pole will be f = K X H. 

Fxo. 31. MAGNETIC FIELDS OPPOSING 

We have said in a preceding paragraph that the flux 
density B is the number of lines of magnetic induction 
passing through a unit area. By definition, unit flux 
density is one line of magnetic induction per square 
centimeter. We have also said that lines of magnetic 
induction are merely conventions for illustrating the 
effect of a magnetic field. Such a line may therefore be 
defined arbitrarily. In practice, it is usually define_d 
as that magnetic induction per square centimeter in 
air, which exists in a magnetic field having an intensity 
of 1 dyne per unit pole. Thus in air the field intensity 
H and the flux density B have the same numerical 
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value and are sometimes spoken of in the same units, 
that is, in lines per square eentimeter or gausses. Such 
nomenclature leads to confusion, however, and it is 
better to think of field intensity only in terms of dynes 
per unit pole. 

In Figure 28 we see that the magnetic field has great­
est intensity nearest the poles. If we wish to create a 
field of greater intensity we can accomplish it by bend­
ing the magnet into the form of a horseshoe like that 
shown in Figure 32. Here each line emerging from the 
north pole returns to the south pole of the magnet 
through a much shorter distance than that represented 
by any one of the curved loops in Figure 28. If, with 

FIGURE 32 

a unit pole or by other means, we should test the 
strength of the field between the two poles of a horse­
shoe magnet, we would find it more intense than that of 
a straight magnet of equal strength. We learn then 
that we not only shorten each line represented by a 
closed loop but, in so doing, create more lines. This 
gives us for a magnetic circuit an analogy to the elec­
trical circuit. In the electrical circuit, if we have a 
conductor connected between the positive and negative 
poles of a battery and decrease the resistance by de­
creasing its length, we increase the current strength. 
In the case of the magnet, if we decrease the lengths of 
the paths from the north to the south pole by bending 
the magnet into the form of a horseshoe, we increase 
the number of lines of magnetic induction. 

Again, if we insert between the poles of the horseshoe 
magnet in the space now filled with air, a piece of soft 
iron or other magnetic material, we greatly increase 
the number of lines of magnetic induction existing in 
the circuit formed by the magnet itself and the soft 
iron used for closing this circuit between the north and 
south poles. This is analogous to decreasing the 
resistance of an electrical circuit by substituting a con­
ductor of lower resistance for one of higher resistance. 

26. The Magnetic Circuit 

As electric current is caused to flow in an electric 
circuit, so magnetic flux can be established in a mag­
netic circuit. Magnetic flux 4>, or the total number of 
lines of induction existing in the circuit, then, is in some 
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respects analogous 
The flux density 

tion per unit area 

o electric current. 
or the number of lines of induc­

ay be written-

(13) 

where A is the area taken at right angles to the direc­
tion of the flux and is the flux through and normal 
to this area. 

It follows from t i e discussion of lines of magnetic 
induction being inc ased by the insertion of materials 
other than air in he magnetic field, that the flux 
density depends up n the materials of the completed 
magnetic circuit an I the strength of the magnet, in the 
same sense that the ~urrent strength in any given cross­
section of conducto depends upon the resistance of the 
closed electrical ci ·uit and the electromotive force 
applied. We may hen consider that there is a prop­
erty of the magneti circuit which is analogous to the 
resistance of an el ctrical circuit. This property is 
called reluctance. ~ikewise, there is a property of the 
magnet which is an !ogous to the electromotive force of 
a battery. This i called the magnetomotive force 
and is expressed in ' gilberts". For the complete mag­
netic circuit, we m . y apply an equation identical in 
form to Ohm's Law hich, in words, may be stated­
the flux for any giv n magnetic circuit is equal to the 
magnetomotive fore of the magnet divided by the 
reluctance of the losed circuit. Expressed mathe­
matically, this may e written-

(14) 

where the symbol fo flux is q,, for magnetomotive force, 
M, and for reluctan , e, R. This may be compared to 
Ohm's Law as expr scd by Equation (1), 

E l= ­
R 

In practice the a ve magnetic equation is seldom 
used in the form sho n but from this relation we derive 
other equations deal g with flux density, field intensity 
and the magnetic pr perties of iron. These are treated · 
along with the ussion of electromagnets, from 
which we shall learn ore of the terms magnetomotive 
force and reluctanc as well as their respective units. 

While we may seE that in many respects the mag­
netic circuit is anal ous to the electrical circuit, it is 
well to remember t at the analogy is not complete 
since there are otbe respects in which the two circuits 
differ. The two m re important of these to bear in 
mind are as follows: 

(a) A magnetic ci cuit can never be entirely opened; 
a magnetic eld must exist at all times in the 
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vicinity of a magnet. For this reason the 
magnetic circuit would be more nee,rly anal­
ogous to the electrical circuit submerged in 
water. When the continuity of the metal 
conductors forming such an electrical circuit 
was broken, the circuit would be completed 
through the liquid across its gap. Though 
the current strength might be decreased in 
this way, the circuit could never be entirely 
opened; neither would the current be limited 
to the submerged metal conductors. There 
would be other flow surrounding the conduc­
tors but not of such great intensity as inside 
the metal conductors. 

(b) Flux is not strictly analogous to current since 
current is rate of flow of electricity while the 
nature of flux is more nearly a state or con­
dition of the medium in which it is established. 

26. Electromagnets 

If a straight vertical conductor carrying an electrical 
current pierces a cardboard as shown in Figure 33, 
there may be detected on the plane of the cardboard a 
magnetic field with lines of magnetic induction en­
circling the conductor. To illustrate further, if iron 
filings are sprinkled on the cardboard, they will form 
visible concentric circles as shown by Figure 34. 

+ 

FIG. 33. M.AONE'l'IC FIELD AROUND CURRENT-CARRYING 
STRAIGHT CONDUCTOR 

Through such observations as these, we learn that 
wherever an electrical current is flowing there is an 
established magnetic field, and the loops formed by 
the encircling lines are always in a plane perpendicular 
to the electrical conductor. 

If in either Figure 33 or 34 a compass is placed near 
the conductor, the needle will align itself tangent to 
some one of the many concentric circles. If the com-

pass is moved slowly around the wire, the needle will 
revolve on its pivot and maintain its tangential rel&­
tion. It will also be found that the direction of the 
lines with respect to the direction of current flow is 
that represented by the arrows in Figure 33. 

+ 

FIGURE 34 

Though this magnetic effect is a positive one, under 
the conditions shown in the figures and even with a very 
strong current in the conductor, the magnetic field 
represented by the concentric circles is relatively weak. 
But if the electrical conductor is made to form a loop, 
the groups of lines forming concentric circles for every 
unit of the conductor's length can be imagined as 
arranging themselves as shown in Figure 35. The 

. closed loops are no longer circular. They become more 
crowded in the space inside the loop of wire and less 
crowded in the space outside the loop of wire. Accord­
ingly, the intensity of the magnetic field within the 
loop is increased. This may be more clearly seen by 
considering the single line which Figure 36 shows en­
closed by imaginary boundaries both within and with­
out the loop of wire. We may express the field in­
tensity in terms of the cross-section of this imaginary 
bounding space. At the point p inside of the loop the 
intensity is such as to give one line for the area repre­
sented by the cross-section a, and at the point P out­
side of the loop the intensity is such as to give one line 
for an area represented by A. 

[ 201 

If, instead of having an electrical circuit consisting 
of one loop of wire, we have a circuit consisting of 
several turns of wire, such as the winding on the spool 
shown in Figure 37, the intensity of the field is multi­
plied by the number of turns of wire. Thus, thevalue 
of the field intensity at any point for two turns would 
be twice that for a single loop; for three turns, three 
times that for a single loop; and for n turns, n times 
that for a single loop, providing the turns are sufficiently 
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· FIG. 35. MAGNETIC FIELD AROUND CuRRBNT-CARRYING Loop 

close together so that the flux leakage between suc­
cessive turns is negligible. 

Comparing Figure 37 with Figure 28, we find that 
the current in the coil of wire creates a magnetic field 
similar to that of the bar magnet. In Figure 33 the 
relation between direction of current flow and direction 
of lines of induction was shown by arrows. We use 
this same relation in Figure 35 and going one step 
farther, we may determine the north and south poles 
of the magnet formed by the coil shown in Figure 37. 
A simple way to remember the relation for any elec­
trical winding is illustrated by Figure 38. Here if we 

A 

FIGURE 36 
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assume current flo · g through a winding in the diree­
tion of "turn" for a right-hand screw, the lines leave 
the point of the sc w which is the north pole and enter 
the slot which is t south pole. 

In Figure 32 t number of lines in the magnetic 
circuit established · y the horseshoe magnet was greatly 
increased by the · sertion of a piece of soft iron be­
tween the north and south poles. Likewise, if in 
Figure 37 the spo 1 shown has a soft iron core, the 
number of lines l be greatly increased. Further, if 
the core of the w· ing is bent in the shape of a horse­
shoe as shown in igure 39, we have the customary 

force. 

27. Relation Betw en Current and Field Intensity 

If we increase t e current strength in the winding 
shown by Figure , we will find that the intensity of 
the magnetic field Jr: increased proportionately. Thus, 
the value of H, or he magnetic field intensity in air, is 
directly proportio al to the current flowing in the 
winding. We ma r accordingly establish a definite 
relation between ~~Id intensity and electrical current 
for any given set o · conditions. 

FIG. 37. MAGNET! FIELD AROUND A1a-Coa11 SoLIINOID 

A winding such , that shown in Figure 37 is called a 
"solenoid". If su,~h a solenoid is very long as com­
pared to its diame~ r, and is constructed with one turn 
of wire to each cen ·meter of length, and the current in 
the winding is one 1 mpere, the field intensity in the air 
on the inside of thE• solenoid can be shown to be equal 
to .4 X 3.1416 or l 26 dynes per unit pole. The field 
intensity inside an long air-core solenoid would then 
be expressed by th following equation: · 

H = 1.26NI 
l 

(15) 

where N is the tot 1 number of turns of the winding, I 
is the current in peres and l is the length of the 
solenoid in centi ters. This equation is apparent 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

since one turn of wire per centimeter for a current of 
one ampere gives 1.26 dynes per unit pole, and the 
intensity is increased proportionally to the current and 
to the number of turns of wire per centimeter of 
length. 

In electrical practice, the term "ampere-turn" is 
frequently used, which merely means the product of 
N and I in Equation (15). 
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The field intensity H may be thought of as the force 
tending to produce magnetic flux in each unit length of 
a magnetic circuit. It is the magnetomotive force per 
centimeter of circuit. Its analogy in the electrical 
circuit is the "distributed EMF" per unit length of a 
uniform conductor, or that element of the electromotive 
force tending to force a current through each unit 
length of conductor. We may therefore express the 
total magnetomotive force of the solenoid in Figure 37 
as the field intensity (magnetomotive force per cm.) 
times the length of the solenoid in centimeters- thus: 

M = H X l = l.26NI (16) 

In the magnetic circuit, the magnetomotive force 
for the complete coil and the reluctance of the com­
plete circuit are not the most convenient quantities for 
practical calculations. The magnetic circuit, though 
analogous in many respects to the electrical circuit, 
does not take a definite form. The lines of induction 
may not be distributed equally throughout the cross­
section of the circuit. There is always present the sur­
rounding air which is an electrical insulator but is not 
a magnetic insulator. We, therefore, use another 
equation more frequently than Equation (14), which is 
likewise in the form of Ohm's Law, but is expressed in 
terms of quantities per unit of magnetic circuit rather 
than for the complete magnetic circuit. 

28. Flux Density, Field Intensity and Permeability 

In discussing field intensity we have thus far con­
sidered it only in connection with magnetic circuits in 
air. However, we have seen that if iron is inserted in a 

solenoid such as that shown by Figure 37, the number 
of lines of induction will be greatly increased. This 
means that the flux density or the number of lines per 
square centimeter of cross-section inside the solenoid 
may be much greater than that setup in air bya field of 
the same intensity. In inserting the iron we have 
greatly lowered the reluctance of the magnetic circuit. 
In lowering the reluctance, the magnetomotive force 
has established a greatly increased flux. We find then 
that if iron is introduced into a magnetic circuit, the 
flux density will depend upon the intensity of the field 
in the air before the iron is inserted, and upon certain 
magnetic properties of the iron, or the adaptability 
of the iron for lowering the reluctance per unit of length. 

As noted above we may think of the field intensity If 
in air in the sense of a definite magnetizing force which 
will set up a greatly increased flux in any unit length of 
iron having a lower reluctance than air. Ordinarily we 
do not use the reluctance of iron per unit length but 
employ instead a term which is inversely proportional 
to reluctance, or is analogous to conductivity in an 
electrical circuit. This term is known as permeability 
and is represented by the Greek letter µ. It is the ratio 
of the magnetic conductivity of a substance to the 
magnetic conductivity of air. Using this ratio, we 
may express the flux per unit cross-section in the form 
of an equation as follows: 

(17) 

or 

B = H Xµ (18) 

where B is the conventional symbol for flux density. 

or 
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Fm. 39. HORSESHOE ~LECTRO•MAONIIT 

This equation may also be written in other forms: 

B 
µ = -H 

II= B 
µ 

(19) 

(20) 
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29. Magnetic Properties of Iron 

Permeability has been compared to electric con­
ductivity. There is one distinction, however, which is 
most essential. The stability of iron under various 
degrees of magnetization is not equal to that of the 
ordinary metallic electrical conductor. In the elec­
trical circuit the resistance or conductivity remains 
very nearly fixed for any degree of current strength, 
unless there is some change in temperature. While the 
same may be said of the magnetic circuit in air, in iron 
the condition is different. As the number of lines of 
induction are increased (or the flux density is in­
creased), the permeability of the iron is changed, and 
any further increase in the magnetizing force ( or field 
intensity) may not mean a proportional increase in the 
flux density. In simpler terms, that property of the 
iron which enables it to establish more lines of induction 
depends entirely upon the number of lines that it al­
ready has. After a certain number per square centi­
meter of cross-section, or a certain flux density, the iron 
becomes less effective and regardless · of any further 
increase in field intensity, the flux density may have 
already become so great that additional lines cannot be 
established any more readily than if the core were of 
air. This condition is called the "saturation point" 
of the iron. 
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F10. 40. B-H CURVE FOR IRON 

30. B-H Curves 

What is said in the preceding article with respect to 
the magnetic properties of iron applies likewise to the 
other magnetic materials (nickel and cobalt), and also 
to all of the magnetic alloys. Table II shows the 
resistance of electrical conductors compared with 
copper. A similar table could be compiled for elec­
trical conductivity by taking the reciprocal of the resis­
tance values shown. Such a table would be analogous 
to a magnetic table for permeability; but to give accu­
rately the permeability for any magnetic material, 
it is necessary to show a complete curve rather than a 
single tabulated value. Such a curve is illustrated by 

[ 23] 

Figure 40 which i taken for a magnetic iron used by 
the Western Elec ic Company in the manufacture of 
certain relays an other telephone apparatus. This 
curve was determ · ed after the iron had been annealed 
for three hours a a temperature of 900° C. Every 

8 
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FtG. 41. -H CURVE FOR PERMALLOY 

as some such curve. A magnetiza­
inarily depend upon many things, 

such as-
(a) Whether c iron, wrought iron, steel or an alloy 

of these th other metals. 
(b) Degree of PJ!1rity. 
(c) Heat treatrl~ent used in preparing the metal. 
(d) Previous m etic history; that is, whether or 

not it h ,, been subject to a high degree of 
magnetiz tion in the past. 

At low values f field intensity ( H below 1.0) the 
magnetic materia permalloy, which is an alloy of 
nickel and iron (p us a small amount of chromium or 
molybdenum in ce tain cases) has a very much higher 
permeability than iron, making it extremeiy useful in 
communication w k where low values of field intensity 
are common. Fig1 re 41 gives B-H curves for a stand­
ard permalloy an a standard iron for low values of 
H; it will be note , that the magnetic flux for a given 
magnetizing force · very much greater in the permalloy 
than in the iron o er the range covered. 

31. Hysteresis 

If a piece of iro is subjected to an increasing mag­
netizing force until the saturation point is reached and 
then the magneti~'ing force is decreased to zero and 
established in the ~pposite directio~ until the satura­
tion point is aga· reached, and if the magnetizing 
force is again decre sed to zero and again increa:;ed until 
the cycle is com p,leted, the relations between flux 
density and field · ensity for all parts of the cycle may 
be represented by curve such as one of those shown by 
Figure 42. This i called the "hysteresis loop". Here 
it is seen that af er the iron has once reached the 
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saturation point, it does not return to its original 
magnetic condition no matter to what magnetizing 
forces it may be subjected. For example, an inspection 
of the hysteresis loop shows that iron will retain a 
certain degree of magnetization after the magnetizing 
influence has been reduced to zero. This is particu­
larly true of hard steel and is the reason that all per­
manent magnets are made of hard steel or a material 
having similar characteristics. The two curves of 
Figure 42 illustrate the difference in the hysteresis 
loops of hard steel and soft iron. The fact that soft 
iron has a narrow hysteresis loop makes it adaptable for 

the cores of electromagnets. We may note here also 
that the hysteresis loop for permalloy is very much 
narrower than that for soft iron at low values of mag­
netizing force. This is illustrated in Figure 43 where 
the hysteresis loop for permalloy and iron are com­
pared. 
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CHAPTER IV 

ELECTRICAL MEASUREMENTS IN/ DIRECT-C 

I 
extreme!! high sistance of the voltmeter winding 

We have been discussing such electrical quantities as k~eps this curren at a negligible value _as compared 
the volt, the ampere, the ohm and the watt, but little with the much l rger currents in the various circuit 
has been said about the electrical instruments that are branch~s. The ii trument is considered, therefore, as 
used to measure these quantities. The more com- measuring the P tential difference between any two 
monly used group of instruments includes the galva- points in a circui t to which its terminals may be con-
nometer, the voltmeter, the ammeter, the Wheatstone nected, rather to an as measuring the small current 
bridge (including a galvanometer) the megger, and the that flows throug l its winding because of the potential 
wattmeter. At this stage of our study it is important difference. Unli e the ga\vanometer, which is used 
that we learn the fundamental principles of these mea- merely to de_tect 1 e ?resence ~f current, the voltmeter 
suring instruments and the distinction between instru- muSt have its t mmals designated as positive and 
ments designed for different purposes, but it is not negative (unless i is a "zero center scale" type). We 
important that we study long descriptions of their have already illu trated the use of . this instrument in 
construction or those details of design pertaining only determining the .M.F. of a battery or a drop in 
to their manufacture. They are ordinarily sealed at potential between two points in a series circuit. 
the factory and are seldom repaired by the field main- The ammeter · likewise an application of the gal-
tenance man. Let us, therefore, concern ourselves vanometer princi le, likewise usually more rugged in 
with the intelligent and skillful use of them and only design, and like ·se has a calibrated scale. But in 
with those principles of their operation that are essen- this case the seal r is calibrated to measure the value 
tial to this. of the current tha ~ flows through its winding instead of 

The galvanometer may be considered the most ele- the electromotive orce across its terminals. We recall 
mentary of electrical measuring instruments in that it is that in Figure 2 flowmeter determined the gallons-
nothing more than a sensitive device for detecting elec- of-water-per-min ite being pumped through a water 
trical (direct) currents. It is not designed to deter- circuit. The am eter is analogous to this flowmeter. 
mine magnitudes of currents but merely their presence. It is inserted dire ly in the path of the current and the 
Naturally its effectiveness in detecting currents of ex- en~ire flow goes t rough the instrument (or through a 
tremely small value depends upon its sensitiveness; calibrated shunt ociated with the instrument). For 
while the galvanometer is the simplest of the group of the same reason to at a water flowmeter should not be so 
instruments used in daily practice, it is one of the most constructed as t retard appreciably the flow of the 
delicate. It ordinarily consists of a coil of several turns wa~er by causing a drop in head, the ammeter must, 
of very fine wire suspended between the poles of a per- unlike the voltme er, have a very low resistance. We 
manent horseshoe magnet and held in a neutral position may, therefore, t k of the ammeter as a "flowmeter" 
by the torsion of fine suspension fibres, or other equally designed with ve low resistance so that it will not 
delicate means. The suspended coil carries a light cause a~ apprecia l e readjustment of current or voltage 
needle which stands at the center of a fixed scale when values ID any ne~ ork when it is inserted to measure 
the coil is in its neutral position with respect to the the current in an one branch. 
permanent magnet. A very small current through the Later we are t discuss the precautions to be taken 
suspended coil will set up a magnetic field that will in the use of ins ruments but just here it might be 
tend to align itself with the field of the permanent stated that where ~er the ammeter is used there should 
magnet and thereby cause a deflection of the needle be a consciousnes11 that Ohm's Law is never failing in 
from its neutral position on the fixed scale. that it applies to every circuit branch, and that the 

The voltmeter (of the revolving coil type) is a gal- current which wi flow through the ammeter will be 
vanometer more ruggedly designed, · having an ex- very large if an appreciable potential is connected 
tremely high resistance and with the scale so calibrated across its termina without other resistance iJ1 the cir-
as to read the potential impressed on the terminals of cuit. As an illustlE tion, if an ammeter bas an internal 
the instrument. Of course the voltmeter deflection is resistance. of .005 ohm and an electromotive force of 
caused by a very small current flowing through the high one volt lS conn, ted to its terminals, the current 

32. The Measuring Instruments 

resistance windmg, but in most simple circuits the t hrough it m a.cc dance with Ohm's Law will be 200 
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amperes. This may be considerably in excess of the 
maximum current value for which the instrument is 
designed. It is well to remember, therefore, that the 
ammeter is an instrument that will cause a short­
circuit when connected across points in a circuit having 
a considerable difference in potential, while the volt­
meter is on the other hand for most practical purposes 
an open circuit, and unless connected to points having 
potentials higher than its greatest scale reading, it 
cannot be damaged from excess current values. In 
the language of the electrician, the ammeter must 
always be inserted and never connected across. 

Voltmeters and ammeters arc manufactured for 
different ranges of voltage and current values and one 
instrument often has several scales. Instruments for 
measuring small values are, prefixed with milli, meaning 
one-thousandth, or micro, meaning one-millionth. 
Thus, we have milliammeter, millivoltmeter, etc. It 
is obvious that an instrument must not be used when 
the value of the voltage or current to be measured is 
likely to be greater than the maximum scale read­
ing. 

If a voltmeter measures at any given instant the 
E.M.F. across any electrical circuit (either branch or 
mains) and an ammeter at the same instant measures 
the current in the same circuit (either branch or mains), 
the product of the two readings is, from the formula 
P = EI, equal to the power in watts supplied to the 
circuit. Meters are designed with both ammeter and 
voltmeter terminals to read this product, or the power 
in watts directly. These are called wattmeters. 

There are two remaining instruments in the com­
monly used group. These are the Wheatstone bridge 
and the megger. The Wheatstone bridge is simply a 
network of resistances which can be used in connection 
with the galvanometer for measuring an unknown 
electrical resistance by an accurate comparison method. 
The megger is a combination of a magneto source of 
electromotive force and a sensitive meter, calibrated 
to read values of very high resistances connected across 
its terminals. A more detailed description and the 
praetical use of these instruments is given in connection 
with the discussion of the various methods of measuring 
resistance. 

33. Measurements of Resistance 

There are numerous methods for measuring electrical 
resistance and the one which is most practical depends 
upon-

(a) the magnitude of the resistance to be measured; 
(b) the conditions under which it is to be measured; 
(c) the degree of accuracy required. 
Probably the most difficult resistance measurements 

are those of extremely low values. Examples of these 
are: the internal resistance of an ammeter ( or the resis-

tance of an ammeter shunt); the resistance of an elec­
trical connection such as the connection between cells 
of a storage battery; the resistance of an electrical 
bond, such as bonds used to prevent electrolysis and 
connected between railroad r3:ils and water pipes or 
from one railroad rail to another. 

Where very low resistances arc to be measured ac­
curately, it is usually a complicated laboratory 
process. Fortunately, we have but few such cases in 
our work, though there are cases where the presence of 
low resistance values is to be determined but not neces­
sarily with a great degree of accuracy. For example, 
in the case of a connection between the cells of a storage 
battery, we may desire to know whether the resistance 
of the connection is greater than it should be. Were 
this to be accurately measured, the measurement would 
be a difficult one to make but it can usually be deter­
mined for practical purposes by some simple test such 
as touching the two sides of the connection with the ter­
minals of a telephone receiver and listening for a click 
due to the potential drop caused by the resistance. 
It follows that we may confine our attention here to the 
practical methods used for measuring either those 
resistance values which arc appreciable, such as the 
ones that are important in simple circuits, or those 
resistance values which are extremely high, such as the 
insulation resistance of cable or open wire conductors. 

a R, b 

-~E 
..!!!!!.. 

FIG. 44. VourMETER-AMMETER RESISTANCE MEAS"IJREMENT 

34. Voltmeter-Ammeter Method 

Figure 44 shows a simple series circuit. Let us 
assume that it is desired to determine the value of the 
resistance R1• We have learned that if a voltmeter is 
connected across the terminals a and b as shown, it 
will measure the potential drop across the resistance. 
But if, at the same instant this reading is taken, an 
ammeter is so inserted as to read the value of the cur-
rent flowing through the resistance R1, we will havenot 
only an E.M.F. reading but a current reading as well 
and from the two, the value of the resistance may be 
calculated by Ohm's Law. 
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Example.: In Figure 44, the voltmeter reading is 5 
volts and the ammeter ireading is J5 ampere; what 
is the value of resistanoe R1? 

Solution: 

/B,.J = :Vi = ! = 11.0ohms a.ns. 
Jll .5 I 

35 . . Drop in Potential :Method 

If in Figure 45 it .is desired to determine the value of 
the resistance Jl1, the "drop in potential method" 
can be used if a secood resistance Rs of mown value is 
inserted in series and the voltage drops across both R1 
and Rs are measured.. Since the two resistances are 
in series, the same current is flowing through both and 
from Ohm's Law: 

Therefore, 

and also I = Vi 
Rs 

V, _ V2 
R1 - Rs 

which may be written, either­

Vi R1 
Vi= Rs 

or 

v, 
R1 = R,,.­

V2 
(21) 

Example: If in Figure 45 the value of Rs is 10 ohms 
and the drop across it is 12 volts, what is the value 
of R1 which has a drop of 8 volts? 

Solution: 

v, 8 
R, = Rs Vi = 10 X 12 = 6.67 ohms, ans. 

36. Insulation Measurements 

The application of the drop in potential method 
which has greatest importance in telephone and tele­
graph work is its special adaptation to insulation 
measurements. 

If the series circuit in Figure 45 contains no resis­
tance other than R, and R2, it is not necessary to 
measure the drop across R, because it will be equal to 
the potential of the battery minus the drop across Rs. 
The formula for this special case may then be written-

E-V, 
R, = R,--­V, 

where Eis the E.M.F. of the battery. 

(22) 

If R, is very high in value such as a "leak" due to 
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poor insulation, i can be measured using formula (22) 
but instead of u g a second known resistance, the 
voltmeter itself m y be inserted in series with the bat-

F10. 45. DROP IN OTltNTIAL RlllSISTANClt MlllA.SUREMENT 

tery and R, as sh wn in Figure 46. The reading Vz 
then applies to t e drop across the voltmeter's own 
resistance which, has been previously stated, is very 
high. But since t e resistance being-measured is very 
high, this gives ater accuracy than if a known re­
sistance Rs havin I a lower value were inserted and a 
drop of lower val r measured across it. As a matter 
of fact, voltmeter used for measuring insulation are 
especially designe to have abnormally high internal 
resistance; the on used in the standard testboard 
testing circuits ha e a resistance of 100,000 ohms. 

R, 

a b 

FIG. 46. NSULATION Ml:ASURl!lMJ:NT 

Figure 47 shows the drop of potential method with 
series voltmeter fo measuring the insulation of a con­
denser. Figure 48 shows a "leak" between two cable 
conductors and Fi re 49 a "leak" between an open 
wire and ground, ~oth being measured in the same 
manner. I 

For this applica.tion formula (22) is ordinarily 
written-

E-V 
X=r-V-
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or 

(23) 

where X is the unknown insulation resistance in ohms 
and corresponds to R1, r is the resistance of the volt­
meter and corresponds to Rt, E is the voltage of the 
battery and V is the voltmeter deflection. 

T t 
FIGURE 47 

Example: The voltmeter shown in Figure 47 has a 
resistance of 100,000 ohms. If it reads 8 volts as 
shown and 150 volts when connected directly 
across the battery terminals, what is the insulation 
resistance of the condenser? 

Solution: 

X=r[i-1] 
= 100,000 [

1
:

0 
- 1] 

= 1,775,000 ohms, ans. 

Note : Insulation resistance is usually expressed in 
megohms instead of ohms on account of its nor­
mally high value. One megohm equals one million 
ohms. Formula (23) may accordingly be written: 

X = r [i- l] + 1,000,000, 

where X is insulation resistance in megohms in­
stead of ohms. 

1n the standard testboard circuits, dry cell batteries 
a.re ordinarily used for insulation testing batteries and 

Leak bue to 
Moisture 

FIG. 48. METALLIC INSULATION TEST 

E 

High 
lesis+.ance 

Leak 

.:t. i: G=-
~ ' ~-----------------------------------~ Ground Return 

Flo. 49. TEST FOR INSULATION OF 8INGL111 WIRE 

these are wired metallic; that is, they have neither the 
positive nor negative terminal grounded. In some 
cases, however, it is necessary to measure insulation 
across a pair of wires such as cable conductors using a 
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Cable Pair 

FIGURE 50 

permanently grounded testing battery (such as a 120-
volt telegraph battery tap). Figure 50 shows such a 
test, but here the "metallic" 9r "mutual" insulation is 
not distinct from the "wire to ground" insulation on 
account of one conductor being grounded. It is neces­
sary in this case to take two readings, one with one 
conductor grounded and the other with the second 
conductor grounded. Figure 51 shows a reversing key 
wired in the testing circuit to facilitate this test. While 
neither oi the two readings gives the mutual resis­
tance, it may be calculated from these readings and 
readings for the single conductors to ground. 

Cable Pair 

F'tGURJt 51 

When determining the insulation resistance of cable 
or open wire pairs, the value is ordinarily expressed 
as the average resistance per mile rather than a value for 
the entire circuit. In calculating the resistance per mile 
value, it is assumed that each mile of wire (or circuit) 
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has a concentrated leak and that these are all equal as 
shown in Figure 52. It is further assumed that the 
series resistance of the wire is negligible compared with 
the insulation resistance. Formula (23) when ex-

FIGURE 52 

pressed for X equal to the resistance per mile instead of 
the entire circuit becomes-

X = rl [; - 1] in ohms (24) 

or 

X = rl [; - 1] + 1,000,000 in megohms, 

where l is the length of the circuit in miles in both ca.ses. 

Example: Assume the wire shown in Figure 52 to 

[ 291 

be 20 miles l~ng and the voltmeter to have a resis­
tance of 100,C ohms. What is the insulation of the 
wire to gro d in megohms per mile if the battery 
E.M.F. is 15 and the voltmeter reading is 15? 

Solution: 

X = rl ; - 1] + 1,000,000 

= (1 0,000 X 20) X [W - 1] 

1,000,000 

= 1 megohms per mile, ans. 

The megger wJlks on the same principle as the series 
meter method buj uses, instead of a battery, a magneto 
with a speed gc verning device, which generates a 
constant E.M.F. It also includes a meter calibrated 
to read megoh directly, instead of volts. The gen­
erator potential ii! much higher than the battery poten­
tials used for felephone testing, 400 volts being 
ordinarily used n the more common types. The 
internal resistan e of the meter (and generator) are 
extremely high a1 d the generated voltage cannot sus­
tain any appre , iable current, thereby making the 
instrument safe f r practical work. 
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CHAPTER V 

ELECTRICAL MEASUREMENTS IN DIRECT CURRENT _CIRCUITS-( Continued) 

37. Theory of the Wheatstone Bridge 

The Wheatstone bridge has been described as a net­
work of resistances that may be used in connection with 
a galvanometer to measure unknown resistance values. 
An analysis of its theory is the next step in order after 
the study of the potential drop method of measuring 
resistance. 

In Figure 53, the voltmeter has one terminal per­
manently connected to a and the other terminal may 

a p p' b 

-
FIGURE 53 

be moved along the resistance ab. The voltmeter 
reading will be zero when both terminals are at a, and 
will gradually increase as the point P is moved toward 
b. We shall find that the potential drop measured 
between the points a and P is always proportional to 
that part of the resistance between a and P, or we 
may write: 

aP V 
aP' - V' 

where V' is the potential drop measured between a 

b 

- C P' d 

-
FIGURE 54 

and any other point P'. 
If instead of having one resistance as shown in Figure 

53, we have two parallel resistances as shown in Figure 
54, and one terminal of the voltmeter is moved along 
resistance ab while the other terminal is moved along 
resistance cd, we shall find that when that part of the 
resistance ab between the points a and Pis proportional 
to that part of the resistance cd between the points 
c and P', the difference in potential between the points 
P and P' will be zero and there will be no readiQg of 
the voltmeter. Mathematically, this may be ex­
pressed: 

aP ab 
cP' - cd 

Likewise, we may develop a similar expression for the 
remaining part of the resistance: 

Pb ab 
P'd - cd 

From these two relations, we may write: 

aP Pb 
cP' - P'd 

(25) 

This merely means that potential drop always dis­
tributes itself proportionally along one or more resis­
tances. In Figure 55 let us assume that the resistances 

[ 30] 

-~E -
FIGURE 55 

represented by the branch A, the branch B, and the 
branch R, are known, and that the resistance shown 
as the branch X is unknown. Inasmuch as the meter 
connected between the points P and P' is merely being 
used to determine that these two points have the same 
potential, a galvanometer can be employed instead of a 
voltmeter, and will be preferable in that it is more 
sensitive. If there is no deflection in the galvanometer 
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needle, we may write the same relation as was given by 
Equation (25), namely: 

A B 
or X = R 

This equation can be expressed: 

A 
X = - R 

B 
(26) 

which is the usual equation of the Wheatstone bridge. 
Figure 56 illustrates the · conventional method of 

showing the Wheatstone bridge. It is almost identical 

1~
5

•-- ----• l•l•l•l1a------~ 
FIG. 56. STANDARD WHEATSTONE BRIDGE CONVENTION 

to the arrangements shown by Figure 55, but has the 
resistances connected in a diamond shaped diagram. 

~ S1 is a switch for disconnecting the battery when not in 
use, and S2 is a similar switch for disconnecting the 
galvanometer. Binding posts are shown for con­
necting the unknown resistance to be measured, which 
is usually designated as X. The resistances A and B 
are called the ratio arms of the bridge and the resistance 
R is variable so that for any unknown resistance X, 
the value of R may be adjusted to obtain a perfect 
balance, or to bring the galvanometer needle to the 
stationary or zero point on the scale. Though Figure 
56 shows the resistance branch R as variable and the 
arms A and B as fixed, a balance could also be obtained 
by changing the ratio A/ B in formula (26) instead of 
varying the value of R. 

I ;.. 

the "Wheatstone Bridge per K~ll". The dial 
and circuit arrangements of the three last named 
bridges are shown by Figures 58, 59, and 60 and the 
theory is shown by Figure 57. The portable bridge 
has both the battery and galvanometer mounted inside 
the case and is arranged for making simple resistance 
measurements, Varley loop tests, and Murray loop 
tests. 

' ~·· _ --- ---- t . - · 1•1•1•1---------' 
FIGURE 57 

The ;, 12001 bridge was designed for the ;, 4 test­
board testing circuit. The galvanometer is mounted 
in a separate case which in turn mounts inside the bridge 
case in such manner that it may be conveniently re­
moved. All connections are brought out to binding 
posts so that various testing combinations can be 
secured with the particular key arrangement of the 
# 4 testboard testing circuit. The galvanometer is 
equipped with resistance shunts and has a coil resis­
tance of 288 ohms. Dials are used for the A and B 
arms and for the variable balancing arm, but no sliding 
contacts are exposed. 

The Wheatstone bridge per KS-3011 is designed· for 
use in both the M 4 and M 5 toll testboards and is of a 
type similar to the fli 12001 bridge but is somewhat 
more accurate. It employs a reflection type galva­
nometer having a lamp and scale instead of a needle, 
which permits the detection of smaller current values 
than is possible with the preceding type of bridges. 
The ratio arms are controlled by a single dial which 
gives the ratio A/ B directly for nine values as follows: In all forms of the Wheatstone bridge it is permissible 

to reverse the connections for the battery and the gal-
vanometer in so far as these connections concern the IOOO, lOO, 10, l, t, ¼, -h, rh, ~ 
theory of operation. Thus, in Figure 56 the galva- In addition, one position of the dial designated as 
nometer and dry cell could be interchanged without in M-1000 is for use in making open location measurements 
any way affecting the operation of the bridge. and Murray loop tests, as outlined in Article 40. The 

There are many commercial types of Wheatstone rheostat arm hll;S a total resistance of 9999 ohms and is 
bridge testing instruments. There are four in par- adjustable by means of four inverted dials in steps of 
ticular that are used extensively in telephone and tele- one ohm. The resistances in the rheost~t arm are 
graph work. One is a small portable type bridge, which accurate to fi of 1 per cent and in the ratio arms to 
is also used sometimes at local test desks. The others iv of 1 per cent. Three additional dials are pro-
are especially designed bridges for use in connection vided for use in connection with open location tests. 
with toll testboards and are known as the " M 12001 The Wheatstone bridge per K~ll is for use pri-
Bridge", the "Wheatstone Bridge per KS-3011 ", and marily in toll cable offices, but may be used for trouble 

[ 31 l 
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location tests on open wire. It provides for certain 
improved methods of operation and greater accuracy in 
determining and locating faults than is possible with 
former types of Wheatstone bridge testing units. 

In general, the operating principles of the KS-5411 
bridge are the same as those for the KS-3011 bridge and 
other similar types. Each KS-5411 bridge is individual 
to the testboard position it occupies and cannot be 
associated with testing circuits in other positions, as is 
possible with other types of bridges. The galvanom­
eter is of the double suspension type and employs a 
permanent magnetic field. By locating the galva­
nometer in the lower part of the testboard unit, as 
illustrated in Figure 61, high insulation, a long light 
beam, and consequent high sensitivity is realized. 

The principal electrical features of the KS-5411 
bridge unit are its increased accuracy and sensitivity, 
the improved methods of insulating, and the use of an 
individual four-cycle interrupter for use in open location 
and certain other tests. 

Dial setting ratios, as shown below, are provided in 
the bridge circuit for use as required: 

1000, 100, 10, 1,t,rir,rh,Tfu 

In addition, two positions of the dial designated as 

M Open l_..j .01 

.001 

<D 
Zero 
Ad. 

0 0 
BK GK 

, 0 

(8 
a , tO 

2 , 0 

(B 
8 9 10 

2 1 0 

(8 8, ,0 

2 1 0 

(□ 
8 910 

Dial Arrangement 

M-1000, and M-10,000 are provided for use in making 
Murray loop tests and open location tests. 

38. SimQle Loop Tests or Plain Resistance Measure­
ments 

In the telephone and telegraph plant, the Wheatstone 
bridge is used extensively in locating faults in both 
cable and open wire conductors. The simplest test 
of this kind is the location of a cross between two wires. 
Figure 62 shows the Wheatstone bridge connected to 
the office end of a cable pair which has its conductors 
crossed together some distance from the office. If 
the cross itself has zero resistance (i.e., if the wires are 
"dead crossed") the location is a simple one. The 
unknown resistance as measured is merely the loop 
resistance of the pair of cable conductors from the office 
to the point of the defect, and this length may be easily 
determined from the resistance measurement and the 
values given in Table IV, or by comparison with the 
measured resistance of another loop of known length. 

Example: In Figure 62 the cable conductors are 
!¥ 19 B. & S. gage, and the cross between con­
ductors is assumed to have zero resistance. If 
the value of X, as measured by the Wheatstone 
bridge, is 55 ohms, how far is the cross from the 
telephone office? 

SK + R - J GA 

Wiring Diagram 

Fxo. 58. NUMBER 12001 WHEATSTONE BRIDGE 
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TERII. ON 
BRIDGE 
GUARD PLATE • 

GZ 
• 

C.1 

• 

• • 
KS-5411 

e e 

0 

(l) 

0 e e 0 0 • 0 0 • 

·•~ffE$ 
6) INT$ • • s • 6) 

GALV XR a r ST INT R·AC 

◊ ¢ ¢ ¢ ¢ 
GRO POT GALV·DC XR LOW r-AC 

0 • e 0 e e e,VOLT 0 e 0 

• 8 • • $ • $ IAT • • 6) 

IIUII LOOP XA a r INT REV BAT 
0 ¢ ¢ ¢ ¢ <J 

LOOP a IIUR VAR XA T·IRI BAT 
f> VAR 

0 0
a INS

0 0 0 0 a INS
0 0 • 

0 

$ s. • • • $ s $ $ 

Dial and Keyshelf Arrangement 

Bridge Unit Wiring Diagram 

FIG. 60. WHEATSTONE BRIDGE PER KS-5411 
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Bridge Unit 
per KS· 5411 

Pilot Mirror --➔-11--

Target 

Lamp Assembly 

i-----+-1- Path or lmaae 

- Section Framework 

Galvanometer 
Mirror 

Galvanometer 
lens 

F10. 61. OPTICAL ARRANGEMENT OF KS-5411 BRIOGE 

Solution: Let d = distance in miles 
Loop resistance of cable per mile from Table IV 
is 85.01 ohms 
X = 55 ohms 
d = 55 + 85.01 = .657 mile, ans. 

If the cross shown in Figure 62 should itself have a 
resistance value, which is quite often the case, the value 
of X as measured by the Wheatstone bridge would be 
equal to the loop resistance of the cable conductors from 
the office to the defect plus the resistance of the · cross 
itself. In this case the defect, on account of having a 
definite resistance value, might be located at any inter­
mediate point between the office and .657 mile from the 
office. It is, therefore, necessary in using the loop 
method to make two measurements to accurately deter­
mine the location of any cross when it is not definitely 
known that it has zero resistance. The simplest way 
to determine if it has zero resistance is to make one 
measurement with the distant end of the cable pair 
open, and another with the distant end of the cable pair 
short-circuited. If these two measurements are the 
·same, which means that opening or closing the distant 
end of the cable pair does not in any way affect the 
measurement, the cross is known to have zero resis­
tance (dead crossed). If the measurement with the 
distant end of the cable pair crossed is lower in value 
than the measurement with the distant end of the cable 
pair open, the cross itself has some definite resistance 
value, and the location, instead of being .657 mile 
away, is some point between .657 mile away and the 
office. One way to determine the exact location in this 

[ 35 l 

case is to make loop measurements from each end of 
the cable pair, and to calculate an imaginary location 
from each measurement on the assumption of a zero 
cross. The location, when calculated from the mea­
surement made at the office end, will be too far away, 
and when calculated from the measurement made at 
the distant end, will be too near the office. The actual 

Cable 
.... 

Cross 

F10. 62. Loop RESISTANCE MEASORl'JMENT TO CROSS 

location is the mean, or point half way between the 
two. Of course, in practice it is oftentimes not con­
venient to transfer the Wheatstone bridge to the distant 
end of the circuit in order to make measurements from 
that end. A substitute for this method, which amounts 
to the same thing, is to connect the distant end of the 
defective pair to a good cable pair as shown in Figure 
63. This permits testing in both directions from the 
same office. If the exact length of the good pair is 
not known, it can always be determined by making a 
measurement with the distant end crossed. 

Note: It will be learned in the next article that the 
quickest and most accurate method of locating a ­
cross in practice is by the metallic Varley. But 
the theory underlying the foregoing should be 
thoroughly mastered before taking up the later 
type of test. 

Example: In Figure 63 the good cable p<1.ir when 
short-circuited at the distant end has a loop resis-

~~--~ 
X Defective Pa~__=Jj 

Good Pair 

E 

L------l 111111----... 
FIGURE 63 
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tance of 63 ohms. When connected to the defective 
pair as shown, the measurement from the office 
to the cross over the good pair and the distant end 
of the defective pair is 108 ohms. · The measure­
ment from the office to the cross on the defective 
pair· is 37 ohms. What is the distance in miles 
from the office to the defect, and what is the 
resistance of the cross if the cable pairs are 19 
B. & S. gage? 

Solution: Assume first that the cross has zero resis­
tance. The imaginary distance from the office 
according to the measurement on the defective 
pair is as follows: 

di = 8:~l = .435 mile 

The length of the good pair is: 

l = 8!tl = .741 mile 

The imaginary distance from the distant end is: 

l - dt = 8~~~1 - .741 = .529 mile 

Then the actual cross is at point half way between 
.435 mile from the near office and .529 mile from 
the distant office or .741- .529 = .212 mile from 
the near office. The actual location is therefore 

.435 + .212 _ 323 ·1 
2 

- . rm e, ans. 

The resistance of the cross caused an error in the 
single measurement location of .435 - .323 = .112 
mile of cable pair. This expressed as resistance 
is .112 X 85.01 = 9.5 ohms, ans. 

Anothe~ application of the simple loop resistance 
measurement is to determine any inequality in the 
resistance of individual conductors, or as is commonly 
expressed, to locate "resistance unbalances" due to 
such causes as defective splices in cable pairs or de­
fective sleeve joints in open wire. This test, requiring 
at least three conductors, is ordinarily made by having 
the conductors crossed at the distant end and making 
measurements on various combinations: 

Example: It is desired to determine the amount of 
resistance unbalance for the conductors of a 
phantom group between points A and B. The 
Wheatstone bridge is located at A. The wires are 
designated 1, 2, 3 and 4 and the testboa.rdman at 
B has crossed all four wires together. 

Procedure: Meas~re the loop resistance with the 
bridge connected to wires 1 and 2. Let us assume 
a reading of 90 ohms. 

Measure the loop resistance with the bridge 
connected to wires 2 and 3. Let us assume a 
reading of 90 ohms. 

Measure the loop resistance with the bridge 
connected to wires 1 and 3. Let us assume a 
reading of 88 ohms. 

Measure the loop resistance with the bridge 
/ connected to wires 1 and 4. Let us assume a 

reading of 88 ohms. 

Solution: W1 + W2 = 90 
W2 + Wa = 90 
W1 + Ws = 88 

(a) 
(b) 
(c) • 

Subtracting equation (b) from equation (a) we 
have: 

-

W1 - Wa = 0 (d) 
Adding (c) and (d) we have 

2W1 = 88, or W1 = 44 ohms 
Substituting in (a) we have 

44 + W2 = 90 ohms or W2 = 46 9hms 
Substituting in (c) we have 

44 + Wa = 88 ohms or W3 = 44 ohms 
And since W1 + W, = 88, we likewise have 

44 + W, = 88 or W, = 44 ohms 
Thus we learn Wt has a resistance unbalance of 
2 ohms, ans . 

=E ! _ Batt-ery return throu~ Ground 

FIG. 64. GROUNDED VARLEY TEST 

39. Varley Loop Tests 

[ 36 l 

A Wheatstone bridge may be used to locate a defect 
due to a grounded open .wirP. or cable conductor as well 
as a defect due to a cross between conductors. There 
are two recognized methods of making tests of this kind. 
One is known as the Varley loop test and is the more 
generally used; the other is known as the Murray loop 
test. Figure 64 shows the theory of the Varley loop 
test. 

In comparing this figure with Figure 56, we. can 
recognize a Wheatstone bridge circuit with the con­
nections made in a little different way, The variable 
resistance R is in series with the resistance d of the 
defective wire from the office to the fault. The 
resistance X of Figure 56 becomes in Figure 64 the 
series resistance l of the good wire from the office to 
the distant end, plus the resistance x of the defective 

I 
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wire from the distant end to the fault. The battery 
connection is made through the ground to the fault 
itself. When a balance is obtained in this circuit, the 
value of R is equal to the loop resistance of the circuit 
from the defect to the distant end, if the A and B arms 
are equal. This may be seen by inspection, for it is 
evident that the adjustment of the R arm of the bridge 
is used merely to add resistance to the defective wire 
and since the resistance of the defective wire from the 
bridge to the fault balances an equal length of the good 
wire, the value of R when the bridge is balanced equals 
the resistance of the loop from the defect to the distant 
end. 

Example: In Figure 64 the bridge is connected to a 
30-mile circuit of 104 open wire. Each of the arms 
A and Bis set at 1000 ohms. If the reading for 
the value of R is 22 ohms, how far is the ground 
from the office making the test? 

Solution: Table IV gives 10 ohms per mile for the 
loop resistance of 104 copper wire. The measure­
ment of 22 ohms represents the resistance of the 
loop from the defect to the distant end. This dis­
tance is therefore 22/ 10 = 2.2 miles. If the cir­
cuit is 30 miles long, the defect is located 30 -
2.2 or 27.8 miles from the measuring office, ans. 

The above example assumes that the two wires of 
Figure 64 are alike, and that the loop resistance values 
per mile given in the table are correct under all condi­
tions. Although the first assumption will usually be 
true in practice, unit resistance values may vary ap­
preciably due to temperature differences. In either 
event, it is still possible to locate the fault, by making 
an ordinary loop resistance measurement on the pair, 
in addition to the Varley measurement. 

Thus, referring again to Figure 64, it will be seen that 
when a Varley balance is obtained, with the bridge ratio 
arms equal-

(a) 

or 

d = (l + x) - R (b) 

This, of course, is true regardless of whether the good 
and the defective wires are of the same make-up. 

Similarly, if the loop resistance L is measured, we 
have-

(c) 

from which 

(d) 

In other words I the loop resistance from the measuring 
end to the faull is equal to the loop resistance measure­
ment minus tl1e Varley measurement. Since we do 
not know the u,nit resistance value of the two wires, we 
still do not kniow the distance to the fault. It is ob­
vious, however that if the wires are of uniform make-up 
throughout their whole length, the ratio of the distance 
to the fault to ·the total length of the line will be equal 
to the ratio of the loop resistance to the fault to the 
total loop resisllance. That is, if we designate the dis­
tance to the fault k and the total length of the line, D, 
then-

from which 

2d 
k=-y;XD 

or, applying (e) above-

k = L - RX D 
L 

(g) 

(h) 

Example: A&fume as in the above example that the 
total circuij length is 30 miles and that the Varley 
reading is ,2 ohms with the ratio arms equal. If 
a loop res stance measurement gives 300 ohms, 
what is distiance of the ground from the measuring 
end? 

Solution: 

300 - 22 . k = • 
00 

X 30 = 27.8 mtles, ans. 

A modificatJ n of the Varley test may be used for 
accurately meauuring resistance unbalances, which is 
in some respect preferable to the method of combina­
tion loop mea rements described in the foregoing 
article. It is c~1lled the metallic Varley, and is shown 
by Figure 65-A. In making this test, all wires are 
short-circuited at the distant end in the same manner as 
when making a !1eries of loop tests for the various com­
binations of wi11cs. At the testing office, one wire of 
the combination is used for the battery return, instead 
of a circuit formed by grounding at the distant office. 
Two of the rem ining wires are then connected to the 
bridge and R is <ljusted to give a balance. If a balance 
cannot at first bi! secured, this indicates that the higher 
resistance wire i.s in series with R and the connections 
to the bridge t~rminals are reversed. If the arms A 
and B are equal , the value of R then obtained repre­
sents the difference between the resistance of the two 
wires, and no ,calculations are required. When all 
combinations of Ml'ires are tested by the metallic Varley 

d = L - (l + x) 

Now, adding (b) and (d), we get 

2d=L-R (e) excepting the ba.ttery return wire, this wire may be 
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interchanged with any one of the others and included 
in the tests. 

A similar test requiring only three wires is commonly 
used in testboard work for locating crosses, particularly 

In locating a cross by this method i~ practice, it is 
only necessary to make a Varley measurement as 
described above and a loop resistance measurement on 
the pair consisting of the good third wire and one wire 

those having high resistance. As 
noted in the preceding article, the 
location of a cross having resistance 
by the use of loop resistance measure­
ments involves certain difficulties. By 
using a good third wire of the same 
gage as that of the pair in trouble, and 
connecting the bridge for a metallic 
Varley measurement as shown in Fig­
ure 65-B, the resistance of the cross is 
removed from the "balanced" circuit 
of the bridge and placed in the battery 
circuit. Here it has no effect on the 
measurement, providing its resistance 
is not so high that the current supplied 
to the bridge is insufficient for its 
satisfactory operation. As may be 
seen from the diagram of connections, 
when the bridge is balanced with equal 
values in the ratio arms A and B, the 
resistance of the good third wire, plus 
the resistance of one wire of the crossed 

P
air from the distant end to the fault, TEsTsHELF oF No. 5 TEsTBOARD SHow1NG VoLTMETEn AND WHEATSTONE BmoGE 

TESTING ARRANOE~IEN'f 

is equal to the resistance of one wire 
from the fault to the measuring end plus the resistance, 
R, in the rheostat arm of the bridge; or, we may write-

from which-

l + (l - d) = d + R 

2l - R 
d= --

2 

Unbolance 

A. 

I 
Third Wire 

----d-----' 

B. 
F10. 65. METALLIC VARLEY TESTS 

Cross 

Cross 

I 

of the crossed pair, shorted together at the distant end. 
Then the loop resistance of the crossed pair from the 
measuring end to the fault may be obtained directly 
by subtracting the Varley reading from the loop resis­
tance reading. 

The Varley test may also be used for locating a cross 
between one wire of a circuit and some other wire, of 
different characteristics such as one wire of an iron 
circuit. The procedure here is to ground the wire of 
the second circuit, cross the first circuit at the distant 
end, connect the bridge to it and locate the ground by 
the Varley method described above, which is equivalent 
to locating the cross. 

40. Murray Loop Tests 

The theory of the Murray loop test is similar to that 
of the Varley. But instead of setting the arms A and B 
to have equal values and using the adjustable dials R 
to compensate for the difference in wire resistance 
between the good wire connection and the defective 
wire connection, the "arm B is eliminated altogether 
and the variable resistance arm is connected in its 
place as shown in Figure 66. In this arrangement, the 
ratio of. the reading R to the setting of the arm A is 
equal to the ratio of the resistance of the defective wire 
from the measuring office to the ground to the resis­
tance of this same wire from the ground to the distant 
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office plus the resistance of the good wire, or expressed 
mathematically-

R l - d 
A= l +d 

This, of course, assumes that the defective and good 
wires have the same series resistance per mile, as would 
ordinarily be the case where for any given circuit being 
tested the defective wire's mate is used. 

-~E i-_ Botter:y retum thrt>ugh Ground 

Fro. 66. MuRRAY TEST 

Example: In Figure 66, the arm A is set at 1000 
ohms, and the bridge is balanced by varying the 
arm R. If the value of R is 634 ohms and the 
length of the circuit under test is 65 miles, what is 
the distance from the testing office to the fault? 

Solution: The simple bridge relation gives 

R l - d 

or, 

A - l + d 

634 _ (65 - d) X res. per mile 
1000 - (65 + d) X res. per mile 

If the resistance per mile of each wire is the same, 
this factor will cancel and we have-

634 65-d 
1000 = 65 + d 

which gives by cross multiplying 

634 (65 + d) = 1000 .(65 - d), 

or 

1634d = 23790 

from which 

d = 14.56 miles 

l - d = 50.44 miles, ans. 

tests various complicating factors such as temperature 
variations, effect of loading coils, short lengths of 
cable, irregular facilities, etc., which must all be con­
sidered if accurate locations are to be made. 

For instance, in the majority of toll cables, parts of 
each section are aerial and other parts are underground. 
'There is usually a considerable temperature difference 
between the two types of facilities, as a result of which 
the resistance of the wires in the two types of facilities is 
different. It is therefore necessary to apply correction 
factors to the measurements taken in order to accu­
rately locate a fault. The details of how these various 
factors are taken care of in practice present a rather 
complete study in themselves, however, and their con­
sideration is necessarily beyond the scope of this book. 
The intent here has been only to treat a few of the out­
standing testing methods in a more or less theoretical • 
way, with a view to establishing the general principles 
upon which all testing ·work is based. 

No. 5 PRIMARY TESTBOARD 

41. Precautions to be Taken in the Use of Measuring 
Instruments 

The intelligent use of the electrical measuring in­
struments described in this chapter and in Chapter IV 
depends upon skill and care, as well as upon an under­
standing of the theory of each test made. There ·are 
numerous precautions to be taken, some of which are to 

There are a number of other standard tests made be learned only through experience, but a few cardinal 
with the Wheatstone bridge and with these as well as ones are listed here and may be studied accordingly. 
with the tests that have been described, the procedure In the use of all testing instruments there is one im-
in practice is somewhat more involved than the simple portant motive,- the most accurate results possible 
theory might indicate. There are in nearly all practical should be secured without damaging the instruments. 
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a. Precautions should be taken against dropping or 
jarring electrical measuring instruments, par­
ticularly galvanometers, voltmeters, ammeters, 
and wattmeters. Instruments of this class 
have revolving coils, either suspended in a. 
delicate manner or equipped with jewelled 
bearings. Jarring may permanently damage 
the instruments or impair their accuracy. 

b. Electrical measuring instruments should be kept 
free from dampness. 

c. Instruments should never be connected to cir­
cuits where the values to be measured are 
likely to be greater than the highest scale 
reading, and the low resistance coils of a 
Wheatstone bridge should not have E.M.F.'s 
impressed across them sufficiently high to 
cause currents greater than the carrying 
capacity of these coils. In general, for ordi­
nary testing, the A and B arms should not be 
set upon low values if the voltage of the testing 
battery is comparatively high. 

d. MilJiaroroeters and millivoltmeters are designed 
for measuring millivolts and milliamperes, not 
volts and amperes. 

e. Ammeters must always be inserted in series and 
never across any branch or any part of an 
electrical circuit. 

f. In any Wheatstone bridge test, the galvanometer 
and the battery key should not be closed ex­
cepting when the tester is actually endeavoring 
to obtain a bridge balance. If the galva­
nometer is equipped with a shunt, the lowest 
resistance shunt should be bridged across the 
galvanometer when beginning to obtain a 
balance. When an approximate balance is 
obtained in this way, the next lowest value 
shunt should be bridged, and thus by degrees 
the galvanometer coil may be connected into 
the circuit. 

g. In making Wheatstone bridge measurements, 
precautions should be taken against extraneous 
sources of E.M.F. such as ringing current, 
cords with battery, telegraph legs, etc. being 
connected to the circuit at the distant end or 
at some intermediate point while a measure­
ment is being made. 

h. For accuracy when reading scales of electrical 
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instruments the eye should be directly over the 
needle, that is, the line of vision should be per­
pendicular to the scale. Some instruments a.re 
equipped with small mirrors beneath the needle 
in order to guard against reading the scale 
at an angle. When the image of the needle 
in the mirror is directly beneath the needle, the 
eye is perpendicular to the scale. An error 
ca.used by the eye not being perpendicular to 
the scale is called error due to parallax. 

1. When an indicating instrument is not connected, 
the needle should stand on zero of the scale. 
Most instruments are equipped with some 
device such as a screw-head adjustment for cor­
recting the zero position of the needle. 

j. Delicate instruments are usually equipped with 
some device for clamping the needle when not 
in use. This often prevents damage from 
jarring. Instruments not equipped with a 
clamping device may have their ,coils "damp­
ened" by short-circuiting their terminals. 
Care must be taken that the short-circuit is 
removed before using the instrument. 

k. Errors are often encountered in Wheatstone 
bridge measurements on long cable and open 
wire circuits due to foreign potentials caused by 
induction, ground potentials, etc. To correct 
for these, it is often necessary to reverse the 
polarity of the testing battery and make a 
second measurement. The average of the 
two measurements may be recorded as the 
correct one. 

1. In making Wheatstone bridge mea.suremen·ts, 
precautions should be taken that the circuit 
under test is absolutely cleared of all bridged 
or other apparatus not permanently associated 
with the circuit and essential for giving simple 
continuity. 

m. Beware of loose connections. Make sure that 
all connections to binding posts or elsewhere 
have zero resistance. Do not use high resis­
tance wires for leads. 

n. Make a mental estimate of the value you expect 
to read from your knowledge of the conditions. 
This will often prevent mistakes due to errors 
that are obvious, and will usually prevent the 
improper use of the instruments. 
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CHAPTER VI 

THE DIRECT-CURRENT DYNAMO-ELECTRIC 

42. Induced Electromotive Force 

Chapter III describes how lines of magnetic induc­
tion exist around any wire in which there is an electrical 
current. Not only does a current establish such a field, 
but conversely a magnetic field can be made to create 
an electromotive force. Voltage may be induced in 
any conductor by moving it through a magnetic field 
in such a manner that it "cuts" the magnetic lines. If 
the wire indicated in cross-section by the circle in 
Figure 67 is moved horizontally to the right through the 
magnetic lines having a direction vertically downward, 
it may be considered that the wire displaces or 
"stretches" the lines, which may be thought of as 
possessing a certain elasticity. This finally causes 
them to wrap themselves around the conductor, as 
shown. Referring to Figure 38 in Chapter III and 
applying this figure conversely to our new conditions, 
we find that a magnetic field which loops around a con­
ductor in a clockwise direction, gives rise to a current 
flowing into the conductor as seen in cross-section. 
This is illustrated in Figure 67-D and E. 

-·i-i-1-t 
(A) (B) (C) (D) 

l!i1J 
~Out 

In [s1l 
(E) 

FIG. 67. WIRE MOVING THROUGH MAGNETIC FIELD 

This rule, stated in another way, is called the right­
hand rule for remembering the induced E.M.F. rela­
tion. It is illustrated in Figure 68. The forefinger of 

direction of the ~.M.F., the direction of the flux, and 
the direction of e motion of the conductor have a 
perpendicular reli tion as ~own by the right-hand rule. 
The amount of· ~uced E.M.F. depends upon the rate 
of cutting magn (tic lines, or the number of lines cut 
per second. In .e established system of electrical and 
magnetic units, an E.M.F. of one volt is induced when 
a conductor cuts 00,000,000 lines per second. 

-E.M.F. 

Fl J. 68. RIORT-HAND RULII 

43. E.M.F. lndu :ed in a Revolving Loop 

Instead of a sinl?;le conductor cutting lutes of magnetic 
induction, we ma: have a loop of wire revolving in the 

the right hand represents the direction of the lines of N 
magnetic induction (flux-north to south); the thumb, 
when pointed perpendicular to the forefinger, repre- ~ 
sen ts the direction in which the conductor moves; and ~ 
the second finger, when perpendicular to both the fore­
finger and the thumb, gives the direction of the induced 
E.M.F., or the direction of current flow. If a galva­
nometer is connected to the conductor, as in Figure 69, 
it will be found that the effect is more noticeable when 
the conductor is moved swiftly. From these and other 
similar experiments we learn that the law for induced 
E.M.F. may be stated as follows: 

When any conductor is made to cut lines of magnetic 
induction there will be an E.M.F. induced in it, and the 
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magnetic field between the poles of a magnet, as shown 
in Figl!lre 70. In this case, the conductor nearest the 
south pole moves to the left while the conduotm nearest 
the north pole moves to the right, and the E.M.F. 
induced has a different direction in the two conductors. 

(§) 
l I Li,,..,.,,. f'oroe 
l I clockwiN,o,m-ent 1H 
I I 

~ 
Li~ .,,.re. COt,,1n"ter­
Clockwile, curNnt OU'T 

FIG. 70. Loop ROTATING IN MAGNETIC FIELD 

But, because the loop is complete, these E.M.F.'s will 
aid in causing a continuous current in the direction 
a-b-c-d, as shown by Figure 71-A. The values of these 
E.M.F.'s will depend, however, upon the position of the 
loop. When the plane of the loop becomes perpendicu­
lar to the magnetic field as in Figure 71-B, each con­
ductor will be moving parallel to the direction of the 
lines, the loop will be in a neutral position, and the 
generated E.M.F. will have decreased to zero. If the 
loop is then turned through an angle of 90° in the same 
direction (Figure 71-C), it will again be cutting lines at 
the maximum rate, but the E.M.F. will be reversed 
with respect to the loop itself and the current will be in 
the direction d-c-1>-a, or opposite to that in Figure 
71-A. 

(A) 

s 
(B) 

FtGURE 71 

b 

With the loop revolving at constant speed, the 
E.M.F. induced in it and the resultant current are pro­
portional to the number of lines cut, which in turn is 
proportional to the horizontal motion of each conductor 
of the loop. The maximum E.M.F. is induced when 
the plane of the loop is parallel with the lines, and the 
minimum (zero) when it is perpendicular to the lines. 
At every intermediate point, the value of the E.M.F. 
may be determined by the horizontal motion of the loop 
per angular degree through which it turns. 

Figure 72 shows a mechanism which illustrates the 
way in which this current varies. The wheel d is 

[ 421 

rotating at a coruitant fl!peed, causing the attached _pin 
a to slide in ,tbe'Slot o, moving the barb (,witih the pencil 
e attached) vertically !between the ~es gg. When 
the horizontal 'Component of the mutiion ,of the pin a 
is a maximum, that is, when the motion.is in an entirely 
horizontal direction, the pencil e is at <ei:tlher its highest 
or lowest position, depending upon w.hetlher the motion 
of a -is from left to right or right to left. When the 
horizontal Iru)ti~n df .a is zero, e is midway between its 
extreme higlil and low -points. If f represents a strip 
of paper which is being moved horizontally to tbe right 
.at a constant speed wbile ithe wheel d is also rotated at a 
constant speed, the peneiJ.e will draw a curve as shown. 
This curve will indieate a positive maximum ( or highest 
point) when the horizontal.motion of a to the right is a 
maximum; and will indicate center or zero points when 
the horizontal motion of a u zero. If the pin in this 
mechanism represents one e<m.ductor of a loop of wire 
revolving in a vertical magnetic field, the position of the 
pencil e with respect to the mid-point of its travel repre­
sents the E.M.F. induced in the conductor. This 
analogy is apparent since the induced E.M.F. in each 
loop is proportional to the horizontal motion of the 
loop. The curve not only represents maximum and 
zero points but shows all intermediate values of the 
induced E.M.F. as well. 

Such a curve is called a sine wave. It is the funda­
mental wave form in alternating-current circuits of all 
kinds. A sine wave may be actually plotted by the 
method shown in Figure 73, where the horizontal lines 
are continuations of points a, b, c, etc., and the ver­
tical lines a', b', c', etc. are equally spaced and indi­
cate angular degrees of rotation. The intersections of 
lines a and a', b and b', etc. indicate points on the sine 
curve. 

44. Principle of the Direct-Current Generator 

The revolving loop or armature shown in Figure 71 

f 

FIG. 72. MECHANISM FOR DRAWING SINE WAVE 
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may be connected to slip-rings, as shown in Figure 
74-A. In this case the resulting E .M.F. between the 
two terminals or brushes will reverse in direction as the 
loop revolves, giving rise to an alternating E.M.F., one 
cycle of which is plotted in the figure. If it is desired 
to produce a unidirectional E.M.F., it is necessary to 

e 
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Fie. 73. GRAPHICAL CONSTRUCTION OF S1NE WA VE 

devise some means for reversing the connections to the 
loop at the same time that the current in the loop 
reverses. This is done by means of the commutator 
shown in Figure 74-B. This commutator effects the 
reversing of the connections to the armature leads 
just as the E.M.F. or current is reversed, changing 
the negative half-cycle to a positive pulsation. The 
resultant E .M.F. then consists of two positive pulsa­
tions per revolution of the loop, as shown. 

Generators may be constructed with more than one 
loop, as in Figure 75 in which two loops and four com­
mutator segments are shown. The resultant E.M.F. 
is represented by the full lines at the right of the figure. 

AC or thermo-couple 
meter 
~ b 

C 

(A) 

Comparing Figure 74-B with Figure 75, it may be seen 
that an increase in the number of loops causes a smaller 
fluctuation in the armature E.M.F. An armature 
wound with many turns therefore produces a practically 
continuous non-pulsating E.M.F., causing a direct 
current. 

A standard generator armature consists of a large 
number of loops or turns which may be wound in 
several ways, depending upon the number of poles and 
the speed and voltage desired. The actual winding, 
however, consists of one continuous conductor, from 
which taps arc brought out and connected to com­
mutator segments, instead of a large number of sepa­
rate loops. 

In Figures 71, 74 and 75, we have assumed that the 
generator is equipped with permanent magnets which 
create the magnetic field. This is the case for small 
magnetos, but for other generators this field is fur­
nished by electromagnets which are energized by a 
field winding. Direct-current machines are classified 
by the different means adopted to energize or "excite" 
this field winding. A separately excited generator, 
with the standard convention for indicating it, is illus­
trated in Figure ·76. It is so called because the direct 
current through the field winding is furnished by an 
external source, such as another generator or a storage 
battery. 

A more usual type is the self-excited generator which 
may be shunt wound, series wound or compound 
wound. The different methods of const ruction are 

l 
DC voltmeter 

b 

C 

(B) 
FIG. 74. SL tP-RINGS AND COMMUTATOR 
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shown schematically in Figure 77. AB the E.M.F. 
induced in the armature is proportional to the magnetic 
flux, which in turn is proportional to the current in the 
field windings, a variation in the field current will cause 
a change in the armature E.M.F. With the shunt 

to full load. Figure 78 shows curves representing 
armature voltage plotted against load for these various 
types of generators. 

Generators may be further classified by the number 
of poles, a four-pole machine being represented by 

loop a 
/' /' ,,, /'' .,, .,, /" 1, 

/ \ / ', / \ / \ 
I \/ I \ \ 

Loopb( V y y \ 

FIG. 75. EFFECT 011' ADDITIONAL LOOPS 

wound generator, an increase in load current causes a 
decrease in field current, as may be seen from a study 
of parallel resistances, and consequently causes a de­
crease in armature E.M.F. On the other hand, in the 
case of the series wound generator, the armature E.M.F. 
increases with the load current. The compound wound 
generator is designed to neutralize this change in 
armature E.M.F. by balancing the series effect against 
the shunt effect. An over-compounded generator is 
constructed with the series effect predominant so that 
the voltage increases slightly with change from no load 

DC voltmeter 

+ 

Figure 79. In every case there are the same number of 
brushes as poles, alternate brushes being connected 
together, as shown,. to form the armature terminals. 
The voltage with four poles will be double that with 
two poles if the same armature winding and the same 
machine speed are used. 

46. D.C. Generators for Supplying Central Office 
Power 

Direct-current generators are widely used in tele-

' 
) 

I 
+ 

Field 
Input 

+ 
fleld Armature 

Convention for 
D.C.Generetor 

FIG. 76, SJCPARATELY EXCITIID D.C. GENERATOR 
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Separately Excited Shunt Wound Shunt Wound 
with field rheostat 

+ 

Series Wound Compound Wound 

F1G. 77. CONVENTIONS FOR STANDARD TYPES OF D.C. 
GENERATORS 

phone and telegraph work for supplying the several 
voltages required to operate the central offices. These 
include 24 and 48 volts used for "talking battery" and 
for operating vacuum tube filaments, relays, etc.; and 
also several higher voltages, ranging up to a maximum 
of 152 volts, for vacuum tube plate supply and opera­
tion of telegraph circuits. The motors which drive the 
generators are ordinarily supplied with power from com­
mercial power lines and to guard against the possible 
failure of this supply, storage ba~teries are always 
provided in central offices. These batteries are kept 
charged by the central office generators so that they 
can take over the load temporarily in case of failure of 
the primary power supply. Being always .connected 
to the load, the storage batteries also act as filters to 
reduce noise caused by the generators. 

---- ----
20 40 · eo &o 100 120 i•o ,eo 

Load. Percent or Aated Amps 

FIG. 78. LOAD-VOLTAGE CHARACTERISTICS OF STANDARD TYPES 
OF D.C. GENERATORS 

There are several standard arrangements of genera­
tors and batteries that may be employed to develop 
central office power. The more usual practice at pres­
ent is to supply the load current continuously from one 
or more generators operated in parallel with each other 
and with a single storage battery. In this arrange-

[ 45 l 

ment, the storage battery is "floated", or connected 
continuously across the main bus-bars. The normal 
generator voltage is then maintained at a value suffi­
ciently high to take care of the load requirements and 
to supply a small "trickle" charge to the battery, thus 
keeping it fully charged. Another standard practice 
is to employ duplicate storage batteries and two or more 
generators. Under this plan, one battery may be 
charged while the other battery is either supplying the 
load by itself, or is floated across another generator 
which is supplying the load. Both of these methods 
are considered more fully in the next article. 

F1G. 79. FouR-POLE GENERATOR 

The requirements which generators must meet are 
somewhat different under the two plans of operation 
outlined above. Since under the latter plan the battery 
is charged independently of the load circuits, standard 
shunt wound generators are most suitable. This may 
be seen by referring to the load-voltage characteristic 
of the shunt wound machine, shown in Figure 78. As 
the slope of this curve indicates, the E.M.F. of a shunt 
wound generator rises as the load decreases. And in 
this case, as the battery voltage gradually rises under 
charge, the load current does tend to decrease. But 
this decrease causes an increase in the machine vol­
tage, which tends to restore the current to its former 
value·. The net result is that while the battery voltage 
and the generator voltage both increase somewhat as 
the charge progresses, the current supplied to the 
battery remains approximately constant. This is the 
kind of storage battery charging current which is 
ordinarily desirable. 

On the other hand, in power plants where a single 
battery, continuously floated across the line, is used, 
it is desirable for the generator to have a load-voltage 
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characteristic as nearly flat as possible. Because of its 
drooping characteristic, the shunt wound generator is 
therefore not suitable unless its voltage is constantly 
controlled by manual or automatic means. 

The required flat characteristic could be obtained 
from an ordinary compound wound generator of proper 
design; but such a machine is not safe to use because 
in case of failure of the outside power, the floating 
battery would run the generator as a motor if the re­
verse current circuit-breaker failed to operate. In this 
situation, the reversed current in the series winding 
would cause the generator to operate like a series motor 
and because it would be carrying no load, it would tend 
to run at a dangerously high speed. 

However, there is a special type of compound wound 
generator, known as a "diverter-pole" generator, which 
has a practically flat load characteristic up to about full 
load, and docs not present this hazard of the ordinary 
compound wound machine. This desirable result is se­
cured in the design of the generator by adding an extra 
set of poles, known as diverter-poles, which are con­
nected to the main poles by a special magnetic bridge. 
The series winding is placed on the diverter-poles while 
the shunt winding energizes the main poles. Then, 
when the machine operates as a generator, it has the 
desired flat characteristic of the compound wound 
ma~hine; but if it is accidentally forced to run as a 
motor, the series winding on the cliverter-poles has 
practically no effect and the machine behaves harm­
lessly as a shunt wound motor. Present designs of 
these diverter-pole machines have a maximum output 
of 200 amperes, and their use is accordingly limited to 
offices where the total current requirements are rela­
tively small. At larger offices where the continuous 

TYPICAL REPEATER STATION POWER PLANT 

floating practice is followed, shunt wound generators 
with automatic volta.ge regulation are usually em­
ployed. 

46. Typical Central Office Power Circuits 

One application of standard shunt wound generators 
for supplying central office power requirements is 
illustrated by Figure 80. This schematic drawing 
represents a typical 24-volt power circuit for a repeater 
office, where the principal load requirements are for 
heating vacuum tube filaments. This is the type of 
power plant in which duplicate batteries and generators 
are employed, and the control is entirely manual. By 
means of three single-pole double-throw switches 
. ' either generator may be used to charge either battery 

while the other battery is carrying the load; or either 
machine may be connected to the load with one battery 
floated, while the other battery is being charged by the 
other machine. A filter, consisting of a "choke coil" 
and three "electrolytic condensers" connected in 
parallel to ground, is inserted in the output circuit to the 
filament supply panel. This smooths out small varia­
tions in current which might have an adverse affect 
on the sensitive apparatus supplied from this panel. 

The circuit also includes an emergency storage bat­
tery cell which is connected to two single-pole double­
throw switches in such a way that it can be connected 
in series with either of the main batteries. This cell is 
provided to take care of emergency conditions where 
the outside power supply fails and the generators are 
therefore inoperable. In such a case, the load must 
be carried by the batteries alone and if the failure per­
sists for an appreciable time, the battery voltage will 

decrease below the required value. 
The emergency cell may then be cut 
into the circuit to build up the voltage. 

A switch is provided for charging 
the emergency cell from the generator 
in series with either battery. How­
ever, since the emergency cell is not 
normally in_ use, it is continuously 
supplied with a small trickle charge 
furnfahed by a copper-oxide rectifier 
(see Article 53), which normally main­
tains it in a fully charged condition. 

In order that the attendant may 
observe the operation of the circuit 
at all times, an ammeter is inserted 
in each generator lead, and another 
is inserted in the main output lead 
to the fuse panels. On the power 
panel also, is a voltmeter connected 
to a circular switch so arranged that 
it can read the voltage of either gen-
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erator, either main battery, or either main battery in 
series with the emergency cell. Another voltmeter is 
connected directly across the load circuit at all times, 
and this voltmeter is paralleled by a voltmeter relay 
which gives an automatic alarm in case the voltage 
exceeds specified limits in either direction. Alarm 
circuits are also provided to give warning in case of a 
blown fuse or operation of a circuit-breaker. 

Figure 81 is a schematic of a typical power plant 
where only one storage battery is used, and the total 
load requirements are in the order of 500 amperes or 
more. As we have already seen, the battery is con­
tinuously floated in this type of plant, and the gen­
erator voltage must therefore be maintained at a 
constant value. This is accomplished automatically 
by means of motor driven field rheostats associated 
with the shunt wound generators, as indicated in the 
figure. A voltage relay (designated Gen. Reg. Voltage 
Relay in the drawing) is bridged directly across the 
main battery. As long as the battery voltage remains 
at its proper value, this relay is not operated; but if the 
battery voltage becomes too high, or too low, one or 
the other of the two relay contacts is closed. This 
causes either relay L or relay R to operate, as the case 
may be, and the operation of either of these relays 
causes the motor driven field rheostat to move in the 
direction which will restore the generator voltage to 

Generator 
No. l 

24-Volt 
Repeater 
Filament 

Fuse Panel 

To 
Filaments -------

To Relays, etc. 

------

To Alarm 
Circuit 

To Alarm 
Circuit 

Bat2 

24 · Volt 

Miscellaneous[= = ==3--------------...J Fuse Panel 

its normal value. To avoid the possibility of over­
loading the generator, an ammeter relay is inserted in 
series with the line. When the generator is fully 
loaded, a contact of this relay closes causing relay A 
to operate and open the voltage relay circuit. This pre­
vents any further attempt on the pa.rt of the voltage 
relay to increase the generator output. 

Like the circuit previously discussed, this circuit is 
equipped with emergency cells which are automatically 
cut into the circuit in series with the main battery by 
means of another voltage relay bridged across the line. 
As before, these cells come into operation only when the 
storage battery is required to carry the load alone 
because of failure of the outside power supply. Al­
though not shown in the drawing, these emergency 
cells are likewise supplied with a continuous trickle 
charge by a copper-oxide rectifier. 

The main battery is, of course, kept in a continuously 
charged condition as long as the plant is operating 
normally. When failure of the outside supply requires 
the battery to carry the load for an appreciable time, 
however, the battery will become more or less dis­
charged and will therefore require special charging. In 
order to provide charging current in such a case, it is 
necessary to increase the output voltage of the genera­
tor above its normal value. But since the generator is 
connected directly to the load, an increase in its out 
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FIG. 80. TELEPHONE ◊FFICE POWER PLANT WITH DUPLICATE BATTERIES AND MANUAL CONTROL 
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put voltage would also increase the load voltage. To 
avoid this, the circuit includes a "counter-E.M.F. 
cell" which is automatically inserted in series with the 
load circuit when the output voltage of the generator 
is increased above its normal value. 

The C.E.M.F. cell has the property, when current 
flows through it, of setting up a voltage opposing the 
voltage which is driving the current. The counter 
voltage is approximately 2 volts per cell and is de­
veloped without any appreciable loss of energy. Phys­
ically, the C.E.M.F. cell consists of two plates of pure 
nickel immersed in a caustic soda solution. As in the 
case of storage batteries, which are discussed in Article 
50 following, the size of the nickel plates depends upon 
the amount of current which the cell is required to 
handle. The cells are usually mounted along with th"l 
storage battery cells. 

Figure 81 shows only one generator but, as indicated 
at the bottom of the drawing, additional generators 
may be included. To insure continuity of operation, 
a practical power plant always includes at least two 
generators, and as many more may be added as are 
necessary to handle the maximum load. The second 
generator is equipped with a motor driven field rheostat 
like the first generator. When the first generator 
becomes fully _ loaded, this is put into operation by 
throwing the transfer key shown on the drawing. 

Manual or 
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Motor 
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Rheostat 

,--- --I 

DIAL CENTRAL OFFICE POWER PLANT 

Additional generators, when required, are connected 
across the main leads to the battery, but are manually 
controlled. 

This power plant may be arranged so that the motor­
generator sets will start automatically upon restoration 
of the outside power supply after failure. By including 
additional relay circuits, this general type of plant may 
also be arranged so that needed generators will be 
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automatically started and connected 
to the line as the load increases, 
and automatically disconnected and 
stopped as the load decreases. 

47. Direct-Current Motors 

In the telephone plant, most of the 
electric motors used to drive charg­
ing generators, ringing machines and 
other minor units such as polishing 
machines and fans, operate on alter­
nating current as supplied by the 
regular power ·distribution systems. 
However, direct-current motors are 
occasionally used. There are many 
classes of such motors (series, shunt, 
compound, multipolar) and each has 
different characteristics of power 
and speed. It is impracticable to 
discuss particular types in this book, 
and only a brief explanation of the fundamental work­
ing principle will be given. 

When a conductor carrying an electric current is 
placed in a magnetic field at right angles to the lines of 
magnetic induction, there is a reaction between the 
circular field about the conductor and the field in 
which it has been placed. This reaction causes the 
lines set up by the two fields to aid or increase in num­
ber on one side of the conductor and to oppose or 
decrease in number on the other side. This gives the 
conductor a tendency to move across the magnetic field 
in a direction which depends on the direction of current 
flow in it. 

If the conductor is a loop and is free to rotate, as in 
Figures 74-B, 75 and 76, illustrating D.C. generators, 
it will revolve as a motor. In fact any D.C. generator 
may be used as a motor if the current flows into the 
armature and field instead of out of the armature. 

The direction of rotation may be determined by the 
left-hand rule which is similar to the right-hand rule 
(Figure 68) excepting that the left hand is used. The 
left thumb represents direction of motion; the fore­
finger direction of flux; and the middle finger direction 
of current flow. 

When a motor is running, the armature conductors 
cut lines of magnetic induction, and an E.M.F. with a 
direction opposite to that of the applied E.M.F. is 
induced. This is called the counter-electromotive 
force, and the current in the armature is-

I= E, - Ee 
R 

(27) 
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where E, is th impressed E.M.F., Ee is the counter­
E.M.F., and R is the armature resistance. 

Since there is ow counter-E.M.F. until the motor has 
reached about its normal speed, it will draw a very 
large current a , starting unless this is prevented by a 
starting rheosta . This is a variable resistance placed 
in series with t , e motor's armature which is gradually 
cut out as the , otor is brought up to its normal speed. 
A starting rheostat of some type must be used for all 
large motors, b t is sometimes not required for small 
machines on ac ount of the comparatively high resis­
tances of their rmatures. 

The followin are a few simple rules which have prac­
tical applicationl to the use of motors: 

1. The direct''lon of rotation of a D'.C. motor may be 
reverse by reversing either the armature or 

2. T~:;::j'•;•:o::::,•:::,:::::::p: 
justed y varying the field current. A de­
crease · field current gives an increase in 
speed a d vice versa. 

3. A series motor must either have an increasing 
load wit I increase in speed, such as a fan, or its 
operatio guarded by an attended controller; 
otherwis it will "run away". 

4. Motors muISt be kept dry and clean. 
5. Commutators· may be dressed with sandpaper 

but should never be dressed with emery 
cloth. 
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CHAPTER VII 

OTHER SOURCES OF DIRECT ELECTROMOTIVE FORCE 

48. Types of D.C. Energy Sources 

For an electrical circuit to become energized, some 
source of electromotive force must be connected to it 
either by direct connection or through inductive rela­
tions. In the case of a direct current, the circuit must 
be energized by the actual connection of the conductors 
to the terminals of the source of E.M.F.; but in the 
case of an alternating current, the circuit may be 
energized either by such connection or by inductive 
effects due to magnetic interlinkages or capacity rela­
tions. 

If any device maintains an E.M.F. and sustains a 
current of electricity in a circuit, energy is supplied to 
the circuit. But the law for conservation of energy 
states that energy cannot be created or destroyed. 
Any source of E.M.F. may then be defined as a device 
for supplying electrical energy by converting it from 
some other form. The battery converts chemical 
energy into electrical energy, the generator converts 

1 Cell Battery Battery having 
Several Cells 

mechanical energy into electrical energy, and the 
thermocouple changes heat to electrical energy. A 
rectifier is in one sense a. source of direct E.M.F. but it 
converts alternating-current energy into direct-current 
energy changing it from one electrical form to the 
other r~ther than from some other form to the electrical. 

Figure 82 shows the circuit conventions for sources 
of direct E.M.F. that are common in electrical work. 
In the operation of the telephone plant we are inter­
ested principally in the battery, the generator and the 
rectifier. The theory of the generator is covered in 
Chapter VI. We shall at this time consider the various 
types of batteries and the general battery requirements 
of telephone service, and make some mention of recti­
fiers and other interesting though perhaps less impor­
tant sources of direct E.M.F. 

49. Primary Batteries 

Chemical batteries are divided into two classes, 

Shunt · Wound 
Gt.nerator 

-rn-

1 
Thermocouple 

Thtrmocouplt 

* Copper• Oxide 
Rectifier 

Series - Wound 
Generator 

Compound-Wound 
Generator 

Tube 
Rectifier 

( rull Wavr, ) 

Photo -electric 
Cell 

F10. 82. 8-r.ANDARD CONVENTIONS FOR SOURClllS OF DIRECT E.M.F. 
[ 50 l 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

primary and secondary. A primary battery is one that 
generates an E.M.F. by virtue of certain chemicals 
coming in contact with submerged metals or other sub­
stances which constitute the positive and negative 
terminals. A secondary battery stores electrical energy 
but does not directly generate an E.M.F. unless a 
current is first passed through the battery in a direction 
opposite to that in which it will flow when supplying 
energy to an external circuit. 

The unit of a battery is the cell, consisting of a single 
couple of submerged positive and negative poles or 
plates. As illustrated in Figure 83, cells may be con­
nected in parallel or in series, depending upon the value 
of the E.M.F. desired and the value of current to be 
sustained. If they are connected in series, the E.M.F. 's 
are added, making the total E.M.F. of the battery the 
sum of the E.M.F.'s of the individual cells. If they are 
connected in parallel, the E.M.F. of the battery is 
that of a single cell, but the current supplied to the 
circuit is divided between the several cells. 

+ 800 
Parallel 

Series 

FtG. 83. CELLS lN SERIES AND PARALLEL 

A battery may consist of groups of cells connected in 
parallel and these in turn connected in series, or vice 
versa. Figure 84 shows two methods of connecting 
six cells where the E.M.F. desired is that of only three 
cells and a single string is not sufficient to sustain the 
current required. Theoretically, the two methods give 
the same results, but in the case of dry cells, method 
"B" has some advantage from the standpoint of 
deterioration of the battery due to the uneven electrical 
characteristics of the individual cells. 

The various types of primary batteries may be di­
vided into two general groups called "wet" cells and 
"dry" cells. There are numerous kinds of wet bat­
teries, the more common of which are as follows: 

a. The Daniell cell which consists of a zinc plate in 
a solution of zinc sulphate and a copper plate 
in a solution of copper sulphate (blue vitriol). 
In earlier forms of this cell the two solutions 
were separated by a porous cup which contained 
one solution and was submerged in the other. 
One of the later and more commonly used types, 
called the "gravity cell", dispenses with the 

[ 51 ) 

porous cup on account of the two solutions 
having different specific gravities. The copper 
sulphate, being heavier than the zinc sulphate, 
is placed in the bottom of the jar with a copper 
plate, and the zinc sulphate in the top of the 
jar with a zinc plate (or "crow's foot"). 

'"A .. 

FIGURE 84 

b. The sal ammoniac cell, which consists of a zinc 
negative rod or plate and a carbon positive 
plate in a solution of sal ammoniac (ammonium 
chloride). 

c. The Lalande cell, which consists of a zinc negative 
cylinder in a solution of caustic soda and a per­
forated sheet iron cylinder in which is embodied 
black copper oxide. The two are separated by 
cylindrical insulators. 

About t!ie only wet cell used to any considerable 
extent in the telephone plant is a special form of Lalande 
cell, known as the "air-cell battery". It consists 
essentially of a negative zinc plate and a porous carbon 
rod immersed in a caustic soda solution. The chemical 
action of the cell is such that hydrogen is liberated at 
the positive carbon electrode, which combines with 
oxygen from the air breathed in by the porous carbon 
to form water. It is necessary to keep the top of the 
carbon electrode clean and to locate the battery in a 
well ventilated cabinet or room, as each cell must 
absorb some 45 cubic inches of air per hour for proper 
operation at full load. The air cell has a nominal 
voltage of 1.25 and a capacity of 600 ampere-hours with 
a maximum current drain of .66 ampere. Its principal 
use in practice is for supplying current for operators' 
transmitters in magneto offices and for operating cer­
tain types of interrupters. 

The dry cell is a special form of chemical battery, 
so constructed that the chemicals used in its action are 
sealed. It is most convenient for shipping and general 
use. There are two important and general classes 
of service for which dry cells are designed. They may 
be constructed for heavy current duty, such as for 
flashlights, at a sacrifice of life; or they may be 
intended for connection to a high resistance and a. 
correspondingly low current output. In the latter 
case, the batteries do not require replacement for a 
much longer period, particularly if the service is re­
quired only at intervals and the battery is allowed to 
"rest" on open circuit. 

\ 
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The Blue Bell dry cell is representative of the "long­
life" type. Its construction is illustrated in Figure 85. 
The negative terminal consists of a zinc container in 
which is centered a bar of carbon as a positive terminal. 
The carbon is surrounded by a porous medium con­
sisting principally of ground carbon and manganese 
dioxide, and this mixture is saturated with a solution 
of zinc chloride and sal ammoniac. A layer of ab­
sorbent material similar to blotting paper separates the 
zinc from the mixture, but is porous to the liquid solu­
tion which generates an E.M.F. when it comes in 
contact with the zinc. The top of the cell is sealed 
with an insulating compound and a cardboard container 
acts as an insulating cover for the zinc. Spring con­
nectors, which are securely fastened to the zinc and 
carbon electrodes, form suitable terminals. When new, 
this dry cell gives a. voltage of about 1½ volts, which 
decreases with age, and ha.s an internal resistance of .2 
to .3 ohm, which increases with age. For average use, 
its capacity may be roughly estimated at 20 to 30 
ampere-hours but this will vary considerably depending 
upon conditions. For example, the capacity when.con­
nected to a high resistance circuit may be several times 
the capacity when connected to a low resistance cir­
cuit. Intermittent use is also an important factor. 

Dry cells are commonly used in the telephone plant 
for service where connections to central office storage 
batteries are not feasible, or cannot be used because 
the storage battery is grounded. In addition to trans­
mitter batteries for magneto subscribers' stations, such 
uses may include battery supply for telegraph sounders 
on subscribers' premises, Wheatstone bridge testing 
battery for toll testboards, plate and grid batteries for 
vacuum tube circuits, and testing batteries for portable 
testing sets. For many of the a.hove purposes, the 
current requirements are comparatively low while the 
voltage needed may be considerable. To meet these 
conditions, it is the usual practice to employ small or 
miniature cells which are connected in series and as­
sembled in sealed "battery blocks;' in the manufactur­
ing process. Standard battery blocks of this type are 
available having nominal maximum voltages of 3, 
4½, 22½, and 45 volts. The higher voltage blocks 
usually have intermediate taps giving various voltage 
values below the maximum. 

As noted above, the life of a dry cell or a battery 
block depends upon the kind of service in which it is 
used. Standard maintenance provisions call for re­
placement if batteries fail to meet the following tests: 

a. When the current drain is negligible, as in vacuum 
tube grid batteries, a voltage of at least 1.33 
volts per cell should be obtained when the 
battery is tested with a voltmeter having a 
resistance of 1000 ohms per volt of full scale 
deflection. 
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b. · When the current drain is steady and fairly large, 
as for vacuum tube plate supply, the voltage 
should be at least 1.13 volts per cell when tested 
under load with a voltmeter having a resistance 
of 60 to 100 ohms per volt. 

c. When the current drain is fairly large but variable, 
the voltage should measure at least .9 volt per 
cell when tested 10 seconds after the application 
of an artificial load of 5 ohms per cell for large 
cells and 10 ohms per cell for small cells, with a 
voltmeter having a resistance as in (b) above. 
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60. Storage Batteries 

A chemical battery that is capable of storing elec­
trical energy delivered to it from some other source, and 
delivering this energy to an electrical circuit at some 
later time, is called a storage battery. Other names 
commonly used are "accumulator" and "secondary 
battery''. The two general types of storage batteries 
are the lead-acid and the Edison (iron-potas­
sium hydroxide-nickel). On account of its low in­
ternal resistance and more constant terminal voltage, 
the lead-acid type more nearly meets the exacting 
requirements of the telephone central office. (These 
requirements are discussed in Article 51 following.) 

When the lead-acid cell is in a fully charged condi­
tion, the active constituents are a positive plate of 
lead peroxide (Pb01) and a negative plate of spongy 
lead (Pb) in a dilute solution of sulphuric acid (H,SO, + 
HsO). When the battery is discharging, the current, 
passing from the positive to the negative plate through 
the external circuit, must return from the negative to 
the positive plate through the dilute acid (electrolyte). 
In doing so, it breaks the electrolyte into its com­
ponent parts resulting in first, the spongy lead of the 
negative plate combining with the positively charged 
component (SO,) of the electrolyte, forming lead sul­
phate (PbSO,) and losing its negative charge; second, 
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the oxygen of the lead peroxide of the positive plate 
combining with a part of the hydrogen liberated from 
the electrolyte, forming water, and converting the posi­
tive plate to pure lead; and third, a similar breaking 
up of the sulphuric acid at the positive plate, forming 
more water and converting some of the lead of the posi­
tive plate into lead sulphate by the same chemical 
action that takes place at the negative plate. 

When the storage battery is charging, this chemical 
action is reversed. The charging current, in passing 
through the electrolyte in the opposite direction to 
that of the discharge current, breaks down some of the 
water of the electrolyte into hydrogen and oxygen. 
The oxygen travels against the current to the positive 
plate where it combines with the lead sulphate of that 
plate to form lead peroxide. The sulphate (SO,) re­
leased by this action combines with hydrogen to form 
sulphuric acid. At the same time, hydrogen, travelling 
with the current to the negative plate, combines with 
the lead sulphate of that plate to form sulphuric acid. 
This leaves pure metallic or sponge lead on the negative 
plate, and the two plates and the electrolyte are thus 
gradually restored to their original charged condition. 

The following chemical equation may be used to 
explain the action of discharge when reading from left 
to right and the action of charge when reading from 
right to left: 

PbOs + Pb + 2HJSO, P 2PbSO, + 2H,O (28) 

Storage batteries are built in a wide variety of sizes 
to meet the various load requirements. The capacity 
o{ a cell naturally depends on the total area of plate 
surface which is exposed to the electrolyte. The small­
est cell consists of a single pair of plates having a total 
area of only a few square inches, while the largest cells 
may have more than 100 plates, each with an area of 
more than three square feet. 

( 531 

In modem central office practice, the plates of the 
smaller storage cells (up to a maximum ampere-hour 
capacity at an 8-hour discharge rate in the order of 
1000) are mounted in glass jars. These are enclosed 
at the top with a cover of glass or acid-resisting com­
pound which is sealed to the glass jar to form an acid­
tight joint. The covers are provided with vents to 
permit the release of gas and the plates are connected 
to terminals which project through the cover. Cells 
of this type a.re usually mounted 1on iron racks, and 
since no acid escapes from them, they may be installed 
at any convenient location in the power or terminal 
room. Larger cells are assembled in lead-lined wooden 
tanks. These cells are open at the top and must there­
fore be installed in a separate well-ventilated room. 

The general arrangement of the two main types of 
cells is illustrated in Figures 86 and 87. As these 
drawings indicate, different methods are employed for 
impressing the active material (lead peroxide and 
sponge lead) on the .plates. In all cases, the basic 
structure of the plate is a ca.st antimony-lead grid. 

ENCLOSED TYPE STORAGE BA'rl'ICllT 
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The method of applying the active material is purely a 
mechanical problem and bas no effect on the electrical 
behavior of the cells. The plates are kept separated 
by wooden or rubber separators, and are supported in 
the manner indicated in the drawings. 

In the practical operation of a. storage battery, we 
must be able to determine the state of charge or dis­
charge at any time. It is not convenient to do this by 
chemical analysis, but in the foregoing explanation of 
the cycle of charge and discharge, there are two changes 
taking place that may be easily determined. One is 
the change in the electrical charge held by the plates, 
resulting in a change in the E.M.F. of each cell. The 
other is the increase on discharge, and the decrease on 
charge, of the a.mount of water contained in the elec­
trolyte, which increase or decrease, as the case may be, 
changes the specific gravity of the electrolyte. This 
latter condition gives the better index to the cell's 
operation and is the one ordinarily used. 

Figure 88 shows a hydrometer designed for deter­
mining the specific gravity of the electrolyte. A 
weight at the bottom makes the hydrometer float in an 
upright position and, according to the law of all float-
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ing bodies, the weight of the liquid displaced must be 
equal to the weight of the hydrometer. The scale is 
read at the surface of the liquid and, naturally, the 
reading for denser liquids will be near the bottom end, 
while for lighter liquids, it will be near the top end. 
Pure sulphuric acid bas a specific gravity of 1.8342 
but the electrolyte used in storage cells is diluted down 
to approximately 1.210, with considerable variation 
according to the state of charge. The hydrometer 
reading must be corrected for temperature since a rise 
in the temperature of the electrolyte means an ex­
pansion of its volume and a lowering of its specific 
gravity. The basis for comparison of readings is 
taken at 70°F. Three degrees increase means a reduc­
tion of .001 in specific gravity and conversely, a de­
crease of three degrees means an increase of .001 in 
specific gravity. 

51. Power Plant Requirements in Telephone Offices 

The telephone central office power plant must be not 
only absolutely reliable at all times but must meet other 
exacting requirements. Modem practice has led to 
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the standardization of a com­
mon source of E.M.F. for the 
majority of the talking cir­
cuits, as well as for the opera­
tion of telephone relays, tele­
graph sounders, vacuum tube 
filaments, small motors, and 
numerous other apparatus 
units. We thus have a very 
general use of the standard 24-
volt storage battery, with ad­
ditional smaller batteries used 
for such services as 48-volt 
subscriber's transmitter sup­
ply on long distance connec­
tions, 120-volt supply, both 
positive and negative, for tele­
graph repeater operation, and 
other voltages, for telephone 
repeater operation. The com­
mon battery results in a num­
ber of plant economies, but, on 
the other hand, imposes certain 
exacting electrical require­
ments. Probably the most es­
sential of these requirements 
is low internal resistance. 

In our study of simple electrical circuits, we have 
considered a single source of E.M.F. for each individual 
circuit. But we have learned that any number of 
resistances may be connected in parallel, as shown by 
Figure 89, and that the current in any single resistance 

is independent of that in any 
other resistance provided all 
resistance branches are con­
nected directly to the ter­
minals of the battery as 
indicated. This follows natu­
rally from the application of 
Ohm's Law to a single re­
sistance branch, since the 
E.M.F. impressed on any 
single branch is the E.M.F. 
of the source and, theoreti­
cally, is independent of cur­
rent flowing through other 
branches. This assumes, 
however, that the battery is 
a perfect source of E.M.F. 
without internal resistance. 

Figure 90 represents the 
Lead Sh ot central office storage battery 

connected to bus-bars at 
FIG. 88. HYDROMETER the fuse panel. The central 

OPEN T11NK TYPE STORIIOE BATTERY 
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office circuits a.re cabled to this fuse panel and receive 
their battery supply through taps to the small panel 
busses. Thus hundreds of circuits of varying resis­
tance are connected in parallel to a common battery, and 
we have in practice a circuit arrangement identical to 
that shown in theory by Figure 89, excepting that as 
indicated in Figure 90, fuses for protection against 
excessive currents due to short-circuit or overload are 
used, and the positive terminal of the battery is con­
nected to ground. This ground connection stabilizes 
the potential of all circuits in the ce~tral office by short­
circuiting their capa{:ities to ground. It also simplifies 
the central office wiring and affords circuit protection, 
but it cannot in any way affect the total current sup­
plied by the battery or the current in any individual 
circuit that may be connected to the bus-bars. 

Returning to Figure 89, in which the current in any 

24V _____ +_,,1,1
1
--------
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one resistance branch was seen to be independent of 
that in any other (provided the source of E.M.F. is a 
perfect one), let us assume, on the contrary, that the 
battery has an internal resistance Ro and that the cir­
cuit is actually that shown by Figure 91. Due to the 

+ -oischar 
•l•l•l•l•l•l•l•l•l•l•l•I fuse 

- 14-volt Storage Battery 

Smau 
Individual F'uses 

FIG. 90. STORAGE BATTERY LOAD CONNECTIONS 

resistance Ro, the current in one branch is no longer 
independent of that in other branches. Let us assign 
values as follows: 

Ro = 2 ohms 

Ri = 5 ohms 

R-i = 4 ohms 

Ra = 3 ohms 

V = 24 volts 

If we solve this network, we shall find that the current 
through R1 is 1.87 amperes. If we should suddenly 
open resistances R, and Ra, however, it would imme­
diately change to 3.43 amperes. Applying the same 
principle to Figure 90, unless the central office source 
of E.M.F. has negligible resistance, including both the 
internal resistance of the battery and that of the supply 
leads from the battery to the bus-bars where individual 
circuit leads are connected, there will be ever-changing 
current values in the individual circuits. This will 
result in noise and crosstalk in all talking circuits and 
unreliable operation of various other telephone ap­
paratus. From this it follows that common battery 
operation for any number of circuits may be substi­
tuted for local or individual batteries only when the 
common source of E.M.F. has negligible internal re­
sistance. 

24V Ro 
+ I I 11a---"J''1\A/\/\/\/'----o--------' 

FIGURE 91 

0 

Nickel Iron 

FIGURE 92 

62. Thermo- and Photo-Electric Effects , 

The thermocouple is probably the simplest source of 
electromotive force but it has little practical use as a 
source of energy supply. Nevertheless, because it is a 
direct means of establishing an electrical current from 
heat, its principle of operation is important. It con­
sists of two dissimilar metals in contact, with heat 
applied to their junction. The different character­
istics of the two metals result in a difference of potential 
between them when heated and if a galvanometer is 
connected as shown in Figure 92, current can be de­
tected. Almost every combination of dissimilar metals 
will give the thermocouple effect, but some combina­
tions are better than others. Bismuth and antimony, 
iron and constantin, copper and nickel are frequently 
used. For a single combination of any two metals, the 
E.M.F. generated is very low. The thermocouple is 
used extensively for converting a direct-current mea­
suring instrument to an alternating-current measuring 
instrument that is independent of frequency. It also 
permits the measurement of temperatures much higher 
than can be measured with any ordinary thermometer. 

In the telephone plant, the thermocouple is used 
primarily as a device for measuring weak alternating 
currents. The A.C. circuit is connected to the heater 
terminals (marked H in Figure 93) and heats the 
junction of dissimilar metals, thus giving rise to a small 
direct current. The D.C. terminals, marked G, are 
connected to a D.C. galvanometer or milliammeter 
which gives by its deflection a relative measure ofthe 
input A.C. or "heating" current. Thermocouples for 
laboratory and general use are ordinarily manufactured 
with the glass-enclosed element mounted in a cylindri­
cal metal container equipped with either ordinary 
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terminals or a vacuum tube base for use in standard 
sockets. For general use, there are three standard 
resistance values for the heater element, viz. 5 ohms, 
40 ohms, and 600 ohms. 

FIG. 93. STANDARD THERMO-COUPLE 

Like the thermocouple, the photo-electric cell is not 
important as a source of electrical energy. Its ability 
to convert the energy of light into electrical energy is 
extremely useful, however, in connection with tele­
photography, television, and various systems for con­
trolling relays or other electro-magnetic devices by 
means of light. 

The action of the photo-electric cell depends upon the 
property of certain metals, notably sodium, potassium, 
rubidium, and caesium, to emit electrons when irra­
diated with visible or ultra-violet light. Practical cells 
are constructed so that a beam of light may fall upon a 
very thin film of the pure metal which is contained in 
an evacuated glass or quartz bulb. The electrons which 
are emitted as a result of the light falling on the photo­
active metal are drawn away to a positively charged 
plate also within the tube, th\ls establishing a small 
current of electricity between this plate and the irra­
diated metal film, which varies in strength with the 
intensity of the light. The very weak current gen­
erated by the cell may be amplified to any desired 
degree by means of vacuum tube amplifiers. 

In telephone work, photo-electric cells are now used 
principally in connection with telephotography. Here 
they perform the essential function of producing an 
electric current which varies with the intensity of a 
beam of light reflected from the picture being trans­
mitted. A much larger field of use for these cells is 
in sound motion picture projection where they trans­
late the <'sound-track" on the edge of the film into 

sound. They are also employed extensively for operat­
ing relays under light control in various industrial 
applications. 

63. Rectifiers 

Although a complete understanding of the operation 
of rectifying devices requires a knowledge of alternat­
ing currents, which are discussed in later chapters, a 
few of the essential characteristics of the more common 
types of rectifiers may be mentioned here for com­
pleteness. 

A rectifier is commonly defined as a device for con­
verting alternating electric current to direct electric 
current. However, there are devices which perform 
this function which are not normally referred to as 
rectifiers. For example, an alternating-current motor 
driving a direct-current generator is referred to as a 
motor-generator set. If the motor and generator of 
such a set are combined in one housing with a single 
rotor, the machine is referred to as a rotary converter. 
In either case, however, electrical energy is first con­
verted to mechanical energy and this in turn is con­
verted to a different type of electrical energy. Sim­
ilarly in the thermocouple described in the preceding 
section, A.C. electrical energy is converted to heat and 
this in turn generates D.C. energy. Accordingly, 
rectifiers may be somewhat more precisely defined as 
devices for converting A.C. energy to D.C. energy 
directly or without an intervening step. 

All rectifying devices depend for their operation 
upon the characteristic of permitting electric current to 
flow through them freely in one direction only. They 
includ~ a variety of vacuum and gas filled tubes such 

PHOTOELECTRIC CELL 
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MERCURY-V /1. POR TUBE RECTIFIER 

as the older mercury arc tube, the newer mercury-vapor 
tube, and the Tungar tubes, as well as nearly all other 
types of vacuum tubes when properly connected. In 
addition, there is the copper-oxide type of rectifier. 

Oxide 

Copper 

Washer 

Lead 

Pressure 

Plate 

Insulating 

Tube 

FIG. 94. COPPER-OXIDE RECTIFIElt 

The Tungar and mercury-vapor tube rectifiers de­
pend for their operation upon the emission of electrons 
from a heated filament. The basic phenomena in­
volved are the same as characterize all types of vacuum 
tubes and these are discussed more fully in a later 
chapter. Both types of rectifiers are used quite ex­
tensively for charging small storage batteries and sim­
ilar purposes. 

The copper-oxide rectifier is even more widely used 
in the telephone plant, where it serves an increasing 
variety of purposes. Its uses include the charging of 
small storage batteries and emergency cells, the furnish-

ing of a direct source of power for small repeater in­
stallations, etc. In addition, as we shall see in a later 
chapter, it has extensive applications in many carrier 
circuits. 

The copper-oxide rectifier element consists of a cop­
per disc upon which has been formed a layer of copper 
oxide. This combination offers a low resistance to 
current fl.owing from the copper oxide to the copper 
but a high resistance to current flowing from the copper 
to the copper oxide. Thus it becomes a "valve" to pass 
current in one direction only. Such copper copper­
oxide elements may be combined in series and parallel 
arrangements to build rectifiers of many different 
characteristics. A single copper-oxide element is 
shown in Figure 94. A good electrical contact to the 
copper oxide is secured by using next to it a soft lead 
washer. The assembly is held firmly together by 
means of heavy pressure plates secured by a bolt and 
nut with washers at either end. It is very important 
that the pressure on the assembly be within 500-2000 
pounds per square inch. If the pressure is low, the 
current flow in the conducting direction is not maxi­
mum and if the pressure is high, the resistance in the 
reverse direction breaks down, permanently injuring 
the element. 
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COPPER-OXIDE RECTIFIER 

Copper-oxide rectifiers suffer a rapid decrease in the 
amount of current they will pass in the first three or 
four months of use. This deterioration is called aging. 
The decrease in initial output does not usually amount 
to more than 25%, however, and this is anticipated in 
initial design. Plating the lead washers with tin and 
graphiting the oxide surfaces reduces the aging some­
what. The amount of aging a rectifier undergoes is 
also a function of temperature. For this reason current 
drains in excess of the rated output should be avoided 
as excess current will raise the temperature, increase the 
aging and may destroy the rectifying action of the 
discs. 
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CHAPTER VIII 

INDUCTANCE AND CAPACITY 

M. Classification of Electrical Currents 

Thus far we have confined our attention largely to 
circuits of relatively simple characteristics. We have 
had a source of direct E.M.F. connected to one or more 
resistances, and have assumed a resultant steady cur­
rent in each closed branch. We have noted, however, 
the alternating character of the E.M.F. generated by 
a closed loop revolving in a magnetic field; but we have 
not attempted to analyze the behavior of such an 
E.M.F. when acting in various types of circuits. 

It is desirable at this time that we broaden our studies 
somewhat to include more general conditions and while 
nothing that we have learned thus far will be ~­
validated, it will be necessary for us to study certam 
additional properties of electrical circuits and their 
effect on the current set up in them by impressed 
E.M.F.'s. 

Broadly speaking all electrical currents may be classi­
fied into five groups as follows: 

a. The current that results from a. constant direct 
source of E.M.F. connected to a resistance net­
work (i.e., the condition assumed in the earlier 
chapters for the calculation of direct-current 
networks through the application of Ohm's 
and Kirchoff's Laws). 

h. The current immediately after opening or closing 
a circuit, varying its resistance, or in some way 
interrupting the steady direct current for a 
short period of time during which the current 
values readjust themselves before again be­
coming fixed or steady. 

c. Current where the source of E.M.F. is an alter­
nating one, having the simplest, most common 
and most convenient wave form, viz. the sine 
wave. 

d. Current where the source of E.M.F. is an alter­
nating one having a definite wave shape other 
than the sine wave. 

e. Alternating current immediately after opening 
or closing the circuit, or immediately after 
effecting some other change in circuit condi­
tions. 

We can further classify the currents in the foregoing: 
a c and d are those relating to steady state currents, ' ' . while b and e refer to temporary currents, sometimes 
called transients. In practice we are mostly interested 
in steady state currents in so far as the actual deter-

mination of current values is concerned, but under 
certain conditions the effects of transients are impor­
tant. Certainly, in a telephone connection, we are 
concerned with any "clicks" or "scratches" that may 
be heard in a telephone receiver due to the opening or 
closing of circuits which are electrically connected to the 
telephone system. For example, when sending tele-­
graph signals over a telegraph circuit superposed _on a 
telephone circuit, there should be no appreciable 
"telegraph thump" in the telephone circuit. The s~c­
cessful operation of both telephone and telegraph cir­
cuits introduces certain important considerations 
having to do with changes in current values. 

In fact, we deal with all five of the circuit conditions 
mentioned above in the telephone plant. Let us con­
sider a long distance line wire not only composited for 
telegraph service but having a carrier current telegraph 
channel superposed as well. The resulting current in 
the wire can best be studied by scrutinizing the be­
havior of its separate components. When analyzed, 
the current due to the composited telegraph connection 
alone is an illustration of two of the classifications, 

h · f " k " "b k" namely a and b. At t e mstant o ma e or rea 
of the key, conditions are as described by b. When the 
key is closed, i.e., when signals are not being sent, con­
ditions are as described by a. For the carrier channel, 
we likewise have condition c for a. pa.rt of the closed key 
period and condition e for the instants of "make" 
and "break". For the ma.in talking circuit, we have 
an application of d when a. vowel sound is being trans­
mitted, and an application of e when a consonant sound 
is being transmitted. . 

Thus we find in the telephone plant no scarcity of 
applications for every current classification. It hap­
pens, however, that some of these arc by no m~a~s 
simple and for practical telephone work we may hm1t 
our study to a thorough analysis of steady state currents 
only, and to concepts, rather than ?alculations, _of 
transients in either direct- or alternating-current cir-
cuits. 
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55. Changes in Direct-Current Values 

We may analyze classification b (changes in direct­
current values) since this will lead us to certain of the 
new circuit properties that we wish to examine. In 
Figure 95, with the switch open we hav~ a circuit ~th 
infinite resistance and zero current; with the switch 
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closed yve have, by Ohm's Law, a current-

E 10 
I = R = 5 = 2 amperes. 

In spite of the apparent promptness with which elec­
tricity responds to the operation of any controlling 
device, we cannot conceive of the current changing from 
zero to two amperes without going through the range 
of every intermediate value between zero and two 
amperes; neither can we conceive of the current build­
ing up in the circuit in zero time to the value given by 
the application of Ohm's Law. If such were the case, 
the current would have every value from Oto 2 amperes 
at the instant of closing the circuit. Reverting to our 
water analogy with the circulating mechanism in 
Figure 2, when a valve is shut we know there is no flow 
of water in a long pipe line and when the valve is opened 
we know that, due to the inertia of the water, a definite 
time is required for the flow to become a maximum. A 
current in an electrical circuit cannot be established 
instantaneously any more than the water flow can be 
established instantaneously. 

R=S'"' 

E•10V 

Fxo. 95. SIMPLE INDUCTIVE C1Rcu1T 

Again, if in Figure 95 we suddenly open the switch 
in a dark room while there is a current of two amperes 
in the circuit, we shall observe a spark at the contacts of 
the switch. Though the electrical current is reducing 
in value, it continues to flow for an instant after the 
switch points are no longer in contact, forcing itself 
through the air, and thereby forming an "electrical 
arc" which gives the illumination. 

We thus have two conditions where the current in a 
brief interval of time assumes all intermediate values 
between two amperes and zero, and we may compare 
these with other less abrupt changes in a circuit, such 
as those due to a varying transmitter resistance. It 
may be said that an electrical circuit "reacts" to such 
current changes. But this reaction cannot be explained 
by our previous understanding of either resistance or 
E.M.F. The circuit has other properties which are 
latent when the current is a steady unidirectional one 
but which are immediately brought into play when the 
current attempts to change its value. There are two 

such additional properties, namely, "inductance" 
and "capatity". Inductance tends to give the circuit 
something that is analogous to inertia in a mechanical 
device, and capacity something analogous to elasticity. 

56. Inductance 

When an E.M.F. is connected to a circuit, the condi­
tions are somewhat analogous to those obtaining when 
a locomotive starts a train. The locomotive exerts 
considerable force which, in the circuit, corresponds 
to the impressed E.M.F. A part of this force is used 
in overcoming resisting forces such as the friction 
of the moving wheels, the grade of the track, and others 
that apply to the train as a definite resistance to its 
motion at all times. The second part of the force is 
used in setting the train in motion, i.e., accelerating 
the heavy inert body. As soon as the train is acceler­
ated to full speed, the entire force applied is available 
for overcoming the resistance alone. Likewise in the 
electrical circuit, for any given E.M.F., the current 
does not instantaneously establish itself to that value 
which represents the effect of the full voltage over­
coming the resistance. 

We have learned that there is a magnetic field about 
every current-carrying conductor, and when a conduc­
tor is wound into a coil or is in the presence of iron, the 
magnetic field is intensified. The magnetic field can­
not be established instantaneously any more than the 
train can be instantly changed from its state of rest 
to that of full speed. What actually happens in the 
case of the electrical circuit is that the E.M.F. en­
deavors to start a current; the current in turn must 
establish a magnetic field; this field reacts upon the 
circuit in a manner similar to that in which the counter­
E.M.F. generated by a motor opposes the applied 
voltage, and for an instant a part of the E.M.F. that 
is connected to the circuit must be used in overcoming 
these reactions. The current, therefore, increases 
gradually and as it does so, the magnetic field becomes 
more nearly established and the reaction becomes less 
pronounced, until finally the entire E.M.F. is applied 
to overcoming the resistance of the circuit alone, 
thereby sustaining the established current at a value 
determined by Ohm's Law. 

This may be more clearly understood by referring to 
the circuit shown in Figure 96 and following the change 
.in current that is taking place immediately after the 
switch has been closed. When the switch S is closed, 
the E.M.F. E endeavors to establish a current in the 
circuit equal in value to E / R, or two amperes. But 
the current, as has been stated, must go through every 
intermediate value from zero to two amperes. By 
directing our attention to only one turn of the coil, for 
example, T1, we can imagine the current building up 
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and in consequence establishing lines of magnetic 
induction around this single turn which will, however, 
cut every other turn of the coil. This action will set 
up in the other turns an induced E.M.F. tending to 
establish a current in the opposite direction in much the 
same way as we learned a back E.M.F. was set up in 
the ~lectric motor. And as in the case of the motor, 
the two currents are in one and the same circuit and the 
induced current is opposed to the current established 
by virtue of the battery E.M.F. 

T, T2 Ta - --------------Tt 

E-10" 

.____ __ ,1,1,1------' 
FIGURE 96 

Figure 97 represents graphically the current in this 
circuit. With the switch open, the current is zero. 
When it is closed ( or when sufficiently near the contacts 
for the E.M.F. to break down the insulation of the 
narrow separation of air, since the current starts to 
flow before actual contact is made), the 10-volt battery 
will attempt to establish a current of two amperes in 
accordance with Ohm's Law. But the current cannot 
be completely established until after an interval of 
time represented by it; and at the start, it cannot be 

battery voltage E acted alone, the current value would 
be EI R or two amperes. Since the actual current 
flowing is less than two amperes, the difference between 
the actual current and two amperes may be regarded 
as due to a current flowing in a direction opposite to 
that of the two amperes set up by the battery. This 
current is established by the induced E.M.F. and we 
may designate it as an induced current to distinguish 
it from the two-ampere current which the supply volt­
age tends to set up. The actual current in the circuit 
at any instant, then, is the numerical difference between 
the two-ampere battery current and the induced cur­
rent. 

If we now assume for the sake of reasoning that the 
induced voltage E1 remains unchanged, the resulting 
induced current will oppose the battery current, and 
the net amount of current flow will remain at the value 
P. We know, however, that the current which will 
eventually flow is two amperes, and furthermore, if the 
current becomes constant at a value P, no lines of 
magnetic induction are in motion; hence, there is no 
induced voltage and consequently no induced current. 
But with no induced current, the battery will set up two 
amperes; therefore our assumption that the induced 
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duce a back E.M.F. of 10 volts, because if it did so, the 11me witch llme Reguired for 
induced E.M.F. would be equal to the applied E.M.F. Contect First. Mede Current to Establish Itself 

and since they oppose each other, there would be no 
current whatsoever. As would be expected, however, 

Fro. 97. BUILD-UP OF CURRENT IN INDUCTIVE CIRCUIT 

the maximum rate of increase of the current occurs at voltage E1 remains constant, keeping the current down 
the instant the switch is closed. to a value such as that represented by the line PN is 

Now let us consider the conditions at some inter- false. On the other hand, it is clear that the induced 
mediate time between the closing of the switch and it. voltage E1 cannot become zero until the current be-
If, from the value represented by point P, the current comes two amperes, though it does continue to decrease 
increased at a rate that contll).ued without changing, in value, since we know that a current is always accom-
the line PM would represent the trend of current values panied by a magnetic field which must change if the 
that would follow. But with the current increasing current changes, and the result of such a change is an 
at this rate, the lines of magnetic induction are cutting induced voltage. From this we conclude that there 
other turns of wire and inducing an E.M.F. which we must be a compromise trend for the curve of current as 
might represent in Figure 96 as a second battery E1, it establishes itself, somewhere between the two ex-
and which must be of the value necessary to establish tremes. This compromise is that shown by the curve 
a current equal to two amperes minus the current which PQ which is tangent to but bending away from PM. 
has been already established at the point P. This The current is neither maintaining the same rate of 
follows from the earlier explanation regarding the change as it approaches the value fixed by Ohm's 
directional property of an induced E.M.F. If the Law nor does it cease entirely its increase in value before 
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it reaches two amperes. This is true because although 
the induced E.M.F. that would stop the change in 
current is gradually becoming less in value, the IR 
drop is becoming greater, and the sum of these two must 
always equal the impressed voltage in accordance with 
Kirchoff's second law. Thus we see from the curve in 
Figure 97 the "choking" effect of an inductively wound 
coil to increases in current value. 

The case of a decreasing current value, and the 
E.M.F. induced at the time of opening a circuit, is of 
course another application of the same theory, but the 
effects are different in their practical aspects. Be­
cause this E.M.F. is induced as a result of a decreasing 
current instead of an increasing one, it aids rather than 
opposes the existing E.M.F. Moreover, the current 
change is a very rapid one because the opening of the 
switch tends to change the resistance of the circuit 
from a definite value to infinity with great suddenness. 
As a result, the induced E.M.F. may become much 
greater than the applied E.M.F. besides being additive 
to it, whereas in the closed circuit it can never be 
greater than the applied E.M.F. This total E.M.F. 
of the opening circuit tends to force an arc across the 
switch contacts, which is much more evident than the 
arc at the time of closing the switch because the voltage 
is so much greater. Here we have again.the analogy 
to inertia where we attempt to suddenly stop a moving 
body, whereas before the analogy covered starting a 
body from a state of rest. 

Briefly, Ohm's Law holds at all times, but the prop­
erty of inductance in a circuit will cause the establish­
ment of an E.M.F. opposing that applied to the circuit 
in the case of an increasing current, and aiding the 
applied E.M.F. in the case of a decreasing current. 
The value of this induced E.M.F. is not necessarily a 
fixed one; it varies, and either in the case of a current 
establishing itself, or in the case of a current decaying, 
eventually becomes zero. The magnitude or influence 
of the induced E.M.F. as a reactive effect is determined 
by two factors: 

a. The first is a property of the circuit having to do 
with the number of inductive turns, whether or 
not each coil has a magnetic core and if mag­
netic, the permeability of the iron, etc. 

b. The second is the rate of change of current. This 
employs the property of the circuit as a tool or 
facility for creating the induced E.M.F. 

The property of the circuit which we have called 
inductance is represented by the symbol L and is 
measured in a unit called the henry. The rate of 
change in current, though a varying quantity, would 
naturally be measured in amperes per second or I/t. 
(In this case I/t represents the rate of change of current 
which if maintained constant, would permit the current 

The unit value of the henry 1s defined as the inductance 
of a circuit that will cause an induced E.M.F. of one 
volt to be set up in the circuit when the current is 
changing at the rate of one ampere per second. From 
this we may write-

LI 
E1= -

t 
(29) 

where E1 is the chosen symbol for induced E.M.F. and 
L represents inductance in henrys. 

Since L depends upon a property of the circuit which 
has to do with conductors cutting lines of magnetic 
induction, it can be defined in other terms. In Chap­
ter VI we learned that one volt was established in a 
conductor that cut 100,000,000 lines per second. It 
follows that in a circuit having an inductance of one 
henry 100,000,000 lines will be cut for each ampere per 
second change in current value. Here it should be 
noted that in this case the lines are moving and the 
conductors are stationary; the effect is of course the 
same as in the reverse case, where the conductors are 
moving and the lines are stationary. Considering the 
inductance of any given coil, the lines threading 
through the coil, as they build up or decrease, will cut 
each turn, or we may write-

E - q,N 
1 

- 100,000,000 X t 
(30) 

where q, is the flux through the coil, N is the number of 
turns and t is the number of seconds required for the 
flux to cut the turns. But, from Equation (29), 

LI LI . 
E1 = -t-; therefore, -t- can be substituted for E 1 in 

Equation (30) and we have-

LI q,N 
t 100,000,000 X t 

(31) 

or, with the t cancelled on both sides of the equation-

q,N 
LI = 100,000,000 (32) 

But in Equation (14) we learned that q, = M/R 
where Mis magnetomotive force and R is reluctance. 
Also, in Equation (16) we found that for a solenoid, 
M = 1.26NI. Therefore-

M l.26NI 
¢=R=-R- (33) 

which may be substituted in Equation (32) giving-

LI= I.26NI X N 
R 100,000,000 

l.26N2 

L = R X 100,000,000 
(34) 

to rise from a value Oto a value I in a time interval t.) The reluctance for any entire coil is determined by the 

[ 62 J 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

dimensions of the coil and the permeability of the iron 
core. We may substitute in Equation (34) an expres­
sion for reluctance that may be derived from Equations 

(14), (16) and (17); namely, R = µ.~ whereµ. is the 

permeability, l is the length of the core in centimeters 
and A is the area of the core in square centimeters. 
Thus, we have finally-

I.26N2 µA 
L = 100,000,000 X l (35) 

Note: This equation may be used to calculate the 
inductance of a coil if all of the constants involved 
are accurately known and there is no flux leakage. 
In practice, it is usually easier to measure the in­
ductance. Actual measured inductance values 
for some representative units of telephone appara­
tus are given in Table V. 

If it is desired to find the total inductance of a circuit 

having several coils in series, the inductances should 
be added in the same way that resistances in series are 
added. Similarly, parallel inductances are calculated 
by the same formulas as are parallel resistances. 
For example, see Equation (4) and substitute L, Li, 
and L,, for R, R1 and Rt, respectively, etc. 

This property of a circuit which creates an E.M.F. 
from a change of current values when the reaction 
effects are wholly within the circuit itself is called 
self-inductance to distinguish it from the relation 
permitting electromagnetic induction between coils or 
conductors of separate circuits. This latter property 
of the two circuits taken jointly is called mutual in­
ductance. It is discussed in a later chapter. 

57. Capacity 

There remains that property of the circuit that we 
have called "capacity", which gives it something 

TABLE V 

APPROXIMATE I NDUCTANCE VALUES FOR WINDINGS OF VARIOUS ELECTRICAL APPARATUS 

.&PP~ATU8 IMPEDANCE 

NO, tNDOC'l'ANCJlt . 
WJN'DIN08 DC Rll,IJJl!JTAHCF.. AC Re&.c• (Bt:l'fRTO) 

Nome Code Reeil· lance (See Jmpe- Freq. Connections (HS l'f0t'S2) 
No. tance (See Note I) dance 

Note I) 
-- --- ---

Relays, AC Type 172-B 2 Inductive 540 3260 5650 6520 900 Inductive winding 1.0 
Non-inductive 2000 only 
Comb. 406 

Relays, AC Type 196-A 2 1600; 1600 117500 203000 235000 900 Windings in Series 36.0 

Relays, AC Type 218-B 2 117; 117 450 678 810 13S Windings in Series 
Armature held eta-

.8 

tionary 

Relays, AC Type J-1 1 1090 38000 39400 55000 900 - 7.0 

Receivers 144 - 83 140 164 250 800 - .0325 

Receivers 525 - 276 620 1910 2000 800 - .38 

Receivers 528 - 56 106 237 260 800 - .0475 

Receivers 557-B - 30 46 110 120 800 - .022 

Retardation Coils 5-U 2 (1-2) 500 - - - 16 Single Winding 3.0 to 4.0 

(2-3) 500 16 Series Aiding 12.0 to 15.0 

Retardation Coils 5-AA Two windings aa con-
77-A 2 74 ea. - 270 - 16 nected for 1 wire 2.7 

Retardation Coils 12-A l 165 - 5024 - 800 - 1.0 

Retardation Coils 44-D 2 83 ea. 2480 39565 39580 900 Windings in Series 7.0 

Retardation Coils 47-B 1 150 160 1700 1710 900 - .3 

Retardation Coils 57-B 2 175 ea. 1620 22610 22700 900 Windings in Parallel 4 .0 

Retardation Coils 82-H 1 (tapped) (1-8) 25.2 47 1640 1640 1800 Entire winding . 145 

Retardation 9oils 182-B 1 (tapped) (1-8) (30.0) 56 1640 1640 1800 Entire winding .145 
. 

Note: (1) Impedance and impedance components are discussed 1n Chapter XVI. A.C. Resistance or the resistance component 
.of impedance is often widely different from the resistance to direct-current flow. 

(2) Inductance values vary greatly depending upon conditiona under which apparatus is operated, age of iron, degree of satura­
tion, etc. This table gives only representative and approximate values. 
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analogous to elasticity. While a storage battery stores 
electricity as another form of energy, in a smaller way a 
condenser stores electricity in its natural state. 

As a container, a condenser is hardly analogous to a 
vessel that may be filled with water, but more nearly 
to a closed tank filled with compressed air. The quan­
tity of air, since air is elastic, depends upon the pressure 
as well as the size or capacity of the tank. If a con­
denser is connected to a direct source of E.M.F. through 
a switch as shown by Figure 98, and the switch is 
suddenly closed, there will be a rush of current in the 
circuit. This will charge the condenser to a potential 
equal to that of the battery, but the current will de­
crease rapidly and become zero when the condenser is 
fully charged. 

r---------~.::,t--oa-------, 

FIG. 98. S111:PLE CAPACITIVE CIRCUIT 

The insulated conductors of every circuit have to a 
greater or less degree this property of capacity. A 
certain quantity of electricity, representing a certain 
quantity of energy, is accordingly delivered to a circuit 
before the actual transfer or transmission of energy 
from a sending device to a receiving device takes place. 
The capacity of two parallel open wires, or a pair of 
cable conductors of any considerable length, is appre­
ciable in practice. 

The quantity of electricity stored by a condenser 
depends upon the condenser's capacity and the electro­
motive force impressed across its terminals. The 
following equation expresses the exact relation: 

· Q = EC (36) 

where Q is the quantity of electricity in coulombs, E is 
the impressed E.M.F. in volts, and C is the capacity of 
the condenser in farads. The farad is a very large unit 
and is seldom used in practice. The microfarad (from 
"micro", meaning one one-millionth) is the practical 
unit more commonly used; and with C expressed in 
these units, Equation (36) becomes-

Q = EC 
1,000,000 

(37) 

Figure 99 illustrates a condenser in its simplest form 
together with one convention used for a condenser 
connected to a battery. Two wires are connected to 
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two parallel metal plates having a definite separation 
as shown. This is called an "air condenser" because 
air is the "dielectric" medium between the plates. The 
capacity of such a condenser is directly proportional 
to the area of the plates, and inversely proportional to 
their separation. At the instant a battery is connected 
to its terminals, there is a rush of electricity which 
charges the plates to the potential of the battery, but 
as the plates become fully charged, the current in the 
connecting conductors becomes zero. Were we to 
insert a sensitive high resistance galvanometer in series 
with the battery, we would observe an instantaneous 
"kick" of the needle when the connection is made, but 
the needle would return and come to rest at zero. If 
the capacity of the condenser were increased, the kick 
would become more noticeable. If now the battery 
were disconnected and the condenser short-circuited 
through the galvanometer, there would be a kick of the 
needle in the opposite direction. This would result 
from the quantity of electricity, which had been stored 
in the condenser, establishing an instantaneous current 
in the opposite direction and discharging the condenser 
through the winding of the galvanometer. 

Fro. 99. ELEKENTART CoNDSNBIIR AND CONVENTION 

In addition to the size of its plates and their separa­
tion, the capacity of a condenser depends upon the 
insulating medium between the plates. For example, 
if mica is inserted between the plates of an air con­
denser its capacity is increased about five times. The 
insulators, in addition to being classified in the order 
of their insulating properties as given in Table III, 
may be classified in the order of their "dielectric 
powers", or "specific inductive capacities", i.e., their 
ability to increase the capacity of a condenser over that 
of an air condenser. Such a classification is given in 
brief in Table VI. 

The equation for the capacity value of a two-plate 
condenser is-

(38) 

where C is capacity in microfarads, K is the constant 
ta.ken from Table VI, A is inside area of one plate in 
square centimeters, and d is separation of plates in 
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centimeters. There are similar equations for calcu­
lating the capacity per unit length of parallel open wire 
conductors or cable conductors. These may be found 
in various electrical handbooks, but for telephone and 
telegraph work, tables giving measured values, which 
vary for each class of open wire or cable pairs, are pref­
erable and are usually available. 

TABLE VI 
DIELECTRIC POWER OJ' V .ilUOUS INSULATING MATERIALS 

Values are only approximate and are given for value of Kin 
Equation (38) rather than compared to air as unity. 

IIV.19'l'A1'CS K 111 JOQUAffON (38) 

Glass- Very deDBe ft.int ... . .. ... . . . 9 ..,_ 10' approx . 

Mica .......... . ....... . .......... (.3 to .7) + 10• approx. 
-

Glass, ordinary ............ . ... . .. .3 + 10' approx. 

Shellac .. . .. . .... . ...... . ...... .. . . 3 10• approx . 

Gutta-Percha .......... .. . . . . ..... (.2 to .4) 10' approx. 

India Rubber .... .. .... .... . .... .. .2 10• approx. 

Paraffin paper ............ . ...... . ( .2 to .3) ..,_ 10' approx. 

Air (at atmospheric pressure) .. .. . .0885 ..,_ 10• standard 

An inspection of Equation (38) will show that if two 
identical condensers are connected in parallel as shown 
by Figure 100, the effect is that of doubling the plate 
area of a single condenser, and therefore doubling the 
capacity. On the other hand, if two identical condens-

F1oumr: 100 

ers are connected in series as shown by Figure 101, the 
middle or common plates have a neutral potential and 
the effect is that of doubling the thickness of the 
dielectric of a single condenser, which cuts the capacity 
in half. It follows that capacities in parallel and series 
act inversely to resistances or inductances in parallel 
a.nd series. This may be stated in a single rule cover­
ing all conditions-

Capacities in parallel should be added to find the 
total capacity in the same way that resistances in series 
should be added to find the total resistance; and the 
reciprocal of the sum of the reciprocals must be taken 
to find the total capacity of capacities in series in the 
same way that the reciprocal of the sum of the recipro­
cals must be taken to find the total resistance of re­
sistances in parallel. 

This rule may be expressed by two simple equations: 
For several parallel capacities-

C = Ci+ C, + Ca etc. 

For several series capacities-

1 1 1 1 
- = - + - + - etc C Ci C2 C, . 

(39) 

(40) 

Or for only two series capacities, a third equation 
may be written as follows: · 

C = Ci X C, 
C1 + c,· (41) 

Note: Equation (39) may be compared with Equa­
tion (4) and Equation (41) may be compared with 
Equation (8). 

--0--1~----,...--0-----1E-=3---+---oo---
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FIGUllE 101 

68. Effects of Inductance and Capacity in Direct--Cur­
rent Circuits 

The circuit reactions coming from the presence of 
inductance and capacity offer their most common 
applications in alternating-current circuits where we 
deal with their effects singly or jointly as "reactance", 
a quantity measured in ohms just as resistance is 
measured in ohms. Direct-current applications in 
telephone and telegraph work are nevertheless com­
mon. Figure 102 shows one way to apply the property 

'---------111111----------J 
Fxo. 102. CONDENSER AS SPARK-KILLER 

of capacity to neutralize the detrimental effects of the 
self-inductance that is always present where there is a 
relay winding. Here the key contacts are bridged 
with a condenser which prevents excessive arcing when 
the circuit is opened because the sustained current is 
charging the condenser instead of forcing an arc. In 
practice the condenser usually has a non-inductive 
resistance in series, its purpose being to avoid oscilla­
tory effects which are discussed in a later chapter. 
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CHAPTER IX 

PRINCIPLE OF THE TELEPHONE 

69. Sound 

The telephone accomplishes the electrical transmis­
sion of speech by employing the mechanical energy of 
the speaker's voice to produce electrical energy having 
similar characteristics, and in turn converting this 
electrical energy into sound waves having similar char­
acteristics at the listener's station. To understand its 
principle of operation we may well consider the nature 
of "sound". 

Sound in the scientific sense has two distinct mean­
ings. To the psychologist it means a sensation, to the 
physicist it means an atmospheric disturbance or a 
stimulus whereby a sensation is produced in the human 
ear. In other words, it is a form of wave motion pro­
duced by some vibrating body such as a bell, tuning 
fork, the human vocal cords, or similar objects capable 
of producing rapid to-and-fro or vibratory motion. 

Glass 
Vacuum 
Jar 

Exhaust 
~========:i. Pipe 

Fwuai;: 103 

wave motion. We thus see a flash of lightning before 
we hear a clap of thunder or see the smoke dispelled 
from the muzsle of a gun before we hear the gun's 
report. 

Unlike light, heat or electrical wave transmission, 
sound is an atmospheric disturbance. If as shown in 
Figure 103, a vibrating bell is placed under an inverted 
glass bowl resting on a brass plate that has an outlet 
through its center to which an exhaust pump is con­
nected, it may be heard almost as distinctly as though 
there were no glass container. But if the air is ex­
hausted until there is a vacuum about the bell, no sound 
can be heard; yet the bell may be seen vibrating as 
clearly as before the glass container was exhausted. 
We thus learn that there must be an atmospheric 
medium for the transmission of sound. 

If the sound's source is a vibrating mechanism in 
simple form, such as a simple to-and-fro motion of the 
prong of a tuning fork, and is sustained without decay 
for a definite interval of time, the wave motion is said 
to be "simple harmonic". (A simple harmonic wave 
may be represented by the sine curve already discussed 
in Article 43.) On the other hand, if the source consists 
of a complex mechanical motion or an object vibrating 
by parts as well as in its entirety, the wave is complex, 
or a fundamental sine wave with harmonics, which 
give it quality. A sine wave without harmonics is 
called a pure wave. A complex wave is called an 
impure wave. 

The sound sensation produced by a series of succes­
sive waves identical in form is called a tone, and if 
each wave is complex, it is a tone having timbre or 

Everyone is familiar with the series of waves that quality, but if simple or a sine wave, it is a pure tone. 
emanate from a stone cast upon the still water of a lake A vibrating mechanism giving a pure tone is said to 
or pond. This is one of many forms of wave motion, establish a tone of low pitch if it is vibrating slowly, but 
and in a manner similar to that in which the stone if vibrating rapidly, it establishes a tone of high pitch. 
coming in contact with the water establishes radiating The lowest pitch which is audible to the average ear 
rings formed by circular wave crests alternating with lies somewhere in the octave between 16 and 32 vibra,-
wave troughs, there emanates from a source of sound tions per second. The ear does not respond to a slower 
alternate condensations and rarefactions of the air. vibration. On the other hand, the average ear has an 
Instead of being rings on a single plane or surface, upper limit of audibility lying somewhere in the octave 
however, they are a series of concentric spheres ex- between 16,000 and 32,000 vibrations per second. 
panding at a definite rate of travel. This rate of travel These two octaves are the extreme limits of the scale 
(or the velocity of the sound wave) is approximately of audibility. 
1,075 feet per second but varies to some extent with Audible sound is thus defined as a disturbance in the 
altitude and atmospheric conditions. The velocity of atmosphere whereby a form of wave motion is propa-
sound is very low as compared with the velocity of gated from some source at a velocity of 1,076 feet p~ 
light, heat or wireless waves, which are also a form of • second, the transmission being accomplished by al~ 
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oate condensations and rarefactions of the atmosphere 
in cycles having a fundamental frequency ranging 
somewhere between 16 per second and 32,000 per 
second. 

The superposed waves on the fundamental, which 
we have called harmonics, are present in most dis­
tinctive sounds, and particularly in the human voice. 
They permit us to distinguish notes of different musical 
instruments when sounded at the same pitch. They 
also establish subtle differences in the voice which may 
indicate anger or joy, or permit us to distinguish the 
voice of one person from that of another. Figure 104 
illustrates wave forms for different kinds of sound and, 
similarly, Figure 105 shows the predominating wave 
8hapes of certain spoken vowels. 

Musical Note 

Noise. 
FIGURE 104 

Fortunately, in telephone ·transmission, which is 
essentially a problem of conveying "intelligibility" 
from the speaker to the listener, we are not seriously 
concemed with sounds having either fundamental or 
harmonic frequencies that extend throughout the entire 
scale of audibility. The sound frequencies which play 
an important part in rendering the spoken words of 
ordinary conversation intelligible are the band of 
frequencies within the audible scale ranging from 
approximately 200 to 2,500 cycles per second. Within 
this band the frequencies between 700 and 1,100 cycles 
per second are perhaps of greatest importance. 

60. The Simple Telephone Circuit 

The original telephone, as invented by Bell in 1876, 
consisted of a ruggedly constructed telephone receiver. 
It was used both as a transmitter and a receiver at that 
time. The telephone circuit in its simplest form con­
sisted of two wires terminated at each end by such 
an instrument but without transmitter or battery and 
without signaling features. Figure 106 shows such a 
circuit. 

At the speaker's station, the sound waves of the voice 
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Simple Sound. 

66 as in Loose. 

6 as rn Low. 
FIGURE 105 

strike the metal diaphragm of the telephone receiver, 
and the alternate condensations and rarefactions of the 
air on the side of the diaphragm establish in it a sympa­
thetic vibration. Behind the diaphragm is a perma­
nent bar magnet and the lines of induction leaving the 
magnet are crowded in the vicinity of the metal dia­
phragm. The vibration of this diaphragm causes a 

FIG. 106. ELEMENTARY TELEPHONE CIRCUIT 

corresponding change in the number of lines that 
thread through the receiver winding, resulting in the 
turns of the winding being cut by the building up and 
decaying lines. This establishes a varying electrical 
current in the winding of the telephone receiver, having 
wave· characteristics similar to the characteristics of 
the sound wave. This current, in passing through the 
receiver winding at the distant end, alternately strength­
ens and weakens the magnetic field of the permanent 
magnet, thereby lessening and increasing the pull upon 
the receiving diaphragm, which causes it to vibrate in 
unison with the diaphragm at the transmitting end, 
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although with less amplitude. This vibrating dia­
phragm reproduces the original sound, conveying 
intelligibility to the listener at the receiving end. 

N 

FIG. 107. BAR-MAGNET RBCEIVJ:B 

The earlier forms of telephone receiver were equipped 
with a permanent bar magnet as shown by Figure 107. 
The instrument's efficiency was greatly increased by 
the use of a horseshoe magnet, as illustrated by Figure 
108, which permits the lines of induction to pass from 
one magnetic pole to the other through the iron dia­
phragm. This, with additional ·refinements which 
have been developed from time to time, constitutes the 
present telephone receiver. 

FIG. 108. HoRSmsuo:s-MAGNJCT RECEIVER 

Although the principle of Bell's original telephone 
• applies to the present day telephone receiver, it was 

appreciated in the early stages of telephone develop­
ment that the electrical energy generated by a dia­
phragm vibrating in a comparatively weak magnetic 
field was insufficient for the transmission of speech 
over any considerable distance. The energy could, of 
course, be increa.<Jed by using stronger magnets, louder 
sounds, and the best possible diaphragms, but even 
with any ideal telephone receiver that might be per­
fected, voice transmission would be limited to com­
paratively short distances. One year after the inven­
tion of the original telephone, the Blake transmitter 
was introduced. It worked on the principle of a 
diaphragm varying the strength of an already estab­
lished electrical current, instead of generating electrical 
energy by means of electromagnetic induction. By 
this means it was possible to establish an electrical 
current with an energy value much greater than that 
conveyed to the instrument by a feeble sound wave. 
The battery in this case was the chief source of energy 

FIG. 109. PllINCIPLJ: OP THI: Tl:LJ:PBONJ: TBANSlll'l'TJIB 

and the vibration of the diaphragm acted as a means 
for regulating this energy supply rather than as a 
generating device. 

The principle of the transmitter may be better under­
stood by referring to Figure 109. Battery A. estab­
lishes a direct current in a local circuit consisting of the 
primary winding of an induction coil I, and a cup of 
carbon granules C. One side of this cup rests against a 
small carbon disk rigidly connected to the transmitter 
diaphragm. The vibrating transmitter diaphragm 
varies the pressure on the carbon granules, which causes 
the resistance of the electrical circuit through the car­
bon granules to vary correspondingly, thereby causing 
fluctuations in the value of the direct current main­
tained in the circuit by the battery. These fluctua­
tions, though represented by varying direct-current 
· values instead of by an alternating current, as in the 
case of the telephone circuit in Figure 106, establish an 
alternating E.M.F. in the secondary winding of the 
induction coil. This, in turn, sets up an alternating 
current through the local receiver, over the line, and 
through the distant receiver. The operation• of the 
distant receiver is no different than that explained in 
connection with Figure 106. 
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Figure 110 shows transmitters used at the ends of a 
simple telephone circuit. When the magnetic field is 
established by the fluctuating current through the 
primary of the induction coil, an alternating current is 
induced in the secondary of the coil. This current 
flows through the receiver at the same end of the cir-

FIG. 110. T1:LBPBONJ: CracmT WITH LocAL B.a.TTJ1aT 
TBANsMlTl'IIRS 
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FtG. 111. fiLBPBONB CIRCUIT WITB SIGNALING EQUIPMJCNT 

cuit, giving "side-tone" to the receiver at the home 
station. It is also transmitted to the distant station, 
operating the receiver at that point. 

A simple two-party magneto telephone circuit with­
out central office connections and with the hook switch 
omitted for clearness, is shown in Figure 111. Sig­
naling is accomplished by means of a magneto hand 
generator, which when turned at normal speed is 
automatically connected in the circuit by a spring 
mechanism associated with the crank and generates 
an alternating voltage of approximately 20-cycle 
frequency and ranging in value from 50 to 75 volts. 
The resultant alternating current operates a polar­
ized telephone bell at the distant end of the circuit 

similar in type to one which is described in a later 
article. 

61. The Simple Magneto Exchange 

Figure 112 is a schematic circuit drawing of two 
magneto telephone stations connected to a non-multi­
ple magneto switchboard. In this figure, the hook 
switch has been added to the subscriber's station cir­
cuit. This permits opening the transmitter circuit as 
well as the line circuit when the telephone is not in 
use, which prolongs the life of the dry cells at each 
subscriber's station. It also eliminates the receiver 
from the line circuit, thereby leaving the line free for 
the transmission of ringing signals. At the central 
office, the subscriber's circuits terminate in jacks with 
bridging "drops". There are several types of these 
drops but the one shown in the figure will illustrate the 
operation of a simple self-restoring type. Referring to 
the drop designated as D1, the ringing current of the 
calling party's generator sets up a pulsating mag­
netization in magnet M. This attracts the armature 
A1 and trips the armature A2 which in dropping forward 
lifts the shutter S, displaying before the operator a 
number on the armature A2. 

The operator answers this incoming call by inserting 
the plug P1 of her cord circuit into the jack J1. This 
disconnects the bridged drop winding M, preventing 
it from affecting the talking current transmission, and 

Cord Circuit D 
J, 

G 

Calling Party Operators Set Called Party 
FIG. 112. TELBPBONE CONNBCI'ION THROUGH MAGNETO EXCHANGE 
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energizes a second winding W of the drop, which oper­
ates the armature As and restores the signal auto­
matically without a second manual operation on the 
part of the operator. A key L permits the operator to 
communicate with the calling party by connecting her 
head set to the particular cord circuit she has used. 
After learning the number desired, she inserts the plug 
P, of the other end of the cord circuit into the jack 
corresponding to this number and operates a second 
key R which disconnects this end of her cord circuit 
from her head telephone and the calling party and 
connects it to the generator G. She is now able to 
ring the called party by turning the generator crank. 
In the larger magneto offices, which are equipped with 
ringing machines, the operation of key R connects the 
cord circuit with ringing leads that are energized at all 
times and the necessity of turning a ringing generator 
associated with the switchboard position is eliminated. 

62. The Common Battery Telephone Excnange 

operator. This lamp lighting, indicates to the opera­
tor that this particular line is calling. She answers 
the call by inserting plug P1 into the jack associated 
with the lighted lamp and to which the line of the 
calling party is connected. A third battery connection 
to the sleeve of the plug closes a circuit through the 
winding of a second relay R2, known as a "cut-off" 
relay, which disconnects the line relay from the circuit, 
putting out the burning answering (or line) lamp A1. 
The operator learns the calling subscriber's wishes by 
connecting her telephone set to the cord circuit by 
means of the listening key K 1• She talks over the two 
heavy conductors of the cord circuit through the 
windings of the repeating coil, which, by means of · 
transformer action, induces current into the other 
windings of the same coil; this flows back over the 
calling subscriber's line and induces a current in the 
secondary of the induction coil, which flows through 
the telephone receiver. 

Not only does the operator's voice current flow from 
the central office cord circuit to the subscriber's re-

In Chapter VII we learned that it is possible for a ceiver, but there is a direct current furnished by the 
number of circuits to be energized from a single battery, central office battery through two of the four windings 
and that if the battery bas a very low internal re- of the repeating coil of the cord circuit, over the line, 
sistance, the operation of any one of these circuits does and through the subscriber's transmitter. This corre-
not interfere with the operation of any other. Figure sponds to the transmitter current furnished by a local 
113 shows a telephone connection between two common battery in the magneto set. It permits the subscriber 
battery stations terminating at the same central office. to talk by virtue of the transmitter carbon resistance 
Here the telephone circuit at each station is normally varying the strength of the current, which, by means 
open when the receiver is on the hook, with the excep- of the repeating coil windings at the central office, 
tion of the ringer winding which is bridged across the induces an alternating voice current across to the 
circuit in series with a condenser. It is a function of opposite side of the cord circuit. 
the condenser to close the circuit for alternating current Upon ascertaining the number of the party called, 
and open it for direct current. Accordingly, the line the operator inserts plug Pi into jack Ji which permits 
is open in so far as the subscriber's signaling the the lamp & to burn because the circuit is closed from 
operator is concerned and is closed through the ringer the central office battery through the sleeve connection 
in so far as the operator's ringing the subscriber is con- and the cut-off relay winding. This lamp tells her that 
cerned; or we may say, the circuit is in such condition the receiver is on the hook at the called party's station 
that the subscriber may call the operator or the operator and that she must give this connection attention by 
may call the subscriber at will. The subscriber calls the ringing the called party at frequent intervals. This 
operator by merely closing the line, which is accom- is accomplished in the same way as in the magneto 
plished by removing the receiver from the hook. Con- exchange, by operating the ringing key K2• When 
tacts CI and Ct are made at the hook switch. CI closes the called party answers, current flowing from the 
the line through the transmitter in series with the pri- central office battery through the windings of the 
mary of the induction coil. This permitscurrent to flow repeating coil, and through the supervisory relay Ra, 
from the central office battery B through one-half of operates this relay. As a result the lamp S2 is short-
the line relay winding R1, over one side of the line L 1, circuited and goes out, notifying the operator that the 
through the primary winding of the induction coil, party has answered. At the same time, a resistance 
and the transmitter back to the central office over the is inserted in the battery circuit to limit the current 
other half of the line Lt, through the other half of the through the cut-off relay. When both parties have 
relay winding R1, to the other side of the central office finished talking and hang up their receivers, this 
battery or to ground, i.e., the grounded side of the supervisory relay, as well as a similar relay on the other 
battery. This energizes the line relay R 1 which con- side of the cord circuit, is de-energized, and since the 
nects the central office battery to a small answering short-circuit is then removed from the lamps, they 
lamp A1 in the face of the switchboard in front of the light. This notifies the operator that both parties are 
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through talking and that both cords are to be taken 

down. When the operator pulls dewn both cords, 

the sleeve circuit of the cord is opened at the jack and 
the lamps go out. 

:==! ==~ ==i==~ 
FIG. 114. 810NALINO ON Two-PABTT Lm• 

It is seen that the operator depends upon burning 
lamps for each operation excepting that of connecting 

the calling cord to the jack of the called station. In 
all common battery operating, a burning lamp means 

attention. Thus a burning lamp in the face of a switch­

board signifies "line to be answered"; one burning 
lamp on a cord signifies "continue ringing on the 

corresponding cord"; two burning lamps signify "dis­
connect both cords as both parties have 'hung up'". 

A flashing lamp means one party is not banging up but 

wishes to place another call or desires the operator to 

answer in on the connection. 

63. Party Lines and Selective Ringing 

In order to put more than one subscriber on the same 

line in common battery operation, it is necessary that 

some means be provided for signaling each party inde­
pendently. One method of doing this is represented 

by Figure 114, where the same 2-wire circuit is used 

for two subscribers, but one subscriber is rung over 

wire a to ground and the other over wire b to ground. 
A more complex system makes use of the "biased" 
ringer, which is shown in Figure 115. In this ringer, 
the magnetic circuit through the cores of the two 
windings is completed through a permanent steel mag­
net which gives what is known as a "polarized magnetic 
circuit". To give the bias effect, a small spring is 
provided to keep the soft iron armature normally in 

one position. Without tension on the biasing spring, 
a current flowing through the windings in one direction 
will increase the pull on one end of the armature and 

decrease the pull on the other. This permits the tapper 

to strike one gong. Likewise, if the current flows in 

the opposite direction, it will permit the tapper to 

strike the other gong. An alternating current will, 
therefore, ring the bell. But if two such ringers are 

placed in the same circuit and they are biased in 

opposite directions, a pulsating direct current in one 
direction will operate the first ringer, while a similar 

current in the other direction will operate the second. 
These two systems may be combined by placing two 

biased ringers between each wire and ground, thus 

making a four-party system. 
Another system that is used to some extent is known 

as the "harmonic system". Each ringer is constructed 

with a special spring armature having a weighted 

tapper to give it a natural period of vibration. The 

period of vibration is different for each ringer on a single 

line and the alternating ringing current must have a 

corresponding frequency to select a particular ringer. 

This system requires ringing current taps at the opera­
tor's cord circuit of various frequencies, instead of the 

several arrangements of a single frequency required for 

the systems described above. 

-- lB) ---- ,-... ,,,-... \ , ' , " I 
, I \ ! \ , 

tJ u u 
F10. 115. Bu.sJDD RINGER 
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64. The Multiple Switchboard 

In a small exchange where a single operator can 
handle all of the subscribers, it is possible to connect 
any two subscribers together when each subscriber's 
line terminates in a single jack only. As described in 
the foregoing, if subscriber "A" signals the operator, 
she will plug into his answering jack, which is next to 
the signal by which he calls her, and upon ascertaining 

'000000 0000000 000 
0000000 0 0 
00000 > 
0000 
0 00 
00 
00 
00 

--

the number he is calling, for example subscriber "B", 
she will connect him by plugging into the answering 
jack of subscriber "B" with the other plug of the same 
cord circuit. However, when there are more than a 
few hundred subscribers, all of whose lines terminate at 
the same switchboard, it is obviously impossible for 
one operator to answer all of these lines. To apportion 
the work and to make it possible to mount the switeh­
board apparatus in such a way that it will permit inter­
connection for a large number of lines, the multiple 
switchboard was developed. 

The principle of the multiple switchboard is that the 
answering jacks and signals are divided up among the 
various operators, each operator handling on the aver­
age about two hundred lines and being responsible for 
answering any signals from these subscribers. In 
addition to these answering jacks, there may be as 
many as 3,300 calling jacks in the position in front of 
each operator. These calling jacks do not have any 
signals mounted with them, as they are for calling only. 
The calling jacks are each multipled, that is, connected 
in parallel with a similarly located jack in the thi)'d 
position to the left and right, and with the answering 
jack. Any operator can reach any one of about 10,000 
calling jacks, either directly in front of her or in the 
adjacent positions on her left or right. A multiple 
switchboard is shown diagrammatically in Figure 116. 
In this figure should subscriber Number 109 call sub­
scriber Number 567, the signal would come in at posi­
tion "1" where the answering jack for subscriber 109 
is located and the operator would connect him by 
plugging into calling jack Number 567 in the multiple 
to her right (Position 2). On the other band, if sub­
scriber 567 called subscriber 109, the operator at posi­
tion 3 would answer his call and connect him to sub­
scriber 109 by means of the calling jack in the multiple 
to her right (Position 4). Each operator is warned 
against plugging into a busy line by means of a "click" 
which is heard in her head receiver when she starts to 

I 1 
' o.o 000 000 ~, 0 0 0 
0 C) 0 

Multiple C illing Jacks \ 
I -109 LineN° 

LineN 

LineN° 

- )00000 0000000 00 >0000 0000000 0000000 0000000 ) 

P23f 
Pos.1. Pos.2 p ~.3 

Answerin a Jacks t and SignaHam1 s 
-567 

FIG. 116. MULTIPL°JI SWITCHBOARD 
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plug into a calling jack already in use somewhere else 
in the multiple. 

Note: It is not practicable to take up here any com­
prehensive study of the apparatus and switching 
systems used for providing local telephone service. 
Some branches of the subject, such for instance as 
machine or dial switching systems, are much too 
specialized to lend themselves to brief analysis. 
Trunked connections between subscribers where 
lines terminate at different central offices, however, 
involve apparatus features essentially similar to 
those of the toll switching trunk described later 
in connection with toll switchboard circuits. 

66. Protection Against Foreign Currents and Voltages 

conductors as are completely underground from ter­
minal to terminal, may be exposed from time to time to 
one or more of these foreign hazards. Accordingly, 
whenever exposed wires are led into a central office or a 
subscriber's station, they are connected first through 
certain protective apparatus. The particular pro­
tective units employed and the manner in which they 
are connected into the telephone circuits vary somewhat 
with particular situations, but in general protective 
devices are of three principal types-namely, open­
space cutouts, fuses, and heat coils. 

The first and last of these devices ordinarily operate 
to ground the protected wire, while the fuse opens the 
wire in which it is inserted. Each of the protective 
units is designed so that, for the particular situation in 
which it is used, it will be sufficiently sensitive to oper­
ate before the plant which it is protecting is damaged, 
but on the other hand, not so sensitive as to cause an 
unnecessary number of service interruptions. 

(½ nm1111mmmnnnn11 J : 
,NQ 26 and N9 27 Protector Blocks 

1n111111n11mn11111111111111 

Opposite side of N2 27 

N2 26 - Plain Carbon Block 
F10. 117. OPEN-SPACE CUTOUT 

The currents and voltages used in the normal opera­
tion of telephone plant are low enough not to be danger­
ous either to persons or to the apparatus. However, 
to guard against abnormal conditions such as short 
cir<:uits, appropriate fuses or other current limiting 
devices are inserted in all power supply circuits. In 
practically all cases, moreover, additional protective The standard form of opeu-space cutout used at sub-
devices must be employed to protect the telephone scribers' stations, in central offices, and at the junctions 
apparatus in central offices and at subscribers' stations of cable and open wire lines, is illustrated in Figure 117. 
from excessive voltages or currents induced in the It consists of two carbon blocks having an accurately 
telephone wires from foreign sources. Such sources gaged separation of a few thousandths of an inch, one 
include lightning and other atmospheric disturbances, of which is connected to ground and the other to the 
electrical power lines running in close proximity to wire to be protected. As shown in the figure, one of 
telephone lines, high power radio sending apparatus, the carbon blocks is much smaller than the other and is 
etc. mounted in the center of a porcelain block. When the 

Practically all outside telephone plant, except such voltage of the telephone wire becomes too high, the 
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wire will be grounded by arcing across the small air­
gap between the carbon blocks. If a considerable cur­
rent flows across the gap in this way, enough carbon 
may be pulled from the blocks by the arc to partially fill 
in the gap and cause permanent grounding. Or, in the 
extreme case, when the discharge is prolonged and suf­
ficiently high, the glass cement with which the small car­
bon insert is held in the porcelain block may be melted, 
with the result that the blocks are forced into direct 
contact by the mounting springs in which they are 
held. However, in the majority of protector operations 
the blocks do not become permanently grounded. 

Copper Tube 

Pin 

FIG. ll8. HEAT COIL 

The air-gap space between the blocks is designed so 
that the operating voltage of the protector will be less 
than the breakdown voltage of the weakest point of 
the circuit which it is designed to protect and greater 
than the maximum working voltage of the circuit. The 
average operating voltage of the open-space cutouts 
used at subscribers' stations and in central offices is 
about 350 volts. For the cutouts used at junctions 
between open wire and cable lines, an average operat­
ing voltage of about 710 volts is standard. 

When a telephone conductor is grounded by the 
operation of an open-space cutout, current will continue 
to flow through the telephone conductor to ground so 
long as the exposure continues. This current may be 
large enough to damage the telephone conductor or the 
protective apparatus itself. Accordingly, it is neces­
sary to insert in the conductor, on the line side of the 
open-space cutout, a device which will open the con­
ductor when the current is too large. Fuses are used 
for this purpose. The fuse is simply a metal con­
ductor inserted in series with the wire to be protected, 
which is made of an alloy or of a very fine copper wire 
that will melt at a comparatively low temperature. 
Short lengths of cable conductors (six feet or more) of 
24 or finer gage will serve effectively as fuses and will 
fuse on current values not high enough to overheat 
dangerously the central office protectors. Where the 
use of such inserted fine gage cable is not practicable, 
lead alloy fuses, mounted in fire-proof containers 
or fire-proof panels, are employed. These are also 
designed to operate with a current of 7 to 10 amperes. 

Finally, it is frequently necessary to protect tele-

phone apparatus against external effects in which the 
voltage is not high enough to operate the open-space 
cutout, nor the current high enough to operate fuses, 
but still high enough to damage apparatus if allowed to 
flow over a long period. Such currents are usually 
called "sneak" currents and are guarded against by the 
use of heat coils. As illustrated in Figure 118, the heat 
coil consists of a small coil of wire wound around a 
copper tube which is connected in series with the wire 
to be protected. Inserted within the copper tube and 
held in place by an easily melting solder is a metal pin 
which is connected to the line side of the coil. If 
sufficient current flows through the coil to melt the 
solder, this pin will move under the pressure of its 
mounting spring and thus connect the line to ground. 
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FIG. 119. HEAT COILS AND CUTOUTS MOUNTED ON PROTECTOR 
FRAME IN CENTRAL OFFICE 

The heat coil now in general use in the telephone plant 
is designed to carry .35 ampere for three hours and to 
operate in 210 seconds on a current of .54 ampere. In 
certain cases heat coils of a generally similar nature 
are used to open circuits instead of to ground them. 
Where used in line circuits, as in the case of conductors 
entering a central office, the heat coil is mounted on the 
office side of the open-space cutout. In this position 
the heat coil wiring aids the operation of the open-space 
cutout by presenting a considerable resistance to sud­
denly applied voltages such as are produced by lightning 
discharges. The standard method of mounting heat 
coils and open-space cutouts on the protector frames in 
central offices is illustrated in Figure 119. 
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CHAPTER X 

TELEPHONE APPARATUS AND CIRCUITS 

66. The Telephone Receiver 

The next subject for consideration in our study of 
electricity would logically be that of the theory, of 
alternating currents. But before, taking up that sub­
ject, it may be profitable to examine in more detail 
oertain of the more common and relatively simple types 
of apparatus used in telephone work, and to observe 
how apparatus units are connected together to form 
working circuits. It is obviously impracticable, how­
ever, to consider more than a very few of the many 
different kinds of apparatus used, or to analyze the 
operation of any large number of the variety of circuit 
assemblies that are required for the successful operation 
of the telephone plant. 
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Fxo. 120. CRoss-SKCTlON OF STANDARD R.l:CIIIVER UNIT 

As the earliest and perhaps most fundamental of 
telephone apparatus units we may consider first the 
telephone receiver. Many models of this device have 
been designed and employed in service since Bell's 
original invention, and numerous difierent models are 
still in use. All operate on the same general principle 
as was outlined in Article 60, but the details of design 
show substantial variations. 

Figure 120 is a cross-sectional view of the receiver 
unit which is the present standard in the Bell System. 
This receiver which is of the bipolar permanent magnet 
type employs in its construction no less than three of the 
comparatively new magnetic alloys that were men-
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tioned in Article 23. It is substantially more efficient 
than any previous design. It also differs notably from 
earlier types in the extent to which the motion of the 
diaphragm, which is made of vanadium-permendur, is 
affected by "acoustic controls". One acoustic control 
is directly behind the diaphragm, and the other is 
enclosed between the diaphragm and the inner surface 
of the receiver cap when the receiver unit is mounted 
in the telephone instrument. The former control 
consists of an air chamber with an outlet to the back of 
the receiver unit through a small .hole covered with a 
silk disc. The latter consists of an air chamber which 
opens into the air through six holes in the receiver cap. 
These air chambers are designed to have "acoustic 
impedances" which match the "electrical impedances" 
of the receiver and improve its overall efficiency very 
appreciably. The diaphragm, which is undamped, 
rests on a ring-shaped ridge and is held in place by the 
pull of the magnet. In this way variations in receiver 
efficiency at different frequencies are practically elim­
inated. The two permalloy pole pieces are welded to 
a pair of very strong remalloy or cobalt-steel bar mag­
nets, and the assembly is fastened to a zinc alloy frame. 
The whole unit is held together by a brass ferrule on 
the back of which are mounted two silver plated con­
tacts for the electrical connections. 

Receiver Unit 

Zinc Alloy 
Bushing 

Phenol Plastic. 
Case 

FIG. 121. RECEIVER UNIT AS MOUNTED IN DESK STAND 

The receiver unit is designed so that it can be 
mounted in the standard hand set or in the standard 
receiver casing used with desk stands, as shown in 
Figure 121. The receiver cap and other external 
casings are made of a phenol plastic material and suit­
able terminals and contact springs are included for 
connecting the receiver unit contacts to the external 
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wmng. The receiver shell of Figure 121 also encloses 
a zinc alloy bushing which is included merely to give the 
instrument sufficient weight to operate the hook switch 
properly. 

The small metal-cased receiver used in standard 
operators' head sets is coded # 528. Formerly moni­
toring arrangements for operating supervisors, chief 
operators, and testboardmen involved the use of a 
special high resistance receiver, coded # 525, which 
could be bridged across a talking connection without 
causing appreciable transmission loss. However, the 
# 528 receiver with vacuum tube monitoring is now 
used with most testboards. Similarly, a repeating coil 
is now installed in the receiver leads of the left-hand 
pair of the operator's telephone jacks of each switch­
board position which steps up the impedance of the 
supervisor's # 528 receiver when monitoring, thereby 
reducing the loss to approximately that obtained with 
the high impedance # 525 receiver. l'he use of but 
one type of receiver for operators, chief operators, and 
supervisors avoids the changing of head sets and results 
in considerable savings by eliminating the duplication 
of sets required under the former plan of monitoring. 

-~~ 
t\ Current 

V 
/V\ Sound 

Current 

/\ Sound 

V 
A B 

If, on the other hand, a permanent magnet is used, the 
alternating current establishes a vibration of the same 
frequency as the current by merely increasing or 
lessening the pull already exerted on the diaphragm. 

67. The Telephone Transmitter 

As we have already learned (Article 60), the opera­
tion of the telephone transmitter depends upon the 
variation in resistance of carbon granules with changes 
in pressure. Figure 123 shows in cross-section the 
transmitter unit which is the present standard for sub­
scribers' telephone sets. This transmitter is of the 
"direct action" type; that is, the movable element 
attached to the diaphragm which actuates the granular 

Silk Closure & ---i-t-+--1-o11: 
Contact Member 

Carbon Chamber 
Moving Front---H--t-_,,. 

Electrode 

Oiled Silk--- -tt-~ 
Membrane 

Brass Grid-----o1 

~---insulators 

FIG. 123. CROSS-SECTION OF STANDARD TRA.NSMI'l"l'l)Jl UNIT 

F1ounE 122 carbon is an electrode, and serves the dual purpose of 
contact and pressure suriace. As the drawing shows, 

The telephone receivers discussed above are equipped this dome-shaped electrode is attached to the center of 
with permanent magnets, and it is of course impor- a conical diaphragm, and forms the front center surface 
tant that the magnetism should not be impaired by of the bell-shaped carbon chamber. 
jarring or other abuse. A permanent magnet not only The diaphragm is made of aluminum alloy .003 inch 
increases the amplitude of vibration of the diaphragm thick with radial ridges to increase stiffness. Paper 
when the voice current is flowing through the windings books, which consist of a number of thin impregnated 
but prevents the diaphragm vibrating at twice the paper rings, support the diaphragm at its edge on both 
voice frequency. This principle is illustrated in Fig- sides. The carbon chamber is closed on the front side 
ure 122. When a piece of soft iron is held near an by a silk membrane clamped under the flange ofthe 
electromagnet, it is attracted by the magnet regardless diaphragm electrode. A light spoked copper contact 
of the direction of the current in the windings. Thus, member, clamped under the diaphragm electrode, is 
an alternating current in a winding on a soft iron core the means of providing a flexible connection between 
will assert an attraction during each half cycle, which this front electrode and the supporting metal frame. 
in the case of the receiver diaphragm will establish a The fixed back electrode is held in place in the frame by 
vibration with a frequency twice that of the current. a threaded ring and is insulated bya phenol fibre washer 
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and a. ceramic insulator which also forms one of the 
surfaces of the carbon chamber. The active surfaces 
of both electrodes are gold plated. A brass plate which 
is perforated with large holes protects the vibrating 
parts against mechanical injury. Moisture is kept out 
of the working parts by an oiled silk moisture-resisting 
membrane placed between the brass plate and the 
diaphragm. 

The shape of the electrodes and the carbon chamber 
provides sufficient contact force between the diaphragm 
electrode and the granular carbon in the zone of maxi­
mum current density so that this transmitter operates 
satisfactorily in any position. When new, it has a 
resistance of around 30 to 40 ohms. 

This transmitter unit is designed to be readily ap­
plied to the standard handset or to desk stands or wall 
sets. In the handset, the transmitter cap holds the 
transmitter unit in place and also provides mechanical 
protection. Spring contacts are included in the handle 
of the handset to make the required electrical connec­
tions to the transmitter electrodes. Figure 124 shows 
the transmitter unit adapted to a recent design of desk 
stand or wall set transmitter. The faceplate, mouth­
piece and protective grid of this transmitter are com­
bined in. one phenol plastic part. The mouthpiece is 
designed to reduce cavity resonance to a minimum while 
at the same time being sufficiently prominent to en­
courage the user to talk directly into it. A second 
phenol plastic part holds the transmitter unit tightly in 
the faceplate, and is equipped with contact springs to 
provide electrical connections. 

STANDARD HANDSET 

The above description is confined to recent trans­
mitter designs only. Many older types of subscribers' 
transmitters are of course in use in the telephone 
plant. Different designs are also used for the standard 
opera.tor's breast-set transmitter, and in linemen's 
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F10. 124. TRANSMITTER UNIT AS MOUNTED IN DESK STAND 

test sets. The principles involved are essentially the 
same in all cases. 

68. Plugs> Jacks, and Cords 

Plugs, jacks, and cords are very generally used in 
telephone work as a means of performing switching 
operations rapidly and with a maximum of flexibility. 
In addition to facilitating direct connections, jacks may 
be arranged· for automatically accomplishing other cir­
cuit operations by equipping them with auxiliary 
springs. A few such arrangements are shown by 
Figure 125. The simple manner in which the signaling 
drop of a line terminating at a telephone switchboard 
can be opened so as not to impair transmission when a 
plug is inserted in the jack is illustrated by Figure 
125-A. Figure 125-B shows another use of the same 
auxiliary contact. Here a telegraph set terminated 
with a two-conductor plug may be looped with the 
wire at a single operation, or an ammeter connected 
to a cord may be inserted for measuring the current 
in the wire. Figure 125-C illustrates the use of normals 
for two springs of a three-conductor jack such as is 
used in connection with the # 10 local switchboard to 
perform a function similar to that of the cut-off relay 
in the # 1 switchboard. Figure 125-D illustrates a 
commonly used two-conductor jack which in this case 
is wired to operate a self-restoring drop in the same 
way as the three-conductor jack shown in Figure 112. 

The mechanical construction of a. few types of jacks 
widely used in connection with long distance service, 
is illustrated in Figure 126. 'the # 49 jack is mounted 
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FIG. 125. TYPICAL USBS OF AUXILIARY JACK CONTACTS 

in strips of 6, 10, or 20 for use in the face of both local 
and toll switchboards. It takes the # 110 plug. A 
smaller jack, coded as the # 92, takes the # 109 plug, 
and is used in the face of larger switchboards where the 
multiple must accommodate a greater number of lines 
than the toll or small local switchboard multiple. The 
# 99 jack, illustrated in the same figure, is mounted in 
pairs in the switchboard key shelf to take a # 137 plug, 
in which is terminated the operator's breast trans­
mitter and head receiver. (A similar more recent jack 
is coded # 364.) The remaining jacks in Figure 126 
are types commonly used in toll testboards, and other 
testroom equipment, requiring numerous combina­
tions of auxiliary contacts. They can be mounted 
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either singly or in pairs to accommodate single one- or 
two-conductor plugs such as the /II 116 and /1147 or 
2-, 3- or 4-conductor plugs such as the #209, !!'241, 
and # 289 types, respectively. Jacks of this type are 
made with a sherardized metal frame having a brass 
sleeve mechanically fastened to its front face. The 
channel shape readily permits the mounting of german 
silver contact or auxiliary springs properly insulated 
from each other by bushings and washers. 

Figure 127 illustrates both the mechanical and elec­
trical features of various plugs and Figure 128 shows 
the construction of a commonly used type of switch­
board cord. While this is only one of many cords in 
use, it represents the standard features and gives an 
insight into cord manufacturing processes. 

69. Resistances 

No single unit of apparatus is more fundamental than 
the resistance, several types of which have countless 
uses in the telephone plant. Two common types of 
resistances, which are used for such purposes as regu­
lating the central office supply current to the proper 
value for operating and releasing relays. lighting switch­
board lamps, etc., are illustrated in Figure 129. They 
are coded as fl' 18 and # 19, the # 18-type being a single 
plain resistance, and the fl 19-type having a third 
connection to an intermediate point of the resistance 
winding. Both types are furnished in resistance values 
ranging from less than one ohm to a few thousand ohms. 
The accuracy is ordinarily within 5 per cent, and the 
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F1a: 126. MECHANICAL CONSTRUCTION or STANDARD JACKS 
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safe radiating capacity, which depends upon the me­
chanical design rather than the resistance value, is 
approximately 5 watts. On account of the flat shape, 
the winding is non-inductive. It consists of bare 
special high resistance wire covered with micanite. 
The ends of the wires are brought out to the metal 
terminals which give mechanical reinforcement to the 
edges. These terminals are 1-i\ inches between cen­
ters, and are equipped with two clamping nuts and 
fibre washers for mounting on a standard iron mount­
ing plate, which will accommodate from 10 to 40 re­
sistances. 

The No. 1 type resistance illustrated in Figure 130 
is used in talking circuits and various networks. It is 
not connected directly to battery and is not designed 
to carry much current. It consists of a brass core with 
one winding. Its accuracy is ordinarily within 5 per 
cent, and it may be used in portable test boxes pro­
vided the normal wattage does not exceed 1.25 watts 
and the "trouble" wattage 3.0 watts. 

70. Switchboard Keys 

A telephone key is a circuit opening or closing device, 
or a special kind of switch adapted to telephone cir­
cuits. The way in which a simple six-spring key may 
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perform the same circuit functions as a double-pole, 
double-throw switch, was illustrated in Figure 6. 
Just as plugs, jacks, and cords provide more flexible and 
more complicated connections than can be provided 
with older type devices, the key has many advantages 
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over the knife switch, and facilitates additional features 
essential to telephone operation. Contacts to be made 
or broken may be delicately adjusted through the use 
of german silver springs. These contacts, which are 
adequate for carrying the current values ordinarily 
used in telephone circuits, are made through special 
contact metal welded to the springs, thereby preventing 
excessive resistances from being inserted in the sensitive 
telephone circuits. Auxiliary contact springs permit 
the operation of additional or more complicated cir­
cuit features, which could not be easily provided on 
any other form of switch. 
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Figure 131 illustrates a key used in the operation of 
switchboard circuits, which is especially important. 
This key was designed for use in connection with the 
universal switchboard key shelf and has the so-called 
"unit" construction. This permits one or more key 
spring units to be mounted, as illustrated, on a standard 
metal base which is equipped with a hard rubber top. 
Two types of spring units are provided, the lever type 
(Figure 131) and the push-button type. The con­
venient manner in which individual units can be re­
moved, and in which any key combination can be had 
by selecting various units for one standard base, has 
certain obvious maintenance advantages. 

71. Relays 

A relay may be defined as an electrically operated 
switch or key. It gives one electrical circuit control 
over one or more other electrical circuits; or as in the 
case of the locking type relay, it may give certain 

Locking 

0 

' ~ • ~. ' ~ 
0 V ~· 0 

0 

A t g 0 . \:) A f g ■ ■ 0 
6 0 6 0 

FIG. 131. STANDARD SWITCHBOARD K•T Ass•11BLT 

[ 81) 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

control over the same circuit. There are several 
thousand types of relays which are classified according 
to their mechanical construction features, number of 
windings, resistance of windings, number and kinds of 
contacts, whether contacts are made, broken or 
switched and the order in which they are made, speed 
of operation, and current values required for operation. 
In connection with speed of operation, relays may be 
designed to have a time-delay in operating or releasing. 

Fto. 132. A-TYPtt RELAY 

Such relays are classified as "slow operate" and "slow 
release" respectively. Relays which are termed "mar­
ginal" are also used. These are usually designed to 
operate only on a fairly high current value but to stay 
operated with a considerably reduced current. For 
our present purposes, we may study only a few general 
types of relays, remembering that minor changes in the 
electrical design of each type provide another of the 
same series which may be adapted to a widely different 
use. 

Figure 132 shows a standard type of telephone relay, 
known as the "A" type, which is used as a line relay 
and as a "cut-off" relay for common battery sub­
scribers' circuits (see Figure 113- Relays R1 and Rt). 

1111111111111111111111(0~ i 
FIG. 133. B-TTPtt RltLAY 

FIG. 134. E-TYPE RELAY 

The mechanical construction of the "A" type is typical 
of the great majority of modern relays. In dimensions 
it is both small and narrow, thereby permitting a large 
number to be mounted in a comparatively small space, 
which results in a notable saving of relay rack space in 
local central offices where many line and cut-oft' relays 
are in use. The soft iron armature forms a loop which 
completes the magnetic circuit from the core through_ 
the two halves of the loop, and mechanically operates 
the contact springs. The winding is of enamel in­
sulated wire, which also aids in reducing the size of the 
relay. The "A" type is very quick in operation, and 
gives a "flashing line lamp" for more rapid moving of 
the hookswitch than was possible with earlier types. 
These relays are ordinarily mounted in strips of 20 and 
a single cover encloses the entire strip. 

The "B" type relay, illustrated in Figure 133, is in 
many respects similar to the "A" type and is used as a 
supervisory relay (Figure 113- Relay R3 in the local 
cord circuit). Unlike the "A" type, it has an individual 
cover and thus requires more mounting space. 

A type of relay somewhat more elaborate than either 
the "A" or "B" but having in many respects similar 
mechanical construction, is known as the "E" series. 
It facilitates numerous combinations of contact springs 

E-TYPE RELAY 
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and is adapted for very general use in telephone cir­
cuits. It is illustrated in Figure 134. It can be 
mounted either 10 per strip with individual covers, or 
20 per strip with an overall strip cover. 

The "R" type relay is a flat relay which is similar to 
the "E" type, except that the core, although having 
the same cross-sectional area, is of a semi-elliptical 
shape. This affords a greater winding space and per­
mits of a shorter length of turn than is possible on the 
"E" type core. 

The "U" type relay is an all-purpose relay of the­
same general design as those already mentioned. 
Certain improvements have been incorporated in its 

U-TYPE RELAY 

magnetic circuit, however, to increase the pull of its 
armature without increasing the required current 
strength or the size of th~ core appreciably. This 
permits this type of relay to be built with as many as 24 
springs. Opera.ting reliability has also been increased 
above older types by using two separate contacts on 
each spring. This greatly reduces the possibilities of 

of springs, it is similar to the # 125 (3 groups), fl 149 
(one group) and # 162 (one group). It has a spool 
winding and a laminated iron core with the magnetic 
circuit completed through the armature and the soft 
iron framework at each end of the core. Relays of this 
design ordinarily have round caps which are fastened 
by means of a nut as shown in the figure. 

The relays thus far described are intended to operate 
only on direct current. There are a few other types 
that may be classified as alternating-current relays, 
the more common of which are the "J" type, the fl 87-
type, the fl 172-type, the # 196-type, the fl 150-type, 
and the # 218~type. 

faulty operation due to dirt particles between contact F10. 136. 218-TYPE RELAY 

points. The "Y" type relay is similar to the "U" 
type except that it is especially designed for accurately The "J'' type relay is similar in appearance to-the 
timed slow-release operation. "B" type already discussed. The # 172 and the fl 196 

A type of relay still standard for c:ertain telephone relays are not illustrated, but these more nearly re-
circuit uses, though of older design than the types dis- semble direct-current types. The fl, 172 is a toll line 
cussed above is coded as the fl, 122-type. It is shown in ring-down relay and the fl, 196 is used for operating the 
Figure 135. Its mechanical appearance is similar to toll line supervisory lamp of toll cord circuits and in tele-
the ;;, 178-type and with the exception of the number phone repeater circuits designed for 20-cycle signaling. 
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The fl' 150-- and ii' 218-type relays, the latter of 
which is illustrated in Figure 136, are polarized relays 
operating on 135-cycle alternating current and having 
a split magnetic circuit. A large permanent bar mag­
net establishes a flux through the cores of two windings, 
between which is mounted a carefully adjusted reed 
that forms the return path of the magnetic circuit. 
This reed is mechanically tuned to have a free fre­
quency of vibration of 135 cycles per second, with the 
result that a very weak alternating current of that fre­
quency in the relay windings will set it into active 
motion. The vibration of the reed controls the opera­
tion of an associated direct-current relay by . opening 
and closing a pair of contacts connected in series with 
its windings. The # 150-- and # 218-type r~lays are 
used in composite ringer circuits and in connection with 
telephone repeaters designed for 135-cycle signaling. 
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Frn. 137. STANDARD CONDENSERS 

All relays used in telephone circuits are designed to 
operate and release at certain definite values of current 
in their windings. As these current values are fre­
quently very small, this means that the springs which 
hold the armatures in their non-operated positions 
must be adjusted with precision. Every telephone 
circuit is dependent for its operation upon the proper 
functioning of relays. In some of these the operating 
limits are sufficiently liberal to allow c~msiderable 
margin in adjustments. But in others- and these are 
frequently the more important ones- the difference 
between an adjustment giving satisfactory operation 
and one under which the relay will fail to function 
properly, may be very small. In practice, specific 
instructions, giving the exact operating and release 
current values for which each type of relay should be 
adjusted for each kind of circuit in which it may be 
used, are provided. 

72. Condensers 

Condensers are discussed in some detail in Chapter 
VIII. There are two principal types of condensers 
which are extensively used in telephone work- the 
paper condenser and the mica condenser. Figure 
137-A shows an example of the former and Figure 137-B 
of the latter. Mica condensers are used where the 
operating voltage is relatively small and a high degree 
of stability with respect to temperature changes and 
time is required. The mica condenser illustrated here 
should not be subjected to more than 200 volts. Paper 
condensers are designed to withstand much higher 
voltages with safety. They are ordinarily less stable 
than mica condensers and their capacity values are 
naturally less precise. On the other band, they are 
more economical. 

FIG. 138. STRAIGHT CORE RETARDATION COIL 

73. Retardation Coils 

We have already noted the use of retardation coils in 
power circuits and certain other telephone circuits. 
In general, it may be said that a retardation coil is 
used wherever it is desired to add inductance to a 
circuit. Figure 138 shows an example of the "straight 
core" type of retardation coil. Coils of this type are 
used in operators' telephone sets, incoming selector 
circuits, dial trunk circuits, and so on. The coil des­
ignated 54-L in the toll line circuit of Figure 140 is of 
this type. Figure 139 is an example of the "toroidal" 
type of retardation coil. This particular type is 
designed for use in the balancing network of composite 
ringers where the network is mounted on the relay rack. 
It has two windings, the rated resistance of each being 
approximately 202 ohms. 
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74. Typical Long Distance Central Office Circuit 

Telephone apparatus such as we have been dis­
cussing, is wired together in practice to form a very 
large number of different types of circuits, each designed 
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to perform some particular function necessary in pro­
viding service. As a representative example, let us 
consider the circuit-or series of circuits-illustrated 
in Figure 140. This is intended to show schematically 
the typical circuits required at one terminal of a long 
distance toll circuit for establishing the connection 
between a subscriber's telephone and the toll circuit 
itself. In this example it is assumed that the toll 
switchboard is of the No. 3 type, and that the toll line 
circuit is a 4-wire cable circuit. Other types of switch­
board, as well as other types. of line facilities are, of 
course, also in use in the telephone plant. 

It may be noted that the drawing is separated by 
heavy dividing lines into three principal parts in which 
are shown (1) the subscriber's station circuit, (2) the 
local central office circuit, and (3) the long distance 
central office circuit. The latter two parts of the draw­
ing are again divided by the open dashed lines into a 
number of parts, each of which can be considered more 
or less separately from the other parts in analyzing the 
circuit. Thus, the circuit units associated directly 
with the toll switchboard are shown in several blocks 
in the left part of the large section of the drawing 
devoted to long distance central office circuits. These 
separate units include (1) the long distance central 
office end of the toll switching trunk circuit, (2) the 
toll line circuit, (3) the toll cord circuit, (4) the opera­
tor's position circuit, and (5) the operator's telephone 
set circuit. The various apparatus units installed in 
the toll terminal room are shown in a similar way in 
the group of blocks at the right of the drawing. The 
drawing includes a large amount of circuit detail, 
although numerous minor signaling and auxiliary func­
tions are omitted. It should be particularly noted, 
however, that the drawing is not necessarily a true 
picture of actual circuit connections at any existing 
central office. It is intended to be merely representa­
tive in a general way and may differ in various respects 
from the layout in any particular office, which is 
naturally designed to fit the specific operating require­
ments applying. 

In analyzing the entire circuit drawing, it will be con­
venient to follow through the completion of a 'long dis­
tance telephone connection, beginning at a point where 
the outward long distance operator has received an 
order for placing a call from a telephone subscriber 
in her city, and is ready to pick up the toll line to the 
called city. We shall also assume that this is a de­
layed call and that the calling subscriber is not "on the 
circuit" when our analysis starts. 

The operator's first step is to connect the rear plug 
of a toll cord circuit to the outward jack of an idle toll 
line circuit to the called city. This establishes a con­
nection from battery through the supervisory lamp of 
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the Toll Cord Circuit, contacts of the Talk key, and 
the cord sleeve, to the winding of the B-1025 relay in 
the Toll Line Circuit. This relay operates but, due to 
its relatively high resistance (1800 ohms), the current is 
too weak to light the supervisory lamp. The operation 
of relay B-1025 is followed by that of the R-1500 relay. 
This relay in operating closes a contact which connects 
24-volt battery to the lead going to the idle indicating 
lamp circuit. Relays on this circuit (which are not 
shown in the drawing) then operate to give visual in­
dications that the circuit is busy at all points whereit 
appears in the switchboard multiple. Another contact 
of the R-1500 relay is opened to lift off from across the 
line a bridge of 600 ohms in series with a 1 mf. con­
denser, the purpose :>f which is to provide the proper 
termination of the toll line when it is idle. The pur­
pose of the remaining contacts of the R-1500 relay 
will appear later in the discussion. 

The operator now signals on the circuit by operating 
the ringing key (Toll Cord Circuit) toward the left. 
The lower contacts of this key break the connection of 
the tip wir.e of the cord to the R-857 relay and connect 
it instead to 24-volt battery through 60 ohms. At the 
same time, the upper contacts bridge a 600-ohm resis­
tance in series with a 1 mf. condenser across the front 
cord to give it a proper termination in case it is con­
nected when the rear ringing key is operated. The 
battery connected to the tip of the rear cord estab­
lishes a current through one winding of the 54-L re­
tardation coil and the winding of relay R:-1649 in the 
Toll Line Circuit, which in operating, connects battery 
to the winding of the R-1721 relay in the 1000-Cycle 
Direct-Current Terminal Signaling Circuit. The oper­
ation of this relay breaks the continuity of the line 
circuit and connects 1000-cycle ringing current to the 
outgoing side of the line through the leads designated 
T and R. One contact in closing also connects ground 
to the winding of relay E-374 causing it to operate. 
This opens the signal receiving circuit to the amplifier, 
thus preventing any possibility of ringing "kick-back". 
It also closes a contact that bridges a 750-ohm resis­
tance across the output of the 1000-cycle generator, 
which provides the outgoing line circuit with the 
proper termination while the ringer is operating. 

Now, going to the distant end of the circuit and 
assuming that the terminal circuit arrangements there 
are identical with those at the near end, we may follow 
the effect of the incoming 1000-cycle signaling current. 
The repeating coil circuit connected across the line in 
the ringer circuit is designed to offer an attractive path 
to the incoming 1000-cycle current. It accordingly 
passes through the windings of this coil, the contacts 
of the 267-A testing jack, and contacts of the non­
operated E-374 relay, to the amplifier. After amplifi­
cation, the signaling current is sufficiently strong to 
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operate the B-1042 relay. The operation of this relay 
shorts out the winding of relay 149-CD, which, in 
releasing, connects ground to the winding of relay 
E-6035. This relay, in turn, grounds the lead to the 
winding of relay R-233 and the latter, in operating, 
connects battery to the signal lead. As a result, a 
current is set up through the 320--ohm winding of the 
R-1330 relay in the Toll Line Circuit, causing its op­
eration. One armature of this relay, in closing, op­
erates the busy signals; another closes a circuit from 
the inward line lamps through contacts of relays 
R-1648, R-1330, R-994, and R-6015, to the 600-ohm 
winding of the latter relay, and thence to battery 
through a contact of the R-1500 relay. This ca.uses 
the inward lamp signals to light and also operates the 
relay R-6015, which locks up under control of relay 
R-1500. Relay R-6015, when operated, connects 
another battery to the lead to the inward signal lamps 
and also closes a contact by means of which the R-1330 
relay is locked up through its 410-ohm winding under 
control of relay R-1500. 

The inward opera.tor recognizes the lamp signal by 
connecting one end of a cord circuit to the correspond­
ing inward jack. This permits current to flow from 
the sleeve, through contacts of the non-operated R-1648 
relay, to the winding of the B-1025 relay. The opera­
tion of this relay is followed by that of the R-1500 relay, 
which disconnects the battery from the locked up 
R-6015 and R-1330 relays, permitting them to release 
and extinguish the lamp signals. At the same time, 
operation of the busy signals, now relinquished by the 
R-1330 relay, is continued by the closing of an auxiliary 
contact of the R-1500 relay. Another pair of contacts 
of the same relay opens to lift the 600-ohm terminating 
bridge from the incoming toll line. 

The inward operator answers on the connection by 
throwing her talk key which, through the resultant 
operation of the R-857 relay in the toll cord circuit, and 
the two R-1084 relays, as well as certain other relays 
in the operator's position circuit to be discussed later, 
connects her telephone set across the line. 

The operator bas a standard operator's telephone 
circuit, which consists of a 528 receiver and a 396A 
transmitter. The receiver is connected through con­
tacts of the non-operated E-106 relay to the terminals 
of the 11'65 induction coil designated T and LT. The 
transmitter is connected to the primary winding of the 
same coil, in series with a 24-volt battery and a 54-R 
retardation coil. The retardation coil tends to steady 
the transmitter current, thereby reducing noise and 
compelling the fluctuations (which are in effect a super­
imposed alternating current) to flow through the 4 inf. 
bridged condenser instead of through the 24-volt 
battery. This tends to give the effect of a lower voltage 
battery, which is preferable for the operator's trans-
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mitter in that it prevents both loud clicks and other 
disagreeable loudness being heard in the receiver as 
side-tone. The talking current is induced from the 
primary of the # 65 induction coil to the secondary 
winding, and flows over the connections to the contacts 
of the closed R-857 relay and thence to the tip and ring 
conductors of the cord. The 20-G repeating coil and 
the associated 239-FL relay, shown in the telephone 
set circuit, are required for the ordinary busy test. 
Thus, if a trunk circuit is busy when the operator tests 
it with the tip of her cord, the 239-FL relay will operate. 
This will ca.use a rush of current through the 40-ohm 
winding of the 20-G coil,· which will produce a sharp 
click in the opera.tor's receiver connected across the 
other winding of the coil. 

We now have the outward operator at the near end 
of the circuit in communication with the inward oper­
ator at the distant end of the circuit (assuming, of 
course, that the outward operator has also operated 
her Talk key). When the distant operator gets the 
called party on the line, she throws her talking key to 
normal. This leaves the procedure in connection with 
handling the call entirely up to the outward opera.tor 
at this end, with the exception of ta.king down the con­
nection at the distant end when the conversation is 
finished. This is merely a matter of disconnecting the • 
plugs when that operator finds the supervisory lamps 
associated with her cord circuit burning. 

In the meantime, the outward opera.tor at the near 
end has connected the other end of the cord circuit into 
the proper jack of the toll switching trunk multiple. 
This operation closes a sleeve connection through the 
1800-ohm winding of the B-199 relay in the outgoing 
end of the trunk. The B-199 relay then operates to 
close a circuit through the winding of the B-1009 relay, 
over the trunk and through the two windings of the 
124-F relay in the incoming end of the trunk, opera.ting 
both relays. 

At the same time, the B-operator in the local central 
office, having been passed the number, connects the 
plug of the incoming trunk to the proper subscriber's 
jack in the B-board multiple. When this connection 
is ma.de, the E-122 relay (300 ohms} of the incoming toll 
switching trunk circuit is operated by a 24-volt battery 
circuit through its winding, through the sleeve of the 
B-boa.rd multiple jack, through the cut-off relay (A-26) 
of the subscriber's line circuit, to ground. The opera­
tion of the E-122 relay, in addition to disconnecting the 
B-operator's busy test, connects a guard and disconnect 
la~p, associated with the cord of the incoming trunk, 
to the contact of the 124-F relay, and disconnects it 
from the contact of the B-15 relay and the 30-ohm wind­
ing of the E-126 relay. If the B-board opera.tor finishe..'I 
her connection to the subscriber's line before the out­
ward long distance opera.tor finishes her connection 
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with the trunk, this lamp will burn but as soon as the 
outward operator finishes her connection, it will go out. 
This assures the B-board operator that the long dis­
tance operator has plugged into the right trunk. 

The reason the guard and disconnect signal goes out 
is the operation of the 124-F relay, which breaks the 
lamp connection to ground, and in turn, closes a ground 
connection to the 30-ohm winding of the E-126 relay 
but does not operate it because the other side of this 
winding is open. As we have seen, the 124-F relay is 
operated because the operation of the B-199 relay in 
the toll office end of the trunk closed a path from the 
24-volt battery at the 124-F relay, through a 500-ohm 
winding of this relay to the contact of the E-126 relay, 

the 124-F relay also operated the B-1009 relay in the 
outgoing end of the trunk. The operation of this relay 
connects the 85-ohm winding of the B-199 relay, in 
parallel with its 1800-ohm winding, to the sleeve wire. 
The resultant reduction in series resistance permits 
sufficient current to flow to light the cord circuit super­
visory lamp, thereby signifying to the long distance 
operator that she must ring the subscriber. She then 
operates her ringing key to the front position which 
connects battery to the tip wire of the cord and so 
operates the E-65 relay in the outgoing trunk. This 
relay operates to connect 20-cycle ringing current 
across the trunk, which causes the operation of the 
87-A relay during the interval that the ringing current 

OUTWARD LoNG DISTANCE Sw1TCt1BOARo 

through one winding of t he 25-S repeating coil, over one flows. This is followed by the operation of the E-122 
conductor of the trunk to the long distance office, (220-ohm) relay, which connects ringing current to the 
through a contact of the E-65 relay and one winding subscriber's line. Incidentally, this ringing current 
of the repeating coil, to the winding of the B-1009 flows through the contacts of a special key so wired 
relay; and thence back by a like path to the other that it can be set to reverse the ringing connection and 
500-ohm winding of the 124-F relay. The resistances permit party line ringing from the toll cord circuit. 
shown in series with the 500-ohm windings.of the 124-F This key is set at the same time the trunk is plugged 
relay and designated as "X" are adjusted in value to into the B-board multiple, in case the called number is 
compensate for different lengths of trunk circuits. for a party line. 

We now have a connection established from the long We thus have the ringing current properly relayed 
distance operator to the subscriber's station. The at the local office. When the subscriber answers, a 
124-F relay in the local office end of the switching trunk 48-volt battery current flows through the winding of the 
is operated and the B-operator's guard and disconnect B-15 relay, through a 40-ohm non-inductive resistance 
lamp is not burning, telling her that the trunk is in use, and one winding of the 25-S repeating coil, over the 
needs no attention, and must not be disconnected. It subscriber's line; and back to ground through the other 
will be remembered that the same current that operated winding of the 25-S repeating coil and a second 40-ohm 
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non-inductive resistance. This 48-volt circuit is the the supervisory signal, thus notifying the long distance 
subscriber's battery supply and is used in connection operator that the subscriber has finished. After 
with toll switching trunks to improve the subscriber's stamping the ticket, she pulls down the connection 
transmission over long subscriber's loops. The 40-ohm to the toll switching trunk, releasing the 124-F relay 
resistance in series with the repeating coil prevents the and in doing so, lights the guard and disconnect signal 
current being too great on very short loops. Neither in front of the B-operator. This time the B-operator 
this resistance nor the winding of the B-15 relay can knows that the burning lamp means "disconnect" and 
appreciably weaken the voice current on account of a pulls down the cord. This releases the E-122 relay 
condenser being bridged between terminals 3 and 8 of which lets the guard and disconnect signal again go out, 
the 25-S repeating coil; likewise, the winding of the telling the B-operatur that the trunk is not in use and 
87-A relay between terminals 1 and 6 does not weaken no further attention is needed. 
the voice current on account of the bridged condenser At the same time that she takes down the trunk 
on the other side of the repeating coil. connection, the outward operator rings on the toll line. 

When the B-15 relay operates, due to the subscriber Since the circuit is now connected at the distant end, 
taking his receiver off the hook, its armature contact the effect of the incoming ringing signal is somewhat 
closes the 200-ohm winding of the E-126 relay through a different from the former case. The terminal signaling 
600-ohm resistance, through the 30-ohm winding of the circuit operates in exactly the same way to connect 
same relay, to the ground connected to the armature ground to the 320-ohm winding of the R-1330 relay in 
of the 124-F relay. This operates the E-126 relay, the toll line circuit. However, because a cord is now 
which disconnects the 124-F relay from its bridged connected to the circuit, the R-1500 relay is operated. 
position across the trunk, but connects one of its wind- Accordingly, the operation of the R-1330 relay closes a 
ings to ground, thus holding it operated and keeping the circuit from ground through the winding of relay 
guard and disconnect signal from burning. The inter- B-1020, the non-operated contacts of relay E-661, and 
ruption of the current through the trunk bridge releases the operated contacts of relay R-1500, to the energized 
the B-1009 relay and thus puts out the cord circuit sleeve wire, operating the B-1020 relay. The low 
supervisory signal, thereby notifying the long distance resistance of this latter relay, now connected in parallel 
operator to cease ringing because the subscriber has with the 1800-ohm winding of the B-1025 relay, reduces 
answered. She then, having her talking key depressed, the series resistance of the sleeve wire to about 80 ohms, 
notifies the subscriber that she is "ready on his long and so permits the cord circuit supervisory lamp to 
distance call". After this she throws the key lever of flash. The operation of relay B-1020 also connects 
her talking key in the other direction to the monitoring interrupted ground to the winding of the E-661 relay, 
position. This disconnects her telephone circuit but which then operates intermittently to open and close 
connects the 94-G repeating coil across the cord and the connection of relay B-1020 to the sleeve wire. The 
also operates the E-106 relay. The E-106 relay con- latter relay is held operated, however, by battery 
nects the telephone receiver of the head set circuit supplied through a closed contact of the E-661 relay 
directly to terminals 1 and 2 of the 94-G repeating coil, to one end of its winding, the other end being grounded 
thereby permitting the operator to monitor on the through a pair of its own operated contacts. The net 
circuit. result is to cause the cord circuit signal lamp to flash 

As soon as the subscriber starts talking, the operator intermittently, and this will continue even after ringing 
stamps the ticket and dissociates her head set from the stops until the inward operator either pulls down the 
connection altogether, unless for some reason it is cord or answers on the circuit. 
desirable to continue monitoring. The inward operator may answer by throwing the 

When the E-106 relay is operated it establishes con- talking key in her cord, which disconnects the sleeve 
tacts other than those for connecting the operator's wire from the lamp circuit and connects it to battery 
telephone receiver to the 94-G repeating coil. These through the windings of the B-1022 and B-1023 relays 
additional contacts are associated with monitoring in the operator's position circuit, in series. The com-
taps which connect the operator's circuit with the bined resistance of these two relays is about 600 ohms, 
service observing board, thereby permitting the service a value sufficiently high to so reduce the current flowing 
observer to listen in on the circuit either when the in the sleeve wire that the B-1020 relay, which is 
operator is talking or monitoring. marginal, is released. This breaks the connection to 

When the subscriber has finished talking and hangs the E-661 relay, stopping its action, and also increases 
up his receiver, the B-15 relay of the toll switching the sleeve resistance to 1800 ohms. The B-1022 relay 
trunk circuit is released. This, in turn, releases the in the operator's position circuit is also marginal and 
E-126 relay and again connects the 124-F relay across does not operate but the B-1023, and following it, the 
the trunk. The B-1009 relay then operates, lighting R-1084, are operated. The operation of the talking 
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key also establishes a circuit through a non-operated 
contact of the R-1586 relay in the position circuit and 
the 175-ohm winding of the R-857 relay in the cord 
circuit, operating the latter. This breaks the direct 
connection between the two ends of the cord and con­
nects them to the splitting key from which they are 
connected to the telephone set circuit through closed 
contacts of the two R-1084 relays, which are both 
operated if both ends of the cord are connected to jacks. 

The operator's position circuit is, as its name implies, 
common to all the cord circuits at a position. This 
means that each wire shown in Figure 140 as connecting 

~ • . 

• KJtJ'Cl .................... ~ . 
. ~ . ~,., ....... ' ,,. 

OVERSEAS TOLL SWITCHBOARD 

from this circuit to the cord circuit, is also connected 
in the same way to every other cord circuit in the 
position. It may be noted that with the monitoring 
and talking keys of the cord normal, every one of these 
wires is open at one end or the other. When the posi­
tion circuit is connected to a cord by operation of the 
talking key, the cord may be split for talking in either 
direction by operation of the splitting key in the posi­
tion circuit. 

If when the talking key is operated, a ringing signal 
is received over the line, it will operate the relays in the 
signaling circuit and the R-1330 relay of the toll line 
circuit. The latter connects ground through the 
winding of the B-1020 relay, the non-operated contacts 
of relay E-661, and operated contacts of relay R-1500 
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to the sleeve, and thence through contacts of the talk­
ing key and the windings of the B-1022 and B-1023 
relays, to battery. The current set up is not great 
enough to operate the B-1020 relay but, due to the 
connection of the B-1020 relay in parallel with the 
B-1025 relay in the sleeve circuit, the current is of 
sufficient value to operate the marginal B-1022 relay 
in the position circuit. .Its operation reduces the 
resistance of the circuit of the cord circuit supervisory 
lamp from 1800 ohms to 80 ohms, by connecting an 
85-ohm resistance in parallel with the 1800-ohm re­
sistance already connected to the lamp and grounded 

through a closed contact of the R-1084 
relay, and permits the lamp to light. 

Similarly, a switch-h<'ok signal from 
the subscriber, when the talking key 
is operated, will operate the B-1009 
relay in the trunk circuit. This will 
connect the low resistance winding of 
the B-199 relay into the sleeve, reduc­
ing its net resistance, and so allowing 
the B-1022 relay associated with that 
end of the cord to operate and light 
the other signal lamp. 

The position circuit is so designed 
that if the talking keys of two cords 
are operated, only the cord whose key 
was thrown first will be connected to 
it. This is effected by means of the 
R-1586 relay which, it will be noted, 
operates immediately after the opera­
tion of the R-857 relay in the cord cir­
cuit whose key is thrown first, because 
a circuit is closed from its winding 
through a closed contact of the R-857 
relay and a contact of the Talk key to 
ground. This operation of the R-1586 
relay opens the ground connection to 
the 175-ohm winding of the R-857 re­
lay and replaces it with a ground con­

nection through auxiliary contacts of the R-857 relay 
to its own 700-ohm winding. This holds the R-857 
relay in the first cord operated but makes it impossible 
for· the R-857 relay in any other cord to operate even 
though its talking key is operated, because both 
windings will be opened, one by its own non-operated 
contacts and the other by the operated armature of the 
R-1586 relay. 

It is possible, on the other hand, to monitor on two 
or more cords at the same time by operating the moni­
toring keys. It is possible also to talk and listen on 
two cords simultaneously by operating the talking key 
of one and the monitoring key of the other. In this 
case, only the cord whose talking key is thrown is con­
nected through the position circuit for splitting or 
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transferring, but the operation of the R-506 relay in the 
operator's position circuit (which follows the operation 
of the Talk key) connects the monitoring leads through 
two 2 mf. condensers to the leads running to the tele­
phone set circuit. Operation of the monitoring key of 
another cord will accordingly connect the telephone set 
across the cord. 

The position circuit of Figure 140 is arranged for 
transferring an incoming cq,11 from an inward to an 
outward position. The circuit may also be arranged 
for transferring from inward to "through" or, by add­
ing several more relays in the toll line circuit, for trans­
ferring from inward to both through and outward. The 
transfer from inward to outward is accomplished by 
operating the transfer key shown in the drawing. This 
connects battery through 1000 ohms to the ring wire of 
the cord, establishing a current over this wire through 
the 1- 2 winding of the 54-L retardation coil and the 
370-ohm winding of relay R-1648, to the grounded lead 
to the switching pad circuit. The resultant operation 
of the R-1648 relay opens the sleeve connection from 
the inward jack, thus releasing the B-1025 and R-1500 
relays. The simultaneous establishment of a ground 
connection to the 340-ohm winding of the R-1330 relay, 
however, causes it to pull up and hold the busy signals 
operated. At the same time a circuit is completed 
from battery at an open contact of the R-1500 relay 
through the 600-ohm winding of relay R-6015 and a 
pair of its contacts, through open contacts of relay R-
994, and through closed cont.acts of relays R-1330 and 
R-1648 to the outward lamp signals. Relay R-6015 
operates and locks up, connecting another battery to 
the outward lamps. Its operation also closes a contact 
which causes the R-1330 and R-1648 relays to lock up 
through their 410- and 457-ohm windings respectively, 
under control of relay R-1500. The lamps at the out­
ward position therefore remain lighted until an outward 
operator plugs into a jack, even though the inward 
operator restores the transfer key to normal and takes 
down her cord. When the outward operator connects 
to the circuit, the resultant operation of the R-1500 
relay breaks the battery connection to relay R-6015, 
which releases, followed by relays R-1330 and R-1648, 
and extinguishes the lamp signals. 

From the switchboard, the line circuit is led through 
two pairs of jacks at the "patching jack board", the 
purpose of which is to facilitate quick changes in the 
inter-connections between line and drop facilities. It 
is to be noted that while the line circuits at this board 
may include several different types of layouts, the drop 
circuits are all identical and may therefore be inter­
changed in any desired manner. Before it reaches the 
drop jacks at the patching jack board, the test and 
control board multiple is bridged to the circuit. The 
connections to the jacks of this multiple, which is 
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provided solely for testing purposes, are the same as 
those to the jacks of the toll circuit multiple at the 
outward switchboard. The make-busy key associated 
with each jack of the test and control board multiple, 
is operated by the testboardman whenever · he picks 
up a circuit at this point for testing. Its operation 
connects ground to the winding of the R-994 relay in 
the toll line circuit. This relay operates the busy 
signals, connects busy tone to the sleeve wire, and 
opens the circuit to the line signaling lamps at the 
switchboards. It also operates signal lamps at the 
Plant and Traffic "control boards" through contacts 
not shown in the drawing. Its purpose is, of course, 
to prevent any attempts by operators to use the circuit 
while it is being tested. 

Leaving the line jacks in the patching jack board, the 
circuit is next connected to the "switching pad circuit". 
This is an artificial line causing a loss of 2, 3 or 4 deci­
bels, which is normally connected in the circuit but is 
automatically removed through the operation of the 
R-1124 relay when the circuit is used for a switched or 
through connection. When two such circuits are 
connected together, therefore, the net lo.'3s of the overall 
connection is reduced by the sum of the loss values of 
their respective switching pads. The effect is the same 
as if a "cord circuit repeater" were used. 

As we have already noted, the signaling circuit is 
bridged across the line between the switching pad cir­
cuit and the 4-wire terminating set circuit. This 
latter is a device for breaking the circuit into two parts, 
a transmitting and a receiving circuit, each requiring a 
pair of wires. It consists of two 124-A repeating coils 
connected in the hybrid <'Oil arrangement to be dis­
cussed in a. lntt•r chapter. 

From the terminating set, the tram;mitting and re­
ceivin!!; circuits pass through four-jack circuits in and 
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out of the terminating amplifiers or repeaters, indicated 
by blocks in the drawing, and from thence to the line 
equipment. This consists of composite sets, equalizing 
equipment, and phantom sets. The composite sets 
shown in this drawing are arranged for metallic tele­
graph circuits. The equalizing apparatus consists of 
arrangements of resistances, inductances and capacities 
connected across the line on the line side of the phan­
tom repeating coil in the transmitting circuit and in 
series with the drop windings of the repeating coil in 
the receiving circuit. The purpose of this is to broaden 

l 91 I 

the band of frequencies through which transmission 
over the circuit will be practically uniform. 

For line testing purposes and for patching the equip­
ment, the line circuits are next connected through four­
jack circuits at another testboard position called the 
primary testboard, where a large number of cable pairs 
may be terminated conveniently since each pair occu­
pies only a relatively small space in the testboard jack 
panels. From the line jacks here, the circuits are 
connected to the distributing frame again, and thence 
through protectors to the toll cable itself. 
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CHAPTER XI 

TELEGRAPH CIRCUITS 

76. Means of Obtaining Telegraph Circuits 

As a medium of coinmunication, telegraphy depends 
upon the transmission of electrical signals which are 
arranged according to some definite code that can be 
readily translated into a language form by an operator 
or a machine. In the usual practice, telegraph signals 
are formed by interrupting or reversing the direction 
of a continuous current between the sending and re­
ceiving stations according to some standard code 
pattern. 

Many telegraph circuits are derived from wire facili­
ties created and used primarily for telephone service, 
through the aid of apparatus and circuit designs that 
make possible the simultaneous use of the same facili­
ties for both telephone and telegraph transmission. 
There are three principal methods commonly employed 
for accomplishing this result, as follows: 

1. "Simplexing" or "compositing" open wire or cable 
facilities to obtaiq direct current grounded 
telegraph circuits. 

2. Superposing on open wire facilities high-frequency 
alternating-current circuits known as "carrier 
telegraph channels". 

3. Superposing on two wires of a cable telephone 
circuit a very low current "metallic" telegraph 
circuit. 

In addition to the circuits obtained from facilities which 

group" by applying the simplex to the "phantom" 
circuit. The simplex principle is illustrated by Figure 
141. The telegraph currents cannot interfere with the 
telephone currents because they divide equally at the 
mid-point of the line winding of the simplex or ''repeat­
ing" coil to which each telegraph set is connected. Any 
change in current value at the "make" or "break" of 
the telegraph key is not induced into the telephone 
circuit because the magnetic field established by half 
of the telegraph current in one-half of the repeating coil 
winding is exactly neutralized by the field produced 
by the other half of the telegraph current in the oppo­
site direction in the other half of the same winding. 

Station A 

~ 
Sounder~ 

81_
1
,
1
.{' Relay 

Key 

Station B 

FIG. 141. TELEGRAPH: CIRCUIT ON SIMPLEXED TELEPHONE 
CIRCUIT 

are also used for telephone service, telegraph circuits Referring to Figure 141, the arrows represent the 
are often secured by the use of a carrier system em- telegraph currents and the total current is shown divid-
ploying much lower channel frequencies than the open ing at the mid-point of the simplex coil line winding at 
wire system mentioned above. This is known as the Station A. The two halves join again at the mid-point 
"voice-frequency carrier system". Facilities employed of the line winding of the coil at Station B. It is 
for this purpose, however, cannot be used at the same imperative that the two line conductors have identical 
time for telephone service. electrical characteristics, including not only equal or 

It is not practicable here to describe fully all of these "balanced" series resistances but equal capacities and 
methods of obtaining telegraph circuits but we may leakages to other conductors and to ground. If the 
take up those electrical principles that are fundamental two line conductors are not so balanced, the telegraph 
to each and more or less common to all. In general, current will not divide into equal parts at the mid-
these are applications of theory already discussed. points of the simplex coil windings and the larger part 

It is obvious that where the same wire facilities are will induce a current in the "drop winding" of the coil, 
used for both telephone and telegraph circuits, some which will not be neutralized by the current induced by 
means of separating the telephone and telegraph cur- the lesser part. 
rents at the line terminals must be employed. The Differing radically in principle from the simplex set, 
oldest device for this purpose is the simplex set by the composite set, illustrated by Figure 142, permits a 
means of which one grounded telegraph circuit is grounded telegraph circuit to be derived from each of 
obtained from the two wires of a "non-phantomed" the two wires of a telephone circuit, and this without 
telephone circuit, or from the four wires of a "phantom interfering with the use of the telephone circuit as one 
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side of a phantom circuit. Referring to the figure, it 
may be seen that there are two reasons why the tele­
graph currents do not interfere with the telephone 
circuit. In the first place, the inductance of the re­
tardation coil in series with the telegraph "leg", to­
gether with the capacitance of three 2 mf. condensers 
connected in parallel to ground, prevents sudden 
changes in the telegraph current values, which would 
tend to be audible as "clicks" in the t elephone circuit. 
The inductance serves here as a "choke coil"; that is, it 
opposes the sudden building up of the current at the 
make of the key and retards the rate of decay of the 
current when the key is opened. The condensers assist 
the inductance by storing up a small quantity of 
electricity while the key is closed and discharging this 
through the inductance when the key is opened. The 
net result is that the current reaching the line wire 
changes in value less abruptly than the current at the 
telegraph key; also, the voltage induced at the break 
is kept at a relatively low value, thereby preventing a 
voltage substantially greater than the operating voltage 
being impressed on the line at that instant. 

The second feature of the set that is necessary for 
keeping the telephone and telegraph signals separated 
is the 2 mf. condenser in,series with the telephone drop, 
which prevents the direct telegraph currents from 
reaching the telephone equipment. The bridge across 
the telephone circuit. on the drop side of the series con­
densers is provided to prevent "crossfire", a condition 
where telegraph signals sent on one wire of a telephone 
circuit induce voltages sufficient to interfere with tele­
graph signals on the other wire, or to operate the 
signaling relays of the telephone circuit. The bridged 

Relay 

~ r1 Sounder 

~ l,,1,1.I'1 

All Condensers 2 mf. 

Key 

arrangement of two 2 mf. condensers in series with the 
windings of a second retardation coil, which is con­
nected to ground at its .mid-point, tends to stabilize 
the potential of the two line wires by providing a path 
for unbalance currents to "leak" to ground. 

76. Principle of Neutral Telegraph Operation 

A telegraph circuit in its simplest form consists of a 
single wire between two points, equipped at each end 
with a manual telegraph set consisting of relay, sounder 
and key. These are. so arranged that one set is con­
nected to ground and the other to grounded battery, or 
both sets are connected to grounded batteries of oppo­
site polarities. Because the operation of the relays is 
independent of the direction of the current through 
them, such a system is called a "neutral" system to 
distinguish it from "polar" systems in which the direc­
tion of operation of the relays is determined by the 
polarity or direction of the current through their 
windings. 

Neutral operation makes use of a flow of current on 
the line for the operated or "marking" position of the 
relay armature and zero current for the open or "spac­
ing" position. The line current furnishes the power 
to operate the receiving relay to marking position 
while either a spring on the armature or a "biasing" 
current in another winding of the relay furnishes the 
energy to operate the relay to the spacing position. 

Figure 143 illustrates such a simple neutral telegraph 
circuit. To analyze its operation, let us assume that 
the West Station key is closed and the East Station key 
is open ready for sending. If now the East operator 
closes his key for only an instant, current flows through 
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FIG. 142. TELEGRAPH CIRCUIT ON COMPOSITED TELEPHONE CIRCUIT 
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both the East and West relay windings in series and 
both relays operate. This in turn closes the local 
sounder circuits causing a quick, complete stroke of the 
sounder lever corresponding to a "dot". If the key 
lever is held closed for a little more than one-tenth of a 
second, a longer signal is transmitted giving a greater 
interval between the up and down strokes of the 
sounder lever corresponding to a "dash".* If the West 
Station operator desires to stop the East Station from 
sending, he "breaks", i.e., he opens his key, thereby 
opening the circuit and the operator at the East end, 
noting the failure of his own relay to respond to his 
signals, knows that the West operator wishes to send 
to him. He accordingly closes his key by means of 
the "locking" lever, which short-circuits the contacts 
of the sending or "non-locking" lever, and the operator 
at the West Station can then send. 

West Station 
Sounder 

i-J-
0 Relay 

Key 

:;;.: 

f 

East St,n,on 

line Wire 

F10. 143. ELEMENTARY NEUTR.\L TELEGRAPH CIRCUIT 

From Figure 143 it may be noted that neutral trans­
mission is that form of transmission in which the send­
ing end "impedance" (resistance) changes from some 
finite value under the marking condition, to infinity in 
the spacing condition. 

A simple telegraph circuit of this kind might con­
ceivably be set up in an emergency by two testboard­
men, using the telegraph sets installed on the key­
shelves of their respective testboard positions, for 
establishing quick telegraphic communication between 
each other. But such a ·layout is seldom used for 
practical telegraph service and if so used it is restricted 
to comparatively short distances. With this arrange­
ment, the amount of current that could be sent over 
any of the usual types of long circuits might not be 
sufficient to operate the receiving relays; or the signal 
distortion caused by such a long line might be such as 
to introduce signal errors. It is necessary, therefore, 
to break such long circuits into "links" of shorter cir­
cuits with each link relaying the signals into the next 

• For the benefit of those readers who are not familiar with 
the American Morse Code, the alphabet and numerals are as 
follows: A·- B- · · · C- · · D - · · E· F--- G- - · H · ···I·· 
J---· K-·- L-- M - - N - • O· · P- · · · · Q· ·- · R· · · 
S··· T-U·•- V··•- W---X---· y .. ·· z .. . - &· ··· 
l •- - · 2- ·- · · 3· · ·- · 4· .. · - 5 - - - 6 .. · · .. 7 - - · · 
8- · ... 9-· ·-0--. 

West 
East 

C 
,, 

FIGURE 144 

adjacent one. Figure 144 represents a telegraph cir­
cuit similar to' that shown in Figure 143 but with an 
intermediate relay at a central point in the circuit. 
This will permit the West Station to send to a much 
more distant East Station because the signal is re­
energized at the intermediate station by a new battery 
connected to the contacts of the relay at that point. 
However, the East Station cannot send to or "break" 
the West Station; the circuit will work in one direction 
only. Under these conditions, two separate circuits 
between the two stations would be required to provide 
rommunication in both directions. The two-circuit 
arrangement is indicated by Figure 145. It involves 
twice the number of wire facilities and is therefore 
economically less desirable than a system by which 
equally satisfactory service could be furnished using 
only one wire. From the telegraph subscriber's ·stand­
point, the class of service which it would provide 
would be entirely different from that given by the 
circuit of Figure 143 and might or might not be prefer­
able to it. With the two-circuit arrangement, it would 

FJGURJ:; 145 

be possible for one subscriber to send a message in one 
direction at the same time that the other subscriber 
was sending a message in the opposite direction, pro­
vided only that there were two operators at each end 
of the line. In this respect the capacity of the service 
would be doubled. But while considerable use is made 
in practice of a service of this type ("full duplex"), it 
does not meet the needs of the majority of subscribers, 
whose usual communication requirements call for an 
interchange of messages in the manner of a conversa-
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tion rather than for continuous simultaneous transmis­
sion in both directions. 

Tl. The Single Line Repeater 

One solution of the problem of providing two-way 
service over a long single circuit is the use of the "single­
line repeater". The theory of this ingenious device 
can be best understood by studying its operating fea­
tures step by step. As has been implied, it is expected 
to relay energy just as the relays in Figure 145 do, but 
its operation is restricted to a single circuit and it must 
permit one operator to break the other. First, let us 
suppose that two intermediate relays are connected 

ToWec:t 
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FIGURE 146 

T0Ea1:t 
Station 

(KeyCIOGed) 

into a single circuit as shown· in Figure 146, with the 
·winding of one relay in series with the contacts of the 
other and vice versa. Although a step in the right 
direction, such an arrangement is not by itself sufficient 
to effect the desired result. For let us assume as a test 
that the West operator starts to send a message to the 
East operator. He opens his key, which at the inter­
mediate point lets the armature of the relay designated 
as Rw fall back and open the circuit east. This will 
result in the armature of the relay designated as R. 
falling back and again opening the circuit west, which 
is already open at the key. If now the West operator 
closes his key, the relay R"' will not respond as the cir­
cuit is open at the contacts of the relay R.. Conse­
quently, the circuit is open in both directions and the 
closing of either or both keys cannot restore the contacts 
of the R. and Rw relays. In order that this device shall 
work it is necessary to add to each relay an additional 
coil so wired that its own armature will be held closed 
while the armature of the other relay is released, re­
gardless of whether or not the circuit through its own 
main winding is open. 

These coils are called "holding coils" and Figure 147 
represents the same connections as shown in Figure 146 
but with the additional holding coil features. The 
battery circuit for the holding coils is a local one and is 
not connected to the line wires in any way. It is repre­
sented by light lines to distinguish it more clearly from 
the main line telegraph wires. The two holding coils 
are in series and each line relay is equipped with an 
additional set of contacts. that shunt the holding coil 
of the other relay when closed. The operation of the 
repeater is now as follows: As before, let us assume that 

To East 
Station 

(Key Closed) 

Fro. 147. SIMPLIFIED SINGLE LINE REPEATER CtRCVIT 

the key at the west end of the line is open and that the 
main line contacts of the corresponding relay R,,, of the 
repeater are open. The key at the distant end of the 
east line is assumed to be closed, i.e., we are assuming 
for the time being that a signal is being transmitted 
from west to east. This can now be accomplished 
because the holding coil of the R. relay is not shunted 
and will not permit its armature to fall back and open 
the west line when the signal is repeated from the west 
line into the east line by means of the Rw relay's arma­
ture. If the East operator desires to break while the 
West operator is sending, he merely opens his key. 
As the West operator continues to send, the next signal 
that closes his circuit and so shunts the holding coil of 
the R. relay, will render this holding coil inoperative 
and permit the R. armature to fall back. Likewise if 
the East operator is sending to the West operator and 
the latter desires to break, the circuit will operate in 
exactly the same manner in the reverse direction. 

A standard telegraph repeater set of this type is 
shown by Figure 148. Here a few other features of the 
circuit are shown that were omitted in Figure 147 for 
clearness. To prevent sparking at the relay contacts 
in the main line, each set of contacts is bridged with a 
300-ohm resistance in series with a 0.5 mf. condenser. 
Switches arc provided on the set for "cutting" the 
circuit, i.e., separating the line east from the line west 
and using the two halves of the repeater set as termi-

Fro. 148. STANDARD SINGLE LINE REPEATER EMPLOYING 
NEUTRAL RELAYS 
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nating telegraph sets. These switches also open the 
local battery circuit of the holding coils. A 1500-ohm 
resistance bridges the shunting contacts of the holding 
coils to prevent excessive sparking. The small re­
tardation coil in series with the battery connection to 
the holding coils quickens the action of either holding 
coil when the shunt is removed, by means of its in­
ductive effect which tends to sustain the current at the 
higher value for an instant. 
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FIG. 149. SINGLE LINE REPEATER WITH POLAR RELAYS 

Another design of single-line telegraph repeater is 
illustrated by Figure 149. In general principle it is 
not radically different from the set that we have been 
discussing but it employs "polar relays" instead of 
neutral relays. Its operation will be better understood 
after studying the discussion of how relays of this type 
are used in differential duplex systems as given in 
Article 81. 

78. Principle of Polar Duplex Operation 

While a type of telegraph service that permits the 
simultaneous transmission oi signals in both directions 
is preferred in comparatively infrequent instances, it 
was the desirability from the economic point of view 
of accomplishing this feat that led to the development 
of the duplex repeater. 

The capability of this repeater to keep separated 
incoming and outgoing signals is based on the principle 
of the Wheatstone bridge. If, as illustrated in Figure 
150, the winding of a telegraph relay is connected to an 
ordinary Wheatstone bridge which is balanced to mea­
sure the resistance of the relay winding, it will be found 
that upon opening and closing the battery key, the 
relay will operate but the galvanometer needle will 
remain stationary because the bridge is balanced. Now 
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FIGURE 150 

let us imagine that one conductor of a telephone circuit 
between two stations is grounded at its middle point 
and that a testboardman at the West Station connects 
his Wheatstone bridge to the circuit to locate the 
ground by the Varley method. Further, let us suppose 
that the testboardman at the East Station instead of 
crossing the circuit for this test, connects his Wheat­
stone bridge to the circuit at the same time in order to 
locate the ground from his end. The connections will 
then be those shown in Figure 151. When the test­
boardman at the West Station adjusts the value of the 
variable resistance in his bricige to equal that of the 
line and the East Station bridge considered together 
as a complex network, the bridge will be balanced and 
no current will fl.ow through the west galvanometer 
due to the battery at that station. 

It is furthermore conceivable that the East Station 
testboardman might at the same time balance his 
bridge. Then, with the battery keys closed at each 
station, a current will flow in the East Station galva­
nometer due to the West Station battery and an equal 
current will fl.ow · through the West Station galva­
nometer due to the East Station battery, but no current 
will flow in either galvanometer from the battery at the 
same station. If either bridge battery key is opened, 
however, this condition will be upset because opening 
the key at one station will destroy the balance at the 
other and result in current flowing through its galva-

West Stat,o,, East Station 

·-~ 
FIGURE 151 
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nometer from the local battery. With a simple modifi­
cation of each bridge consisting of a ground connection 
to the back contact of the battery key (which will not 
interfere with its use as a bridge), balance will be main­
tained regardless of the position of the battery keys and 
the current in either galvanometer will be the same 
when the associated battery key is open as when it is 
closed. But opening the key at either station will 
cause the galvanometer current at the other station to 
fail from some finite value to zero. 

Thus with the two bridges · balanced, we have a 
condition where each station has control over the 
galvanometer at the other station but has no control 
over its own galvanometer. Consequently, the battery 
keys at both stations may be opened and closed at the 
same time and the operation in one direction will not 
interfere in any way with the operation in the other 
direction. It follows that if the galvanometers are 
now replaced with sensitive relays, and telegraph keys 
are substituted for the battery keys, the two stations 
can transmit telegraph messages to each other simulta­
neously. As in the arrangement pictured in Figure 
145, however, one station can break the other only by 
sending a special break message over the channel trans­
mitting in the opposite direction. The service pro­
vided by such a circuit arrangement is called "full 
duplex". Figure 151 illustrates the principle of the 
duplex system of operation; but in practice, instead of 
employing two line wires with a ground at the mid­
point of one, the second or defective wire is replaced 
with an artificial line to ground at each station. These 
artificial lines take the place of the variable arms of the 
Wheatstone bridges as well as the resistance of the 
grounded wire. 

79. Bridge Polar Duplex Systems 

telegraph circuit equipped at each end with a "bridge 
polar" duplex set arranged for full-duplex service. 
Here are shown the more fundamental modifications 
that adapt the Wheatstone bridge principle to practical 
telegraph service. Instead of the bridge arms con­
sisting of simple non-inductive resistances, the two · 
balanced windings of a retardation coil are employed. 
Each winding has a resistance of 500 ohms and an 
inductance of three to four henrys, but the two windings 
in series, i.e., considered as a shunt around the bridged 
receiving relay, have a very much larger inductance. 
The artificial line consists of a 0-5100-ohm rheostat 
variable in steps of 10 ohms which can be grounded, 
first, directly at any point, thereby simulating the 
resistance of the line grounded at the distant end or 
through any intermediate shunt leakages; and second, 
through two variable capacities at two other points, 
thus simulating the capacity of the line wire to ground. 
Together the adjustments are such that the artificial 
line may be made almost identical electrically to the 
actual line with another set at its distant end. 

The telegraph key, instead of being inserted in the 
main battery connection to the bridge, is placed in the 
local "sending leg" circuit which includes the sub­
scriber's transmitting loop and the winding of a "pole­
changing" relay. The current transmitted over the 
line is furnished by batteries of opposite polarity which 
are connected to the front and back contacts of this 
relay. Thus when the sending leg key is closed, the 
armature of the pole-changing relay is pulled up and 
negative or "marking" battery is connected to the 
line; with the key opened and the armature released, 
positive or "spacing" battery is connected to the line. 
Accordingly there is a flow of current during both spac­
ing and marking intervals, but in opposite directions. 
This requires that the receiving relay be polarized, i.e., 

Figure 152 is a simplified schematic drawing of a that it have a split magnetic circuit completed through 

[ 97] 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

its armature so that current flowing through its wind- inoperative because if the keys at both ends were 
ings in one direction will attract the armature to one opened at the same time, both loops would be opened 
contact, where it will remain until it is caused to move at the control relay contacts as well. As in the case of 
to the opposite contact by current flowing in the the single-line repeater, therefore, it is necessary to add 
opposite direction in its windings. a holding coil to the pole-changing relay so that when 

This is known as "polar operation" because it makes the loop circuit is opened by the control relay instead 
use of a line current in one direction for the marking of the sending key, the pole-changing relay armature 
condition and an equal and opposite line current for will not fall back and thus transmit a spacing signal 
the spacing condition. Therefore, polar transmission over the line. The winding of this holding coil is short-
is that form of transmission in which the "impedance" circuited through the second pair of contacts on the 
(resistance) of the circuit is the same for the marking control relay when that relay is closed. When the 
and spacing signals. control relay is released by a spacing signal received 

Full-duplex operation naturally requires two local over the line, the opening of the auxiliary contacts 
circuits and two subscribers' loops. The sending leg permits.current to flow through the holding coil wind-
circuit includes the subscriber's sending loop with a ing, which holds the armature of the pole-changing 
key and sounder in series at the subscriber's office, and relay on its marking contact even though the loop 
a key and the winding of the pole-changing relay at the circuit through its main winding is open. 
duplex set. Two batteries poled to aid each other are Thus when a subscriber is receiving and has his key 
connected to the two ends of this circuit. Similarly closed, the pole-changing relay will be held steadily on 
the "receiving leg" circuit, which is connected to the its marking contacts, while the loop is opened and 
operating contacts of the receiving polar relay, contains closed at the control relay m accordance with the in-
a sounder at the duplex set and a sounder and key at coming signals. Now if this subscriber wishes to break, 
the subscriber's end of the receiving loop. As in the he opens his key. If at that instant a spacing signal is 
case of the sending leg circuit, grounded batteries aiding being received, this will have no effect because the loop 
are connected to the two ends of the circuit. is already opened at the control relay contacts and the 

The bridge polar duplex set may also be used as a pole-changing relay is held operated by the holding 
"half-duplex" repeater on an "ordinary" telegraph coil. But as soon as the distant station sends a mark-
circuit where the simultaneous transmission of messages ing signal, the holding coil windings will be shunted 
in both directions is not desired, providing that a feature out and the pole-changing relay will release, thus 
whereby one operator may break the other is incor- transmitting a spacing signal back over the line to stop 
porated. In practice any standard set may be quickly the distant station from sending. If the distant station 
converted from a full-duplex to a half-duplex repeater, happens to be sending a series of rapid dots when the 
or vice versa, by the operation of certain s}Vitcbes. near station breaks, the action of the control relay 
When arranged for half-duplex service, . the essentials armature may be so rapid that the armature of the pole-
of the circuit are as shown in Figure 153. Here there changing relay will not have time to fall back during 
is naturally only one loop to the subscriber's sta:tion the short intervals that the holding coil winding is 
since he will never be sending and receiving at the same shorted out. To insure positive breaking action in 
time. The winding of the sending relay is connected such a case, an auxiliary pair of contacts on the pole-
in series with this loop as it was in the sending loop of changing relay are provided and connected in series 
the set when arranged for full-duplex service, but the with the winding of a "repeating sounder". Then even 
receiving leg circuit instead of being connected into the though the control relay is not closed long enough to 
loop, is connected in series with the winding of an allow the armature of the pole-changing relay to fall 
additional relay known as the "control relay". One back to the spacing contact, it will at least leave the 
.of the two sets of contacts with which this relay is marking contact, which will open the circuit through 
equipped is in series with the loop. Received signals the repeating sounder, causing it to release. The 
cause the operation of the receiving polar relay, fol- release of this sounder short-circuits the contacts of the 
lowed by that of the control relay, which in turn opens polar receiving relay thus locking up the control relay, 
and closes the loop in accordance with the incoming sig- which results in the pole-changing relay armature 
nals. For sending, the subscriber opens and closes the moving to the spacing contact and so transmitting the 
loop with his key which, assuming the control relay to break signal. 
be operated as a result of the key at the distant end Thus far we have considered the duplex set circuit 
being closed, operates the pole-changing relay and only as a terminal set for repeating signals between a 
connects positive or negative battery to the line. line wire and the subscriber's loop. At the terminal 

Under these conditions, however, and without any points, as we have seen, the subscriber's loops for full-
additional features, the circuit would be practically duplex service are connected in series with the sending 
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leg and receiving leg respectively, as indicated by L 
and L1 or Figure 152; or when the service is half duplex, 
a single subscriber's loop is connected in series with the 
single leg, called the "dummy", indicated by L in 
Figure 153. The subscriber's loop consists of a pair 
of cable conductors or other local subscriber's facilities 
and all battery connections are made in the central 
office (except in cases of very long loops, when a local 
battery may be required for the subscriber's sounder 
circuit). 

But many telegraph circuits are more complicated 
than merely a wire between two stations, equipped with 
terminal sets at each end for repeating the signals 
between the line and the subscriber's loops. As in the 
case of neutral telegraph systems, intermediate re­
peaters are frequently required. Any bridge polar 
duplex set can be used as half of an intermediate re­
peater. When so used for full-duplex service, it is 
only necessary to connect the sending leg of one set to 
the receiving leg of the other set and vice versa as 
illustrated by Figure 154-A. The half-duplex repeater, 
on the other hand, is made up by connecting the send­
ing legs of the two sets in series as shown in Figure 
154-B. In half-duplex service it frequently happens 
that the layout consists of a number of branches radiat­
ing from certain repeater points, instead of a single 
direct circuit between two stations. In this case it is 
necessary for all of the sets connected to branch lines 
at any one station to have their sending legs connected 

Line 

in series, as indicated by Figure 154-C. It is also 
possible to connect one side of a single-line repeater 
to the sending leg of a duplex set as though it were a 
subscriber's loop and work a branch of the layout on a 
neutral rather than a polar basis. 

Another practicable telegraph layout is shown in 
Figure 154-D, where the line wire is connected to a 
neutral relay at one end and to a half-duplex set at the 
other end. With this arrangement the battery at the 
neutral station must be of the same polarity as the 
spacing battery of the duplex set in order that the neu­
tral relay shall stand open when either key is open and 
be operated when both keys are closed. In the latter 
case, no current from the "home" battery flows through 
the polar relay at the duplex set because the set is 
balanced, but the distant battery produ.ces a flow of 
current in the polar relay in such a direction as to hold 
its armature to the marking contact. When the key 
at the neutral station is opened, the duplex set balance 
is "upset" and current from the home battery flows 
through the polar relay in the opposite direction, caus­
ing the armature to move to the spacing contact. 

It is not only possible to operate a neutral station in 
conjunction with a half-duplex set in the manner just 
described, but also at an intermediate point on a circuit 
equipped at both ends with a half-duplex set, as illus­
trated in Figure 154-E. It is necessary for such opera­
tion, however, that the marking and spacing batteries 
at one of the duplex sets be reversed in order that there 

East Station 

I 
.L 
·r-

1 

'-!-· R.Leg.-,11 
Batt. . 400 

OTo5100"' 
....,: 
E' 
~~ 

¢? 
Artificial 0 

Line 

Fm. 153. BRIDGE PoLA.R DuPLJ:x SETS ARRANGED roa HA.Lr DUPLEX SERVICE 

( 991 

-i 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

A• Full Duplex Repeater B • Half Duplex Repeater Joining Two Lines 

West Station East Station 

Neutral Station 

1111',r 
C • Ha lf Duplex Repeaters Joining Three Lines D · Combined Half Duplex and 

Neutral Circuit, "Upset" Operation 

b C 

Loop at Intermediate Station 

E · "Upset" Half Duplex Circuit with Intermediate Loop 

Frn. 154. BRIDGE POLAR DUPLEX Sms AB INTERMEDIATE REPEATERS 

[ 100] 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

shall be current in the line to hold the intermediate 
neutral relay closed when the keys are closed at both 
duplex stations. When either duplex key is opened, 
the current in the line is reduced to zero because bat­
teries of like polarity are then connected to the line at 
each duplex set. The neutral relay is accordingly 
released. When sending from the neutral station, 
opening the line circuit upsets the balance of both 
duplex sets, thereby causing both receiving relays to 
operate to the spacing position. 

80. Advantages of Half Duplex Over Neutral System 

Since in half-duplex service messages are sent in 
only one direction at any one time, and this same type 
of operation is provided by neutral systems, it is natural 
to inquire why the latter, requiring less equipment, 
should not be used exclusively. Upon analysis it will 
be found that half-duplex operation has several marked 
advantages over neutral operation, the more important 
of which are briefly as follows: 

a. The same set can be used for either full- or half­
duplex service, thereby making for maximum 
flexibility in office layout and keeping the total 
number of sets at a minimum. 

b. The transmission of current for spacing gives the 
effect of increased voltage without increasing 
tb.e current values in any part of the apparatus 
or subjecting the circuit to high working volt­
ages that might be unsafe. 

c. The balance principle permits operation over 
"leaky" lines that would not be satisfactory 
for neutral operation. 

Advantage (b) may best be understood if we con­
sider briefly the magnitudes and directions of the line 
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currents for the two methods of operation. In neutral 
operation the nominal line current for the marking 
condition is in the order of 60 milliamperes, and of 
course, zero current for the spacing condition. As the 
half duplex operates on a polar basis, the line currents for 
the marking and spacing conditions are in the order of 
30 milliamperes, but flow in opposite directions depend­
ing upon whether a mark or space is being transmitted. 
Therefore, in effect the magnitude of the line currents 
in the half duplex are only half that in the neutral 
circuit. Incidentally, it will be noted after studying 
Articles 91 and 93 of Chapter XIII, covering both 
neutral and polar "wave shapes", that certain circuit 
conditions change the signal length during transmis­
sion on neutral circuits but have no effect on polar 
circuits. 

For an explanation of (c) above we may refer to 
Figure 179 of Article 91. If here the East Station is 
sending to the West Station, there will be a definite 
current through the shunt, S, and the West Station 
relay while the key at the East Station is open. This 
tends to keep the relay energized all of the time and 
requires that it be so adjusted that its normal release 
current is appreciably greater than the current that 
flows as a result of the shunt. In other words, each 
relay when receiving must work as a "marginal" relay, 
which makes it very difficult to keep in adjustment 
when the value of the leakage resistance to ground is 
varying with changing weather conditions, etc. in 
half-duplex operation there are no such limitations 
imposed on the polar receiving relays because it is 
always possible to adjust the artificial line to compen­
sate for normal leaks to ground on the line wire, thereby 
reducing the effect of the leaks to a mere shunting of 
some portion of the energy. 

http://www.SteamPoweredRadio.Com
wigfi
Stolen 2 Line Transparent



www.SteamPoweredRadio.Com

CHAPTER XII 

TELEGRAPH CIRCillTS- ( Continued) 

81. Differential Duplex Systems 

.Although the bridge polar duplex is still in use on 
many grounded telegraph circuits it is gradually being 
replaced by a similar device known as the "differential 
duplex". This has certain advantages that will appear 
as the discussion proceeds. Its major departure from 
the older type of set lies in the use of differential polar 
relays in both t!!e sending and receiving circuits. 

The principle of the differential relay depends upon 
winding a magnetic core with two equal but opposing 
windings so that if equal currents flow in the same 
direction through both windings, the magnetic field 
produced by one winding will be exactly neutralized 
by that set up by the other winding. Furthermore, 
by the use of a permanent magnet and a split magnetic 
circuit, such a relay may be polarized like the receiving 
relay of the bridge polar duplex set. The magnetic cir­
cuit of a typical relay of this type is illustrated in 
Figure 155. 

Non- Magnetic 
Spacers:---1--1----l------''--1--' 

Permanent 
Magnet 

'------4--l-+--- Armature 

F10. 155. MAGNETIC CIRCUIT OF THE DIFFERENTIAL 
POLAR RELAY 

which is a schematic drawing of a terminal differential 
duplex set arranged for full-duplex service. It will be 
observed that the familiar bridge arrangement of the 
bridge polar set is here replaced by a differential polar 
receiving relay, the two ,vindings of which are con­
nected at one end to the real and artificial lines respec­
tively, and have their other ends connected together to 
the armature of the sending relay. When the artificial 
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line is adjusted to exactly balance the real line, currents 
coming from the sending battery divide equally be­
tween the two windings in parallel and, since these are 
connected differentially, the resultant magnetic flux is 
zero and the relay is not operated. Current coming 
from the line, on the other hand, flows through the two 
windings in series, which produces aiding magnetic 
fields and causes the relay armature to move to one or 
the other of its contacts depending upon the polarity 
of the incoming current. Thus it is evident that there 
is no interference between the sending and receiving 
circuits and the two can be operated quite inde­
pendently of one another- in other words, full-duplex. 
It would be possible to operate this circuit with a neu­
tral sending relay as in the bridge polar set but in 
practice a differential polar relay is used for this pur­
pose also. 

Referring again to Figure 156, the upper winding of 
the sending relay is known as the operating winding and 
the lower as the biasing winding. With the sending 
loop key closed, the magnetic fields produced by tlie 

The manner in which the differential polar relay is two windings are in opposition because current is 
employed to repeat signals in duplex telegraph opera- flowing in the same direction through ea.ch. The re-
tion may be best understood by referring to Figure 156, sistance, R, however, is of such value that the current 
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in the biasing winding is limited to a substantially station and the local operator wishes to break. To do 
smaller value (usually half) than that in the operating this he opens the loop circuit with bis key. If at that 
winding and the armature is accordingly held to the instant a spacing signal is being received, this will have 
marking contact. But when the sending loop key is no effect because the loop circuit is already opened at 
opened, only the biasing winding is effective and the the contacts of the receiving relay. But as soon as a 
armature is drawn over to the spacing contact. marking signal is received and the control relay arma--

Half-duplex operation necessitates the inclusion of ture closes, spacing battery is connected to the biasing 
several additional relays in the differential duplex set windings of the sending and break relays and since 
circuit. The essentials of the circuit under these there is no current in their operating windings, both 
conditions are shown by Figure 157. The control relays operate to spacing. The operation of the send-
relay, wired in series with the receiving relay, is pro- ing relay of course results in the transmission of the 
vided to prevent the operation of the sending relay desired spacing or break signal to the line. The opera--
when the loop is opened and closed by the receiving tion of the break relay insures that the break signal, 
relay. Two batteries of opposite polarity are con- once begun, will not be interrupted in case a spacing 
nected in parallel to the biasing winding of the sending signal is received from the line. Such a received signal 
relay but the resistances, Rand 2R, are so adjusted in causes the control relay contacts to open and so would 
value that when the control relay contact is closed, the permit the sending relay to operate to marking were it 
positive or spacing battery will be in control and the not for the second connection between the spacing 
operation of the sending relay will be identical with its battery and the biasing windings of the sending and 
operation in the full-duplex circuit. When signals are break relays, established through the spacing contacts 
being received, on the other hand, a spacing signal of the latter relay. The neutral relay in series with 
opens the loop at the contacts of the receiving relay this circuit is provided to take care of the possible 
and no current can flow through the operating winding contingency of the break and sending relays at both 
of the sending relay. Then if it were not for the siroul- ends of a circuit becoming simultaneously operated to 
taneous operation of the control relay, the sending spacing. In such a case it would be impossible for 
relay would be operated to spacing; but the opening of either operator to regain control of the circuit because 
the control relay contacts breaks the circuit to the the loop circuits at both ends would be opened at the 
positive battery and allows current to flow in the receiving relays. However, the operation of the neu-
opposite direction through the biasing winding and the tral relay, which occurs whenever the control relay is 
resistance, 2R, to the negative battery. This holds opened after the break relay is operated to spacing, 
the sending relay armature on its marking contact. short-circuits the contacts of the receiving relay so 

An additional polar relay, known as the break relay, that the sending and break relays will be operated to 
is connected in series with the sending relay. Its their marking contacts when the loop key is closed. 
purpose will be understood if we analyze a condition One of the important practical differences between 
where signals are being received from the distant bridge polar and differential duplex systems is that in 
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the latter a special repeater is used at intermediate 
points instead of two terminal sets such as we have 
been studying. AB illustrated by Figure 158, this 
repeater is a relatively simple device consisting of two 
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FIG. 158. INTERMl)DIATII DIPPIIRll:NTIAL DUPLEX REPEATER 

differential polar relays with associated artificial lines, 
by means of which signals are repeated directly from the 
Line East to the Line West and vice versa. Where a 
subscriber or a branch line is connected at an inter­
mediate point, it is of course necessary to use terminal 
sets in much the same way as illustrated in Figure 154 
for bridge polar duplex operation. Differential type 
intermediate repeaters can be used on circuits equipped 
at their terminals with bridge polar sets and bridge 
polar intermediate repeaters may be used on circuits 
equipped at one or both terminals with terminal 
differential sets. 

From the foregoing it will be seen that the differential 
duplex system offers about the same general possibili­
ties of operation as the bridge polar system. Several 
of its design features, however, make it more suitable 
for use on grounded lines than the bridge polar system, 
particularly where high-speed teletypewriter circuits 
are involved. The principal advantages are the use of 
a break relay operating simultaneously with the send­
ing relay, which establishes the break circuit when the 
latter relay operates instead of after a sounder is re­
leased by the sending relay, and the employment of 
polar relays for transmitting as well as for receiving. 

82. Principle of the Vibrating Circuit 

types, all of which have the same purpose. AB will be 
seen, the mid-point of the third winding is connected 
to the armature while the two ends of the winding are 
connected to ground through a condenser, C, and a 
resistance, R, respectively. 

For the purpose of analyzing the circuit, it may be 
assumed that there is no current in the tw<? main relay 
windings and that at the instant shown in the diagram. 
the condenser, C, is charged to its full capacity. Cur­
rent is then flowing through the resistance, R, and the 
right side of the vibrating winding to the negative 
battery. This causes the relay armature to leave its 
right contact, which breaks the circuit to the negative 
battery. But now the charged condenser sets up a 
flow of current through both halves of the winding in 
the same direction as the current formerly flowing in 
the right half. This accelerates the movement of the 
armature toward the left contact. When the armature 
reaches the left contact, there is a strong initial current 
from the positive battery through the left side of the 
winding to charge the condenser in the opposite direc­
tion. This current flows in the same direction in this 

1
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FIG. 159. VIBRATING CIRCUIT OP DIFFERENTIAL RIILAT 

half of the winding as the current flowing before the 
contact was made and its effect, therefore, is to hold 
the armature firmly against the contact without re­
bound or "chatter". As the condenser becomes 
charged, the current in the left side of the winding falls 

Undoubtedly the most important advantage of the off until it becomes smaller than the current flowing 
differential system lies in the rapid response to signals in the opposite direction through the right side of the 
of the polar relays used. In addition to being in- winding and the resistance. The armature then pulls 
herently much more sensitive than the types of relays away from the left contact; the current flowing from 
ordinarily used in bridge polar sets because of their the condenser, which is now charged in the opposite 
more delicate design, these relays are equipped with direction, hastens its travel to the right contact, 
a. special third winding which forms a part of a "vibrat- through which current then flows from the negative 
ing circuit" that adds further to their sensitivity and battery to again charge the condenser, thus holding 
rapidity of response. The principle of the vibrating the armature solidly against the contact. When the 
circuit may be understood by referring to Figure 159, condenser is charged, the cycle is completed and it 
which is a schematic drawing of one of several possible continues to repeat itself indefinitely. 
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F10. 160. TYPE A POLARENTIAL TELEGRAPH CIRCUIT 

Thus we have the armature vibrating back and forth 
between the two contacts at a rate which is dependent 
only on the values of R and C. However, when the 
main windings of the relay are connected into the 
repeater circuit in normal fashion, the marking or 
spacing currents flowing in them will prevent the 
armature from vibrating freely under the influence of 
the vibrating circuit. But the tendency to vibrate is 
nevertheless present and whenever the current in a 
main winding is reversed due to the transmission of a 
signal, the vibrating circuit causes the armature to 
move from one contact to the other a little in advance 
of the time that it otherwise would. It also causes the 
movement to be more rapid and the contact to close 
more positively than would be the case if it were not 
operative. 

83. Polarential and One-Way Polar Systems 

For furnishing service to subscribers at outlying 
points, two special types of grounded telegraph systems 
known respectively as "Polarential" and "One-Way 
Polar" are frequently used. The polarential system 
permits true polar operation from the central office out 
and a modified polar operation from the outlying point 
into the central office. Thus the advantages of pol~r 
transmission are secured and at the same time the 
equipment arrangements in the subscriber's office are 
relatively simple. A schematic diagram of such a cir­
cuit is shown in Figure 160, with only the essential 
elements included for the sake of simplicity. 

By inspection of the above diagram it may be seen 
that with the central office duplex repeater balanced 
while the outlying sending loop is closed, the trans­
mission from the central office out is true polar. The 

signal. Because of the balance of the duplex repeater 
at the central office under this condition, there is no 
effect on the receiving relay at the central office and it 
is held in the marking position by the current through 
the biasing winding. For the spacing signal, negative 
battery is applied to the line at the outlying point, 
which produces an effective spacing current in the 
receiving relay at the central office. This current 
comes from two sources, the first being due to the 
current flowing in the relay windings from the negative 
battery at the outlying point, and the second coming 
from the home battery as a result of the duplex un­
balance caused by the resistance in series with the 
battery at the outlying point. 

The variable resistance R at the central office is 
adjusted to such a value that the spacing line battery 
at the outlying point is higher than the potential ap­
plied to the apex of the repeater circuit at the central 
office. This assures that the line current will reverse 
when a spacing signal is transmitted from the outlying 
point. This is necessary in the case of teletypewriter 
operation to assure getting "home copy" at the out­
lying point. 

Service conditions are sometimes such that only one­
way transmission from the central office to an outlying 
point is required; as for example, in the transmission 
of news copy in certain cases. In such situations a 
somewhat simpler arrangement, known as the "One­
W ay Polar" system, is used. This also gives the ad­
vantage of polar operation but does not include the 
duplex feature at the central office. The essentials of 
this circuit arrangement are shown in Figure 161. 

84. Leakage Compensation System 

relay at the outlying point receives signal combinations A somewhat novel method of operation employing 
of equal marking and spacing currents of opposite polar transmission is shown schematically in Figure 
polarity applied to the line by the sending relay at the 162. The important advantage of this method of 
central office. operation is that the circuit is self-compensating to a 

In transmitting to the central office, ground is ap- considerable extent for line leakage. This system is 
plied to the line at the outlying point for the marking also sometimes called "Polarential (Type B)" in which 
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case the polar system discussed in the preceding article 
is designated "Polarential (Type A)". 

It may be noted that true polar transmission is em­
ployed in sending from the central office to the outlying 
point. When sending at the central office, the receiv­
ing relay is held on its marking contact by the biasing 
current as shown. Transmission in this direction is 
therefore the same as in tile polarential method of 
operation. 

When transmitting from the outlying point to the 
central office on a dry line, the marking line current has 
no effect on the receiving relay at the central office due 
to the balancing network precisely balancing the line. 
For the spacing signal, aiding battery is applied to the 
line at the outlying point which causes an effective 

spacing current,~, to flow in the receiving relay, where 

E is the potential of the outlying battery and RL is 
the resistance of the line (and the artificial line) from 
apex to ground. The biasing current is adjusted to a 

E 
value of 

2
RL. With this set-up the signals sent at the 

outlying point will be satisfactorily received at the 
central office. When the line is wet there will be a com­
paratively large leakage to ground which may be repre-

Central Office 

sented by R, at the point P. In this case the apex 
resistance, R,., may be adjusted to maintain the poten­
tial at the apex point at the same value as for the dry 
condition when a spacing signal is being transmitted 
from the outlying point. . In other words, R,. is de­
creased so that the marking current from the central 
office battery is increased by the same amount as the 
spacing current from the outlying point is decreased 
due to the line leakage. Under these conditions the 
received signals at the central office are not affected by 
the line leakage. 

The required resistance for Ra. to effect compensation 
for the line leakage may be determined from the follow­
ing equation: 

(42) 

where R,. and RL are as previously defined, R1 is the 
resistance in the line from the apex to the point of 
leak, and & = RL - R1. 

From inspection of this equation, it is evident 
that if R1 is greater than 2& complete leakage com­
pensation cannot be effected unless the transmitting 
voltages at the central office are made higher than those 
at the outlying point. However, since & includes the 
resistance, R6, in the outlying point, this latter resis­
tance may readily be made great enough so that this 
condition will not ordinarily occur. 

In sending a spacing signal from the outlying point, 
the batteries applied to the two ends of the line are 
aiding and the line is charged to a high positive poten­
tial near the outlying point. When the sending relay 
at the outlying point goes from space to mark, the 
high charge on the line causes a surge of current to flow 
to ground through the receiving relay in a direction 
opposite to that of the normal marking current. This 
would tend to cause the receiving relay at the outlying 
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FIG. 163. TERMINAL METALLIC DUPLEX SET ARRANGED FOR FULL DUPLEX SERVICE 

point to "kick off" and mutilate the home copy or 
produce false breaks. To neutralize the effect of this 
line "kick", the bridge arm containing the condenser C 
is added. This produces a "kick" affecting the relay 
oppositely to the line "kick" and of such magnitude 
that the receiving relay remains steadily on its marking 
contact when the sending relay is operat~ng. 

86. Metallic Telegraph Systems 

is a schematic drawing of a terminal metallic set ar­
ranged for full-duplex service, with the monitoring 
connections and all other auxiliary circuit details 
omitted for clearness. Here it will be noted that polar 
differential relays and balanced circuits are employed 
in both the sending and receiving circuits. The re­
ceiving relay has four balanced operating windings 
connected differentially so that when the artificial line 
is adjusted to balance the real line, there is no inter­
ference between incoming and outgoing signals. Polar 

The operation of telegraph circuits on composited transmission over the line is accomplished by means of 
cable conductors usually imposes certain requirements a 34-volt battery which is reversed by the two sending 
differing from open wire operation. In order to avoid relays to produce the marking and spacing signals. 
interference with the telephone circuits, it is necessary The line current, when the system is operating on 
in the first place that the telegraph currents be limited 19-gage conductors, is approximately five milliamperes 
to values of the same order of magnitude as the tele- in each conductor of the pair. The sending loop is 
phone currents. Furthermore, in order to eliininate balanced by the resistance, R, and when the key is 
interference from ground potentials and crossfire and closed, the current in the upper or operating windings 
also from power circuits, it is preferable to use a second of the sending relays is exactly twice that in the lower 
metallic conductor instead· of an earth return, as is or biasing windings because there are two batteries 
done in open wire operation. This means that at least aiding in the loop circuit as against a single battery in 
two line wires are employed for each telegraph circuit. the balancing circuit. Although the magnetic fields 
However, metallic telegraph systems are operated in set up by the currents in the two sets of windings are 
practice both 2-wire and 4-wire. in opposition, the preponderance of current in the 

The 2-wire metallic cable telegraph system is quite operating windings holds the relay armatures on t heir 
siinilar to the differential duplex system for grounded marking contacts. When the loop key is opened, bow-
lines and, like the latter, employs different types of ever, only the spacing windings are energized and t he 
repeaters at through and terminal points. Figure 163 armatures are a-ccordingly operated to spacing. 
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Half-duplex operation requires the addition of a a special type of repeater is used for through operation 
break relay to the circuit, as shown in Figure 164. This which is much simpler in design. ,Ai!, shown schemat-
permits the transmission of a clean-cut break by in- ically in Figure 165, this consists merely of two relays 
suring that the armatures of the sending relays, once with artificial lines associated. In order to avoid the 
shifted to their spacing contacts by the opening of the use of four relays instead of two, separate positive and 
key, remain so shifted. If the sending and receiving negative 34-volt batteries are used. This is known as 
circuits were connected together to the loop without the "single-commutation", as distinguished from the 
break relay, opening the key in the loop would cause the method of reversing the connections to a single battery 
sending relays to be controlled by the current flowing in the manner described in connection with the ter-
from the receiving relay contacts through their biasing minal sets, which is known: as "double-commutation". 
windings and the balancing resistance to ground. The polar relays in both terminal and through sets are 
Then if signals were being received at the time the key equipped with vibrating windings which operate in sub-
was opened for a break, the sending relays would be stantially the same manner as described in Article 82. 
operated in accordance with the received signals, and In the 4-wire metallic telegraph system different 
these would be transmitted back over the line inverted, paths are employed for transmission in the two direc-
instead of the clean-cut spacing signal desired. But the tions, thus avoiding the necessity for networks or 
break relay, connected in series with the sending relays artificial lines to balance the line circuits. ,Ai!, indi-
as shown, operates simultaneously with the sending cated in Figure 166, which is a schematic of a 4-wire 
relays when the key is opened for a break. The shift- metallic telegraph circuit between two terminal type 
ing of its armature to the spacing contact connects repeaters, the sending and receiving paths-tire separated 
negative battery to both contacts of the receiving from each other as regards transmission over the line. 
relay so that the sending relay armatures are held on The local circuit arrangements of the repeaters a.re the 
their spacing contacts as long as the loop key is open, same as for 2-wire operation. 
regardless of the operation of the receiving relay by Telegraph transmission with this 4-wire arrangement 
signals coming in from the line. will, in general, be better than that obtained with 

It is of course possible to use two terminal sets for 2-wire operation because of the improvement in sta.-
through repeating at an intermediate point where no bility produced by eliminating the duplex balance 
subscriber's loops a.re involved. In practice, however, requirements. ,Ai!, the use of different paths for trans-
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mission in the two directions results in t he need for 
twice as many cable conductors with associated com­
positing equipment, the susceptibility to certain types 
of line trouble will be increased. However, other 
types of line trouble which cause interruptions to 2-
wire operation by disturbing the duplex balance, will 
not interfere in the case of 4-wire operation. 

Four-wire metallic telegraph may be superposed on 
either 2-wire telephone circuits of moderate length 
(500-1000 miles) or 4-wire telephone circuits, with but 
little unfavorable reaction on the telephone service. 
However, very long 4-wire telephone circuits are not 
composited throughout their entire length because of 
low-frequency "delay distortion" introduced by the 
composite sets. 

86. Principles of the Teletypewriter 

In discussing telegraph circuits in the preceding 
articles, we have tacitly assumed that the signals to be 
transmitted were produced manually by the hand 
operation of an ordinary telegraph key. As a matter of 
fact, a large percentage of the telegraph circuits are 

operated by mechanical devices known as teletype­
writers, which are installed in subscribers' offices in 
place of the keys and sounders of manual practice. 

Usually the teletypewriter installation at a sub­
scriber's office consists of a keyboard similar to a 
standard typewriter keyboard and a typing or print­
ing mechanism designed to print• received messages 
either on a page, as is done with typewriters, or on a 
tape, in the manner of stock quotation tickers. At 
certain subscriber's stations, such as newspaper offices, 
where receiving service only is desired, the keyboard 
may be omitted. On the other hand, when a sub­
scriber wishes to handle a large volume of outgoing 
traffic, a more elaborate sending mechanism in which 
messages are first recorded on a perforated tape and 
then transmitted from it, may be used. We shall not 
attetapt to study in detail the design features or method 
of operation of each of the several types of teletype­
writers, but only to consider some of the general 
principles applicable to all of them. 

Teletypewriter operation of telegraph circuits differs 
essentially from manual operation only in the substitu­
tion of sending and receiving machines for keys and 
sounders. The signaling code used, however, is not 
the Morse code of manual operation but a special one 
in which each letter or signal is made up of five units 
or elements of equal length. As illustrated by Figure 
167, this code provides for the letters of the alphabet, 
the numerals, and several miscellaneous symbols of 
common use, as well as for the special operations or 
"stunts" that the machines must perform, such as line 
feed, carriage return, and miscellaneous switching and 
signaling features. The machines must then be so 
designed that when a certain letter key is operated at 
the sending machine, the marking and spacing signals 
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corresponding to the code for that letter are sent out 
on the line; and when this signal combination comes in 
at the receiving machine, the corresponding type bar is 
selected and operated to print the letter. 

The principle of selection may be understood by 
referring to Figure 168. The five "code· bars" shown 
are under the control of the five signal units or pulses 
making up the code for each letter. If the first pulse 
is a marking signal, code bar No. 1 will be moved 
endwise a slight amount. Similarly code bar No. 2 

• will be moved or left in position accordingly as the 
second pulse is a marking or spacing signal, and so 
on through the five pulses of the code. When all five 
pulses have been received, the c_ode bars are so ar-
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ranged that the slots under the "pull bar", correspond­
ing to the particular code combination received, are in 
line and all other groups are out of line. This one pull 
bar is then allowed to drop down a small distance 
where it engages the "main bail" which pushes it for­
ward and so causes the corresponding type bar to 
print the character. 

Assuming some such selection method as has just been 
outlined and some analogous mechanical arrangement 
for producing the proper series of current pulses when a 
key is depressed at the sending machine, there remain 
two additional essential features that must be provided 
for. First, there must be a means of positioning the 
code bars in accordance with the incoining current 
pulses; this may be effected by electromagnets or by 
purely mechanical means. Second, and of vital im­
portance, the sending and receiving machines must be 
kept in syncb,ronism. That is to say, there must be a 
definite and constant time relationship between the 
operation of the two machines so that when No. 1 
impulse is transmitted from the sending machine, the 
receiving machine will be at the proper point in its 
operation to receive No. 1 impulse as it arrives, and 
so on. 

Teletypewriters are synchronized by means of a 
"start-stop" system. The fundamental idea of this 
system is that the machines, instead of operating con­
tinuously, shall be stopped after the transmission of 
each series of five pulses comprising the signal for one 
character. This insures that the two machines will be 
in exact synchronism at the beginning of transmission 
of every character; in other words, it corrects any 
tiining differences that may exist so frequently that 
errors are not likely to occur. It requires, however, 
that two synchronizing current pulses pe transmitted 
for each character in addition to the five selecting code 
pulses, a feature which necessarily extends the. time 
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required for the transmission of each character. There 
are several different designs of the controlling apparatus 
for start-stop systems. The oldest and perhaps most 
easily understood of these consists of a pair of com­
mutators, the segments of which are connected to the 
line and the electrical elements of the sending and 
receiving machines and are connected together peri­
odically in a definite order by brushes rotating in 
synchronism and stopping at the completion of each 
revolution. A simplified diagram of the sending and 

. receiving faces of a pair of these commutator devices, 
known as "distributors", is given in Figure 169. 

To follow the operation, let us assume that the letter, 
D, is to be transmitted. By referring to Figure 167, 
we find that the code signal for this letter consists of a 
mark, two spaces, a mark, and a space. We must 
also remember that the start-stop system requires 
the transmission of two additional pulses, one to start 
the brushes revolving and one to complete the opera­
tion. The brush or "distributor arms" are coupled 
to the driving shafts of motors by friction clutches and 
are normally held stationary by the latches of the 
sending and receiving start magnets. The motors at 
the sending and receiving ends are governed to rotate 
at approximately the same speed. Now when a key­
board key (that for Din our example) is operated, the 
first effect is to close the circuit through the sending 
start magnet windings, which pulls up the latch and 
allows the sending distributor arm to start to rotate. 
As the inner pair of brushes passes over the start seg­
ment in the outer ring of the sending face, the line cir­
cuit is opened and a spacing signal is transmitted. This, 

Sending Station 

Line 

known as the "start-pulse", releases the receiving line 
relay, which connects battery to the receiving start 
magnet and permits the receiving distributor arm to 
start to rotate. 

The operation of tlie key for D in the keyboard 
will also have connected battery to segments 1 and 4 
of the sending distributor face in accordance with the 
code for that letter, so that when the sending dis­
tributor arm passes off from the start segment on to 
segment 1, the line will be closed to battery and the 
receivin·g line relay will operate. This will connect 
battery to the large inner segment of the receiving 
face with the result that when the receiving distri­
butor arm passes over segment 1 (which it will do 
while the sending distributor arm is still on segment 1 
of the sending face), selecting magnet No. 1 will be 
energized and will move its associated code bar in the 
printer mechanism. As the sending distributor arm 
passes over segments 2 and 3, "opens" will be trans­
mitted to the line and accordingly no battery will be 
connected to the corresponding segments of the receiv­
ing face and the associated selecting magnets will not be 
operated. Continuing, selecting magnet 4 will operate 
while 5 will not. At this point the code bars in the 
receiving machine are properly placed for printing the 
letter, D, and as the receiving distributor arm passes 
off from segment 5 and on to the stop segment, battery 
is connected to the "printing magnet" which actuates 
the printing mechanism and causes the letter to be 
printed. In the meantime, the sending distributor arm 
has passed on to its stop segment, thereby transmitting 
a marking signal to the line, and is stopped by the start 
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magnet latch which was released as soon as the outer 
pair of brushes opened the circuit through the winding 
at the beginning of the operation. The received mark­
ing signal holds the receiving line relay closed so that 
the receiving start magnet is not operated and the 
receiving distributor arm is also stopped by its latch 
as it completes the revolution. Bot,h distributors are 
then in position to handle the next character. 

87. Operating Characteristics of Teletypewriter Sys­
tems 

position to allow the contact lever to move forward. 
The circuit to the start magnet is connected through 
this closed contact. When a start pulse is received, 
the start magnet releases the drum and it starts to 
rotate, which immediately opens the first contact. 
Following this, the second depression on the drum 
comes under the second contact lever which then moves 
forward closing the contact to the first selecting magnet, 
and this magnet will be operated or not, depending 
upon whether the line relay is at that instant on its 
marking or its spacing contact. As the drum con­
tinues to rotate, the remaining four selecting contacts 
operate in order, which results in the remaining four 
selecting magnets being operated in accordance with 
the incoming signals; and finally, the seventh contact 
is closed to operate the printing magnet causing the 
character set up by the selecting magnets to be printed. 

In order to increase the maximum overall speed of 
operation, the system may be so arranged that when 
sending at a maximum speed, the sending distributor 
rotates continuously instead of stopping after the trans­
mission of each character. To preserve synchronism, 
however, it is still necessary that the receiving dis­
tributor come to a full stop after each complete revolu­
tion. This is effected by arranging the receiving 
distributor to rotate at some fourteen per cent greater 
speed than the sending distributor, thus providing a 
brief time interval during each revolution for it to stop. 
This requires, of course, that the depressions on the 
receiving cylinder be spaced fourteen per cent farther 
apart angularly than those on the sending drum in order 
that the receiving drum will close the receiving con­
tacts during the exact middle portion of each signal 
impulse transmitted from the sending drum (see Figure 
169). 

The commutator type of distributor was made use of The several selecting magnets employed in the re-
in the preceding article to explain the principle of the ceiving equipment of the teletypewriter mechanism dis-
teletypewriter because its operation is relatively easy cussed above are replaced in some of the recent types of 
to follow. However, it has been replaced in practice machines by a single magnet. The ingenious mechan-
by a device which is quite different mechanically but ical method by which the received current pulses are 
employs exactly the same principle. Instead of the translated to the code bars in this case is indicated 
circuit between the line relay contacts and the selecting roughly in Figure 170. The incoming signals are dis-
magnet windings being closed successively by moving tributed by means of a group of six rotating cams so 
brushes short-circuiting commutator segments, spring spaced angularly on a shaft that each will function at 
contacts are closed in order under the control of a the same time that the corresponding signal pulse is 
rotating cylinder or drum, into the surface of which being received. Instead of closing electrical contacts, 
are cut a series of depressions that permit the contacts however, these rotating cams perform purely mechan-
to close at the proper time intervals. The cam-like ical operations as described below. 
depressions in the drum are arranged in a spiral order When the open start pulse is received, the magnet 
about its surface and seven contact levers, each con- armature is released. This operates a latch, not shown 
trolling a contact, are mounted side by side and bearing in the figure, and allows the shaft carrying the selector 
against the surface of the drum. The drum is normally cams to start rotating. The cams are so spaced that at 
held from rotating by a stop arm engaging a .notch. the same time that the first of the five pulses of the 
In this position, the first of the seven contacts is closed code signal is being received, the first cam engages the 
because the first depression on the drum is then in projection on the "code bar operating lever" associated 
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Se I e ctor Magnet 

~= 

Armature Extension 

FIG. 170. RECEIVING MECHANISM OF SINGLE MAGNET 
TELETYPEWRITER 

with the first code bar and rotates it slightly in a coun­
terclockwise direction. The effect of this movement 
depends upon whether or not the magnet armature is 
operated. If the received No. 1 pulse is a marking 
signal, the armature will be operated as shown in the 
figure, whereas if this pulse is spacing, it will not be 
operated. But assuming that it is operated, the 
movement of the code bar operating lever by the first 
selector cam lifts up the "sword" and causes the right­

sion causing the sword point to move to the right and 
the code bar to the left. 

In exactly the same manner, when No. 2 pulse is 
received, the second selector cam will have arrived at 
the proper position in its rotation to operate the code 
bar operating lever associated with code bar No. 2 
and it will be positioned according to the position of the 
magnet armature at the time. After all five signal 
pulses have been received and the code bars properly 
positioned, the sixth cam releases a clutch allowing the 
printing mechanism to operate. 

One of the advantages of the teletypewriter over 
manual telegraph service is the high speed of operation 
that can be consistently maintained. There are three 
standard operating speeds, namely, 40, 60 and 75 
words per minute~ The lowest one of 240 operations 
or 40 words per minute corresponds to very fast man­
ual operation. A speed of 360 operations or 60 words 
per minute is used for a majority of the teletypewriter 
services. The highest speed consists of 450 operations 
or 75 words per minute. Naturally these high signal­
ing speeds require not only that the transmitting and 
receiving machines be sturdy and dependable but also 
that the connecting lines and telegraph repeating 
apparatus be of the highest grade. 

Even though synchronism between sending and 
receiving machines may be satisfactorily maintained 
by means of the start-stop method of operation, it is 
clear that any distortion of the transmitted signals, 
due to unsatisfactory line C<,mditions or other reasons, 
will tend to cause receiving errors. Therefore since a 
certain amount of distortion is practically inevitable in 
long telegraph circuits as we shall see in the next chap­
ter, it is necessary that the teletypewriter systems be 

hand projection on its upper end to 
strike the right-hand end of the "arm­
ature extension". This rotates the 
sword in a clockwise direction in its 
pivot "A", and when the selector cam 
in its continued rotation clears the 
code bar operating lever and allows 
the code bar operating spring to restore 
it to normal position, the point of the 
sword is brought down against the left­
hand side of the "T" lever, rotating it 
in a counter-clockwise direction and so 
moving the code bar to the right. If, 
on the other hand, the incoming No. 1 
signal pulse had been spacing, the 
magnet armature would not have been 
operated and when the code bar oper­
ating lever raised the sword, its left­
hand projection would have struck the 
left-hand side of the armature exten-

PAGE TELETYPEWRITER WITH TAPE PERFORATOR AND AUTOMATIC SENDING 
EQUIPM'i:NT 
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designed with the maximum possible operating margin. 
By referring to Figure 169, it will be noted that the 
segments on the receiving face of the distributor are 
considerably shorter than those on the sending face. 
This I:!leans that only a relatively small portion of each 
transmitted signal pulse is used for operation of the 
receiving machine and that these pulses may therefore 
vary appreciably before causing false operation of the 
receiving machine. This is illustrated by Figure 171 
in which the narrow spaces bounded by the vertical 
lines indicate the time intervals during which the five 
selecting magnets are connected to the line during one 

complete revolution of the distributor. Starting with 
the ideal condition where the exact center position of 
each incoming pulse is distributed to the selector mag­
nets, it is evident that the received signals may be 
considerably distorted before false operation is pro­
duced. The causes of this distortion and its effect in 
practical telegraph circuits are discussed in following 
chapters. 

88. The Regenerative Repeater 

The high speed operation commonly used with tele­
typewriters is possible, however, only if received signals 

-------~ 
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LARGE TWX SWITCHBOARD 

are free from any large amount of distortion. Since 
telegraph signals are invariably distorted to a greater 
or less extent in the process of transmission and since. 
the ordinary telegraph repeaters repeat the• greater 
part of such distortion so that it increases cumulatively 
with the length of the overall circuit, the maximum dis­
tance over which a teletypewriter circuit can be oper­
ated tends to be limited by this factor. Fortunately, 
the fact that the signals are of standard length and are 
transmitted with mechanical uniformity permitR the 
use in long circuits of a special type of telegraph re­
peater which is capable of eliminating distortion from 
the signals. 

This is known as the start-stop "regenerative" 
repeater. Consisting essentially of a sending and re­
ceiving drum or distributor•similar to those used in the 
teletypewriter mechanism, it. is capable of receiving 
without error any set of signals that would be satis­
factorily received by an ordinary teletypewriter set, 
and of sending these same signals out as free from dis­
tortion as the signals formed by the sending teletype­
writer. Therefore by spacing regenerative repeaters 
at intervals that would be sufficiently short for satis­
factory 9peration of a standard teletypewriter circuit, 
it is theoretically practicable to operate a circuit of 
any length whatever. -

rangement of a type of regenerative repeater employing 
a flat distributor face and rotating brush arm. Here 
the two outer rings of segments represent the receiving 
commutator face and are shorted together by a pair of 
rotating brushes at the same time that the two inner 
rings, comprising the sending face, are shorted together 
by another pair of brushes mounted on the same rotat­
ing brush arm. To follow its operation, let us assume 
that the letter, R, is to be transmitted. Referring to 
Figure 167, we find that the incoming signals will con­
sist of the starting spacing pulse, a space, a mark, a 
space, a mark, a space, and the final marking pulse. 
As the spacing start impulse is received, the brush arm 
will be releasedtthrough a mechanism not shown in the 
drawing) and he two sets (of brushes will start to 
rotate. The receiving brush passes first over a blank 
segment and then connects the short No. 1 receiving 
segment to the receiving relay armature. This occurs 
at the instant that the first spacing signal of the five­
impulse code is being received, and the receiving relay 
is therefore operated to its spacing contact. The right 
storing condenser will accordingly be charged positively. 
In the meantime, the brush of the sending face has 
moved over segment 7, connecting spacing battery to 
the sending relay and so repeating the start :signal to 
the line in the other direction. Just after the receiving 
brush moves off from No. 1 segment on to a blank, the 

+r -; 

Sending Relay 

Outgoing Signals 

'-Normal Stop 
Position of 
Brushes 

+ 

l 

FIG. 172. PRINCIPLE OF THE REGENERATIVE REPEATER 

sending brush moves on to No. 1 segment of the send­
ing face and the positively charged right storing con­
denser discharges through it to the sending relay, thus 
repeating the first code spacing signal. During this 
operation, the receiving face brush moves on to seg­
ment No. 2 of the receiving face and charges the left 
storing condenser negatively in accordance with the 
incoming marking signal. This condenser is in turn 

Figure 172 show;: schematically the simplified ar- discharged through No. 2 segment of the sending face 
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while the right condenser is being charged through No. 
3 segment of the receiving face. This alternate opera- . 
tion continues until all five of the received code im­
pulses and the final stopping mark impulse have been 
repeated to the outgoing line. As it completes its 
revolution, the brush arm is stopped until the next 
starting impulse is received. 

CAM-TYPE REGENERATIVE TELEGRAPH REPEATERS 

The fundamental value of the repeater lies in the fact 
that the short receiving segments pick up only the 
mid-portion of the incoming signal thereby allowing for 
considerable distortion, while the signals sent out are 
uniform and of equal length because the sending face 
segments are of equal length and spaced in exactly the 
same way as those of the regular sending distributor at 
the sending teletypewriter. It is apparent, accord­
ingly, that the repeater will receive and convert to 
perfect signals any signals that are good enough to 
cause satisfactory operation of an ordinary receiving 
teletypewriter. 

There is also a type of regenerative repeater which 
uses a cam type distributor. Its principle of operation 
is, however, the same as discussed above. 

[ 117] 

89. Typical Terminating Telegraph Circuit 

In this and the preceding chapter we have studied 
the general principles of some of the more important 
equipment units that are used with long distance 
telegraph circuits, as well as the apparatus at the sub­
scriber's station. In order that we may get a clear 
picture of how these several parts are coordinated in 
practice, Figure 173 shows in some detail the wiring 
arrangement of a representative terminating telegraph 
circuit from the subscriber's office to the long distance 
line wires. This includes in addition to the subscriber's 
station equipment and the terminal duplex set, the 
connections at the telegraph testboard and at the line 
test board. 

The repeater shown is a recent design of a terminal 
differential duplex set arranged for half-duplex opera­
tion and using a 2-wirl; line circuit. The usual ground 
return is employed for transmission and no signals are 
transmitted over the second line wire which is known as 
a "neutralizing wire". Its purpose is to balance out 
interference in the receiving relay that may be pro­
duced by the line section. This is accomplished by 
connecting the receiving relay windings to the regular 

No. 9 TELEGRAPH TESTBOARD 
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line and to the neutralizing line so that they mag­
netically oppose each other. Any interference present 
on these line wires is then neutralized and has no effect 
on the receiving relay. 

At the subscriber's station is a teletypewriter ar­
ranged for both sending and receiving. The telegraph 
testboard apparatus and \viring, which we have not 
hitherto considered, provide a flexible patching arrange­
ment and also permit rapid testing of the telegraph 
facilities in both directions. The line circuits, coming 
from the regular telephone line testboard are con­
nected direct to the differential duplex set, while the 
subscriber's loop is connected into "telegraph loop 
terminal" circuits (TLT) which are in turn connected 
to the duplex set. 

The relays associated with the telegraph loop ter­
minal circuit are a part of an auxiliary circuit by means 
of which a subscriber can signal an attendant at the 

telegraph testboard. Normally the same current flows 
through the two opposing windings of the B-191 relay 
so that its armature is not attracted. But if the sub­
scriber grounds one side of the loop by operating the 
push-button calling-in signal, the current in one winding 
of the B-191 relay becomes much larger than that in 
the other and the relay is operated. This connects 
battery to the E-206 relay winding through contacts 
of the Listening jacks to light a signal lamp in the tele­
graph testboard. An attendant at the telegraph line 
terminal answers the signal by plugging into the Listen­
ing jack which opens the circuit through the winding 
of the E-206 relay and the signal lamps. 

Connections at intermediate repeater points on long 
telegraph circuits do not, of course, include the sub­
scriber and telegraph line terminal circuits but in other 
respects the arrangement is generally similar to that 
shown by Figure 173. 

I 118 I 
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CHAPTER XIII 

TELEGRAPH TRANSMISSION PRINCIPLES 

90. Nature of Telegraph Signals 

In telegraph transmission we are concerned with the 
reproduction of the sent telegraph message at the 
receiving end at a satisfactorily rapid rate, without 
error, and without interference to other services. Tele­
graph transmission differs from telephone transmission 
in that intelligence is conveyed from some sending point 
to one or inore receiving points by means of a signal 
code. In the preceding chapters we assumed this was 
satisfactorily accomplished by the various circuits and 
apparatus discussed. However, the characteristics of 
these circuits and apparatus are such that the signals 
transmitted sometimes tend to fail to reproduce at the 
receiving end the same character that was transmitted. 
In other words, the signal in transmission may undergo 
certain changes which tend to alter its characteristics. 

As pointed out in Article 76, there are two general 
methods of transmitting telegraph signals- (1) neutral 
transmission in which current is sent over the line to 
operate the relays to the marking position, and the 
current is stopped to operate the relays to the spacing 
position; and, (2) polar transmission which is accom­
plished by changing the polarity of the sending battery 
for the mark and space signals. Thus, telegraph signal 
transmission is accomplished on what may be termed 
a two current basis, that is, by transmitting spurts 
of steady current interspersed by intervals of no current 
in the case of neutral operation, or by transmitting 
spurts of current in one direction interspersed . by re­
versals of current in the case of polar operation. In 

change of current in a telegraph circuit are an important 
aid in the study of telegraph transmission. 

91. Wave Shapes in Neutral Telegraph Systems 

In any neutral telegraph circuit, if we could ignore 
the times required for the direct current to establish 
itself and to decay, the wave shape of a telegraph signal 
for the letter A in the Morse code would be as illustrated 
in Figure 174-A. As a practical matter, however, 
every telegraph circuit has some series inductance. 

c 
!! 
!:i 
(.) I Q 
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I C\ ~ 
:, 
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Time 
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C 
Time 

B 

( 
Time 

C 
FIGURE 174 

\ 

\ 
neutral operation, the closed circuit signal is referred Each line relay adds some inductance and, in the ease 
to as a "mark" or "marking signal" and the open cir- of the composited circuit, each retardation coil winding 
euit signal is known as a "space" or "spacing signal". adds several henrys. The signal wave shape with 
In polar operation, the marking and spacing nomen- series inductance is more nearly that represented by 
clature is retained but here it refers to the direction of Figure 174-B, each current pulse having a sloping curve 
current flow rather than to the open and close condition from zero to maximum value at the make of the key, 
as in neutral operation. In either type of operation the and from maximum value to a point where the arc is 
change from one current condition to the other, that is, broken at the break of the key. If in addition to the 
from mark to space or space to mark, is known as a inductance we consider the condensers of the composite 
transition. set, we have a further sloping of the pulse as shown by 

The change of the current from the marking to the Figure 174-C. Here the shaded portion reprec;ents the 
spacing condition, or vice versa, can be plotted with effect of the condensers over and above the effect of the 
respect to time. A drawing showing this change of the inductance. When the key is closed, the first rush of 
current from the one condition to the other is called a current flows only in part to the line; the inductance of 
"wave shape diagram" or, more commonly, simply a the retardation coil in the composite set opposes any 
wave shape. Wave shapes, since they depict the sudden change and diverts the current to the eon-
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FIGURE 175 

densers until they are charged to about the potential 
of the battery. When the key is opened, on the other 
hand, the current does not stop at the breaking of the 
arc because the discharging condensers sustain it for 
an instant. 

In considering the relay adjustments necessary to 
give proper signaling, the wave shape of the telegraph 
signal must be taken into account. Any relay, tele­
phone or telegraph, has a definite operating current 
value and a definite release current value for any given 
adjustment. To illustrate this, let us refer to Figure 
175 which shows a neutral telegraph relay with its 
winding connected in series with a rheostat, a battery 
and a milliammeter. If the rheostat is adjusted so 

with the screw S1, lessening the air gap between the 
pole pieces and the armature with the screw S2, or 
decreasing the stroke of the armature by adjustments 
of the contact and back stop screws S3 and s., we may 
greatly decrease the operating and release current 
values, say to those represented by 01 and R1 of Figure 
176-B. The effect would be to increase the length 
of the signal repeated by the relay from that represented 
by T to that represented by Ti. These adjustments 
would have changed the signal from "light" to "heavy". 
For the sake of contrast, let us imagine that the wave 
shape of the signal was that shown by Figure 174-A. 
Here it is evident that we could neither increase nor 
decrease the length of the signal by relay adjustments. 

To a degree this explains the frequent adjustments 
that a.re necessary on telegraph apparatus in practice. 
If additional inductance is added to a circuit by in­
serting a relay winding in series, the slope of the make 
and break of the signal is increased and a new adjust­
ment may be required. The adjustment might be to 
lengthen the signal in one case and to shorten it in 
another. It would depend upon the original positions 
of points O and R on the curve. 

• Relay Operating Points 

that the resistance in the circuit is too great to permit A B 

the battery to operate the relay, and the resistance is FIG. 176_ EnEC'l' 0 ,. RELAY AniusTMENT ON TELEGRAPH 

then gradually reduced, there will be a definite milli- SIGNAL LENGTHS 

ammeter reading at which the armature of the relay • 
pulls up. This reading is called the "operating current Another factor that will change the length of the 
value" of the relay for the particular adjustment: If signal is a change in the current value, resulting from a 
after the relay is operated, the rheostat is adjusted in change in the voltage or in the series resistance. Let 
the other direction so as to increase the resistance of the us consider the case of increasing the current by using 
circuit, the relay armature will fall ha.ck at a definite higher voltage or taking series resistance out of the 
milliammeter reading. This is called the "release circuit. Naturally the operating and release current 
current" for the relay at the particular adjustment. values of the relay before and after the change are the 
The release current is smaller in value than the operat- same, but they are more nearly the maximum current 
ing current for two reasons- (1) the magnetic circuit is values before the change is made than after. Since the 
much stronger when the armature is closer to the pole increase in current with constant inductance steepens 
pieces so that the magnetic pull which holds ~he a.rma- the sides of the curve, the net result is an increase in 
ture is greater than the pull which advances the arma- the length of the signal. It is to be noted, however, 
ture; and (2) there is some residual magnetism in the that current values are limited in practice by considers.-
iron core at the time the circuit is broken that did not tions of crossfire and interference with telephone cir-
exist at the time the circuit was made. cuits, so thl,\t this is not ordinarily a practicable method 

We might represent by the points O and R in Figure of increasing signal length in actual operation. 
176-A the operating and release current values respec- In practice there is a third changing condition that 
tively for a relay like that illustrated in Figure 175. affects adjustments. This is fluctuation· in current 
With this particular adjustment, the length of the signal values due to leakage along the line. To a degree it 
repeated by the relay will be the time indicated by T. can be compensated for by using grounded battery 
If we should now make certain adjustments of the relay connections at both ends of the circuit, one end being 
either by weakening the tension of the retractive spring positive and the other end being negative, instead of 
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station A 

[Fi 

FIGURE 177 

using a single battery at one end and only a ground at 
the other end. To understand this let us assume the 
condition shown in Figure 177 where S represents a 
leak to ground along the line, either distributed or 
otherwise. First, let us suppose that Figure 178-A 
represents the current curve when there is no leak. 
The leak will increase the current in the station A 
relay on account of the additional path through S. 
Since this path has less inductance we may represent 
the leakage current alone by the curve shown in Figure 
178-B which is smaller in value. Now, the curve B ' . is going to influence the current through the A station 
relay b-y making it more nearly that represented by 
curve C, which is steeper and will therefore give a 
heavier signal. On the other hand, the leak S has a 
shunting effect on the current through the B station 
relay and will not only tend to decrease the current 
but to flatten the curve as shown by Figure 178-D. 
This wide variation in the current through the two 
relays could not take place if the battery at Station A 
had about half its voltage, and an equal battery of 
opposite polarity was used at Station B, instead of a 
direct connection to ground. The current under these 
conditions will be more nearly constant through the 
relays at the two ends because we can assume that each 
battery is furnishing current to ground through the 
leak and these currents as illustrated by Figure 179, 
tend to neutralize each other because they are flowing 
in opposite directions. 

-C 
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The shunting effect to ground of a leak, such as is 
shown by Figure 177, is a special case. On every tele­
graph wire, regardless of insulation conditions, we 
have in effect a leak to ground through the capacity 
between the wire and ground, or a condition that might 
be illustrated by substituting a condenser for the 

. resistance S in Figure 177. Since the telegraph current 
wave shapes are somewhat similar to alternating-cur­
rent cycles, the condenser may properly be considered 
as shunting the current to some extent. Furthermore, 
this capacity not only decreases the current value that 
reaches the distant station but tends to further distort 
the wave shape, thereby limiting the distance over 
which satisfactory signals can be sent without addi­
tional repeaters. 

! st 

FIGURE 179 

The relay operating points on a wave shape, of 
course, occur during the transition period. The change 
from the spacing to the marking condition is more 
completely defined a.s a "space-to-mark transition", 
and the change from the marking to the spacing con­
dition a.s a "mark-to-space transition". These are 
abbreviated "S-M transition" and "M-S transition", 
respectively. At the sending end of a telegraph cir­
cuit, the closing of the key is a S-M transition and ~he 
opening of the key is a M-S transition. At the receiv­
ing end, the close of the sounder armature is a S-~ 
transition while the release of the sounder armature 18 

a M-S transition. 
Let us consider the wave shapes of the telegraph 

signals in the neutral circuit, schematically illustrated 
in Figure 180, using an electrically biased receiving 
relay as discussed in Article 81. It will be seen from an 
inspection of this circuit that when the sending key is 
closed, the capacity between line and ground is char~ed 
by the current flowing from the battery at the sending 
end. The inductance in the circuit retards the current 
from building up to its full value instantaneously. 
The wave shape takes the form shown in Figure 181 
(letter A in Morse code). As the biasing current in 
the receiving relay tends to hold the armature to the 
spacing contact, the line current, which magnetically 
opposes the biasing current, does not operate the 
receiving relay to the marking contact until it reaches 
a value slightly in excess of the biasing current. While 
the operating points of the relay are determined by its 
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de!rign and adjustments, we will consider for simplicity 
that it operates on an effective ± 3 milliamperes. 
When the line current reaches a value equal to that of 
the biasing current, the effective operating current in 
the receiving relay is zero. The operating point of the 
relay is obviously slightly above the biasing current 
value (indicated by a heavy dot at 33 milliamperes), 
while the release point is slightly below it (indicated 
by a heavy dot at 27 milliamperes). 

At the instant the key at the sending end is closed, 
the line current starts to rise in the receiving relay as 
indicated by the wave shape but does not reach the 
relay operating point until a few milliseconds later. 
This means there is a delay between the closing of the 
sending key on a S-M transition and the operation of 
the receiving relay. This may be called a "space-to­
mark transition delay" and abbreviated as S-MTD. 

• Relay Operating Points 

S·MTO 
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FIG. 181. SIGNAL WAVE SHAPES IN NEUTRAL TELEGRAPH 
CIRCUIT OB' FIG. 180 

In a similar manner when the sending key is opened, 
the line current in the receiving relay does not become 
zero instantaneously. The receiving relay will be held 
on its marking contact for an interval of time after 

constant for any given circuit, under any given set of 
adjustments. 

Each mark, regardless of length, must start with a 
S-M transition and end with a M-S transition. The 
S-MTD cuts off the beginning of each mark and the 
M-STD adds to the end of each mark. If the two 
delays are equal, the length of each mark will be un­
changed by transmission over the circuit. Each space, 
regardless of length, starts with a M-S transition and 
ends with a S-M transition. The M-STD cuts off the 
beginning of each space and the S-MTD adds to the 
end of each space. Each delay thus has the opposite 
effect on a space that it has on a mark. If the two 
delays are equal, the length of each space will be un­
changed by transmission over the circuit. The trans­
mission is considered perfect if the received marks and 
spaces are exactly the same length as the sent marks and 
spaces. 

92. Bias Distortion 

The requirement for perfect transmission then is 
that the S-MTD equal the M-STD. If the two delays 
are not equal, as for instance if the M-STD is greater 
than the S-MTD, all marks will be lengthened, and all 
spaces will be shortened. This is a common condition 
on circuits and is called "marking bias" because the 
circuit lengthens the marks. If the S-MTD is greater 
than the M-STD, all spaces will be lengthened and all 
marks shortened. This is another common condition 
and is called "spacing bias". 

Since the lengths of the marks and spaces may be 
indicated in milliseconds (ms.), the amount that is 
added to or subtracted from each mark or space due to 
a bias condition may also be indicated in milliseconds. 
It is equal to the difference between the S-MTD and 
the M-STD expressed in milliseconds. This is re­
ferred to as the "millisecond bias" of a circuit, and is a 
constant for any given circuit. 

A marking bias is also called a positive bias, and a 
spacing bias a negative bias. If the difference between 
the S-MTD and the M-STD is always taken as the 
M-STD minus the S-MTD, the sign of the result will 
automatically be the sign of the bias. Thus the 
formula for millisecond bias is: 

M-STD - S-MTD = ms. bias (43) 

the circuit is opened at the sending end. This time As an example, if the M-STD of a circuit is 6 ms., 
delay is a "mark-to-space transition delay" and is and the S-MTD is 3 ms., the millisecond bias is +3, 
abbreviated as M-STD. indicating that every mark, regardless of length, will be 

The magnitudes of these delays range from a fraction increased 3 ms., and every space, regardless of length, 
of a millisecond to several milliseconds. The S-MTD will be decreased 3 ms. If the M-STD is 1 ms., and the 
and M-STD are determined entirely by the character- S-MTD is 4 ms., the millisecond bias is -3, and the 
istics of the circuit, and, though the two delays may effect on marks and spaces would be opposite to that 
not be equal, each transition delay will always be a in the first example. It is important to keep in mind 
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that a millisecond bias condition is determined entirely 
by the equipment, line facilities, overall length, etc. 
of the circuit and will be a constant for any given 
circuit, regardless of the speed of transmission or kind 
of signals. 

The effect on transmission, however, of a given milli­
second bias condition, does vary with the length of 
marks and spaces transmitted even though the milli­
second bias condition itself is constant. As an example 
of this, let us consider a manual telegraph circuit where 
the dashes (long marks) are normally about two and a 
half to three times the length of the dots (short marks). 
In manual telegraph the lengths of the dots and dashes 
decrease as the speed of transmission increases. As­
sume first a slow speed of transmission where the dots 
are 30 ms. long and the dashes are 90 ms. long. A milli­
second bias condition of +10 will make the dots 40 ms. 
long and the dashes 100 ms. long. The signals will be 
quite readable since the three to one ratio has been 
changed very little. Next, assume a much faster speed 
where the dots are 5 ms. long and the dashes 15 ms. 
long. The same +10 bias will make these dots 15 ms. 
Jong and the dashes 25 ms. long. Greater difficulty 
will be experienced in reading these signals since the 
dashes now are not even twice the length of the dots. 
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increased in length, as shown by Tc, because the 
S-MTD decreases while the M-STD increases. 

The same effect as that obtained by raising the bias 
current, which shifted the relay operating points 
toward the narrow par-;, of the wave, is obtained if the 
biasing current is held con!':tant and the line currant 
decreased. This in effect shifts the narrow part of the 
wave towards the relay operating points, and again the 
marking impulse is shortened. This is illustrated by 
the wave shape for the "Low Line Current" in Figure 
183. On the other hand, increasing the line current 
while the biasing current remains the same, increases 
the current at all points on the wave shape and effec­
tively shifts the broader part of the wave toward the 
operating points. This lengthens the impulse as illus­
trated by the wave shape for the "High Linc Current" 
in Figure 183. In other words, increasing the line 
current in a neutral circuit tends to produce marking 
bias and decreasing it tends to produce spacing biM. 

93. Wave Shapes in Polar Telegraph Systems 

A one-way polar circuit using a ground return is 
shown schematically in Figure 161. The sending 
relay connects -130 volts to the line for the marking 
condition and + 130 volts for the spacing condition. 
The resistance at the sending end is adjusted by means 

The wave shape of a typical mark 13ignal in a neutral of a potentiometer (not shown in the drawing) con-
circuit operating with a line current of 60 mils and nected in the line circuit so that the current is normally 
having capacity to ground is shown in Figure 182. about +35 mils for the marking condition and -35 
The horizontal lines A, B, and C, represent different mils for the spacing condition. These are, of course, 
values of relay biasing currents. The relay operating the "steady state" values. 
and releasing points (designated by heavy dots) are In this, as in other circuits, the change of the line 
indicated for each of these three values of biasing current from marking to spacing (M-S transition) and 
current. When the normal biasing current. of 30 mils from spacing to marking (S-M transition) will be de-
(line B) is used, the length of the mark signal is that layed because of the capacity between the line ·and indicated by T6 • It is obvious that increasing the ground. When the line current is marking, the voltage 
relay biasing current increases the S-MTD and short- on the condenser, representing the capacity between the 
ens the M-STD. This produces spacing bias since it line and ground, is negative. On the other hand, when 
reduces the marking signal length. A reverse condi- the line current is spacing, the voltage on this condenser 
tion results from lowering the biasing current to a value is positive. The change of the line current from mark-
below the normal value ; that is, the marking signal is ing to spacing then involves a change of the voltage on 
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the line capacity from a negative value down to zero 

and then up to a positive value. The part of the dis­

charge current from the condenser which flows through 

the receiving relay of the circuit, being in the same 

direction as the marking line current, tends to sustain 

the line current. The charging current flowing into 

the condenser from the + 130 volts on the spacing 

contact of the sending relay is current that is shunted 

away from the receiving relay, and the build-up of the 

current to the full spacing value is thus delayed. These 

two actions combine to make the transition of the J,ine 

current from marking to spacing a gradual change which 

is represented by the polar wave shapes of Figure 184. 

The transition of the line current from spacing to 

marking may be analyzed in a similar manner to show 

the cause of the gradual change in this case. 
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ing and spacing currents of a polar circuit are not equal, 

the marking current being +40 mils and the spacing 

current being - 30 mils. This condition might be due 

to a difference in ground potential between the ter­

minals or to an unbalance between the voltages on the 

contacts of the sending relay. In this case a S-M 

transition starts when the line current is at -30 mils 

and ends when the current reaches the relay operating 

point, while the M-S transition starts when the line 

current is +40 mils and ends when the current reaches 

the other relay operating point. When the relay is 

properly adjusted, t,he relay operating points will be the 

same distance on each side of the zero current line in the 

wave shape. The total current change of the S-M 

transition is slightly over 30 mils while that of the 

M-S transition is slightly over 40 mils. As the rate 

of change (slope of curves) in the two directions is still 

The fact that the M-S and S-M wave shapes are the same, the delay to the M-S transition will obviously 

identical in form is a valuable feature of polar operation. be greater than the delay to the S-M transition. The 

To obtain the full advantage of this feature, however, effect of this condition on transmission is that each 

the relay operating points must be .symmetrically mark, regardless of length, will be lengthened by an 

located on the wave shape. That is, the S-M relay amount equal to the difference between the two transi-

operating point must be located the same distance tion delays, and each space, regardless of length, will be 

from the start of the S-M wave shape, as the M-S shortened by the same amount. 

relay operating point is located from the start of the If the bia~ condition of the circuit were reversed, 

M-S wave shape. These relay operating points will which would be the case if the spacing current were 

then be the same distance on each side of the zero cur- greater than the marking current, the delay to the S-M 

rent line of the wave shape diagrams. The S-MTD transitions would then be greater than the delay to the 

and M-STD are equal and there is no bias in the M-S transitions. Under this condition all marks would 

received signals. be shortened and all spaces would be lengthened and a 

Unbiased polar transmission thus depends upon three spacing bias would exist. 

conditions-(!) that equal but opposite potentials be A situation similar to the one just described would 

applied at the sending end; (2) that the resistance of the have existed if the steady state current values had 

circuit remain constant for both positions of the sending remained normal and the relay operating points had 

relay armature, and (3) that the operating points of the been shifted one way or the other on the wave shape. 

relay be locnLc<l symmetrically about the middle of the This could be caused by a biased adjustment of the 

wave shape in order that equal transition delays will be relay which, if it were marking would cause the relay 

secured. to operate to marking more easily than usual, and would 

Figure 185 shows a case where the steady state mark- thus shift the S-M operating point down on the wave 
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shape. By the same token the relay would operate . 
to spacing less readily, thus requiring more spacing 
current to operate it, and shifting the M-S operating 
point down on the wave shape also. This shifting of 
the operating points would once again make the transi­
tion from the marking condition to the M-S operating 
point on the wave shape different from the transition 
from the spacing condition to the S-M operating point 
on the wave shape. Unequal transmission delays and 
bias to transmission would result, just as in the pre­
vious case. 

In either case, the important thing to note is that 
though the M-S transition delays are different than the 
S-M transition delays, both sets of delays are constant 
in themselves. The difference between the two de­
lays, which determines the amount of bias on the cir­
cuit, is therefore also a constant. Thus if a circuit 
condition like the one described results in a M-STD 
of 5 ms. and a S-MTD of 3 ms., every M-S transition 
sent over the circuit will have a delay of 5 ms. and every 
S-M transition a delay of 3 ms., regardless of the inter­
val of time that may exist between transitions. 
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CHAPTER XIV 

TELEGRAPH TRANSMISSION PRINCIPLES- ( Continued) 

94. Characteristic Distortion 

In the discussion so far, a transition has been always 
assumed to start when the line current was at the steady 
state (full value) marking or spacing condition. There 
are situations, however, where the start of the transi­
tion does not occur when the line current is at its steady 
state value. As we know, a definite amount of time 
is required for the line current to change from the 
steady state marking condition to the steady state 
spacing condition, and vice versa. Thus in Figure 184 
the time required for the current to make the complete 
change from marking to spacing and from spacing to 
marking is approximately 18 ms. On each transition 
in this case, the line current would have plenty of time 
to reach the steady state value before the next transi­
tion occurred. The following transition would then 
start from the same current value as the preceding 
transitions and the transition delay would be the same 
as the previous delays. 

In actual practice, the time required for the current 
to change from one steady state condition to the other 
is sometimes greater than the minimum time interval 
between transitions in the signals. Some transitions 
then must occur while the line current is still in the 
process of changing from the previous transition. 
These transitions have a different delay time from 
transitions starting when the line current is in the steady 
state condition and must therefore be distinguished 
from the latter type. 

Figure 186-A illustrates a case where the line current 
requires 33 ms. to change from the steady state spacing 
condition to the steady state marking condition. Now 
assume that a marking impulse 22 ms. long is being 
transmitted. The S-M transition at the start of the 

operation of the sending relay at the end of the marking 
impulse reverses the voltage applied to the line, and 
the line current accordingly ceases changing towards 
the marking condition, and starts back towards the 
steady state spacing condition. Since this M-S transi­
tion occurs when the line current is still in the process 
of changing, it is called a "changing current transition". 
When the line current reaches the value of -3 mils, 
the receiving relay operates to spacing, completing the 
M-S transition on the circuit. 
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marking impulse occurs when the line current is in the B 
steady state spacing condition of -35 mils. This FwoRE 186 

transition is thus a steady state current transition, 
and as such will have the normal S-M transition delay, The net effect on the marking impulse being trans-
which is the same for all steady state S-M transitions. mitted in Figure 186-A will be to shorten it 2 ms., 

The S-M transition at the beginning of the marking since the transition delay at the end of the impulse 
impulse starts the current changing towards the steady (8 ms.), which adds to the impulse, is 2 ms. less than 
state marking current value, an action which in this the transition delay at the start of the impulse (10 ms.), 
particular circuit will require 33 ms. to complete. which subtracts from the beginning of the impulse. 
However, the M-S transition at the end of the marking In a polar circuit, the rate of change of the current 
impulse occurs only 22 ms. later. At this time the line from spacing to marking is, of course, the same as the 
current, in the process of changing from -35 mils to rate of change from marking to spacing. Accord-
+35 mils, has reached a value of +25 mils. The ingly, since in this particular circuit 33 ms. were re-
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quired for the current to change from -35 to +35 mils, 
33 ms. will also be required for the current to change 
from +35 mils to -35 mils. It also follows, then, 
that if a spacing impulse only 22 ms. long is transmitted, 
the S-M transition at the end of the impulse will occur 
when the current is still in the changing condition and 
this transition will be a changing current transition. 

Since, in the case of the current changing from 
spacing to marking, the value of the current at the end 
of 22 ms. was +25 mils, it follows that in this case the 
current at the end of 22 ms. will be - 25 mils. This 
condition is illustrated in Figure 186-B: The total 
current change involved in the S-M transition at the 
end of the spacing impulse will then be from - 25 to 
+3 mils or 28 mils, the same as the total current change 
that took place in the former case. Likewise, the delay 
to this changing current transition will be 8 ms. and the 
marking impulse being transmitted will then be re­
duced 2 ms. in length. 

The magnitude of the changing current transition 
delays just discussed is proportional to the time required 
for the current to change from its value at the start of 
the transition to the operating point value of the receiv­
ing relay. In both Figures 186-A and -B the current 
change was from 25 mils to 3 mils of the opposite sign, 
or a total change of 28 mils. It is obvious, however, 
from an inspection of these figures, that if the impulse 
transmitted had been longer than 22 ms., the line current 

value less than the steady state value. Accordingly 
as we noted before, the delay is less than the delay to 
the steady state current transition, 8 ms. as com­
pared to 10 ms. In the case of the 18 ms. impulse, 
the S-M transition occurs when the line current is only 
at + 18 mil value. This transition is thus also a chang­
ing current transition. Due to the fact that the line 
current only changes 21 mils to reach the M-S operating 
point of the relay, as compared to the change of 28 
mils for the M-S transition of the 22 ms. impulse, the 
delay is still less. As indicated in the figure, it is 
now only 7 ms. 

FIG. 187. CHARACTERISTIC DISTORTION EFFECTS ON SIGNAL 
LENGTHS AT 40, 60, AND 75 SPEED OPERATION 

would have been at a higher value at the time of the The amount of a changing current transition delay 
transition at the end of the impulse, and the transition is thus dependent upon the value of the line current 
delay would have been greater. The limiting delay at the start of the transition. The value of the line 
will, of course, be the steady state delay. current is dependent upon the time interval between 

Also if the impulse transmitted had been less than 22 the changing current transition under discussion and 
ms. in length, the line current would have been at a the previous transition, which started the line current 
lower value at the time of the transition at the end of to changing. Since the time interval between the 
the impulse, and the transition delay would accord- beginning of these two transitions is equal to the length 
ingly have been less. This is illustrated by Figure 187 of the sent impulse, it is this impulse length w~ich 
which shows wave shapes of marking impulses for the finally determines the transition delay under a given 
three standard teletypewriter speeds in a circuit where set of conditions. 
the time required for the line current to change from its In the condition just described, the lengths of the 
negative to positive value, and vice versa, is 33 ms: received signal impulses are obviously affected by the 
The marking impulses illustrated are 18 ms. long, cor- presence of the changing current transitions. This 
responding to 75 speed operation; 22 ms. long corre- effect is called characteristic distortion. The magni-
sponding to 60 speed operation; and 33 ms. long cor- tude of the effect is inversely proportional to the length 
responding to 40 speed operation. Wave shapes for of the sent impulses, and the nature of the effect is to 
the spacing signals would, of course, be identical except shorten received short impulses. Since the received 
for reversal of the current values. impulses under consideration are shortened, the effect 

In the case of the 33 ms. marking impulse, the im- in this case is called negative characteristic distortion . • pulse is just the required length for the current to An opposite effect is possible. The characteristics of 
change from one steady state condition to the other, a circuit may be such that the line current tends to 
and the transition at the end of the impulse is thus a increase momentarily at the completion of each transi-
steady state transition. In the case of the 22 ms. tion to a value greater than the steady state, due to 
impulse the S-M transition at the end occurs when the transient effects. If the next transition occurs at 
line current is at +25 mil value, and this transition is such an instant, the transition delay will be greater 
thus a changing current transition starting at a current than the delay on the preceding transition which means 
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the length of the received mark or space signal, as the 
case may be, will be lengthened. Since t he signal 
impulse is lengthened, this is called positive character­
istic distortion. However, as the transient effect causes 
the line current to oscillate (increase and decrease) 
around the steady state, it is possible that the next 
transition might occur at the instant the line current 
had momentarily decreased below the steady state. 
In such a case the transition delay would be less which 
would result in negative characteristic distortion. 
Thus, transient conditions may cause either positive 
or negative characteristic distortion, but positive char­
acteristic distortion is not so frequently encountered as 
negative characteristic distortion. 

To summarize, the change of the line current from 
one condition to the other on a telegraph circuit requires 
a definite time to complete. If the time interval 
between the transitions of the signals at the sending 

lays losing adjustment, etc., may vary from 
hour to hour on a circuit . 

96. Fortuitous Distortion 

The form of distortion, ca.used by such factors as 
crossfire, power induction, momentary battery fluctua­
tions, "hits", break key operation and the like, and 
which displaces miscellaneous received transitions by 
various amounts intermittently, is known as fortuitous 
distortion. At times this effect may be large enough to 
produce a complete failure of the circuit. In the 
transmission of miscellaneous signals, the combined 

· effect of characteristic and fortuitous distortion on the 
displacement of received transitions is sometimes 
known as "jitter". 

96. Teletypewriter Margin Measurements 

end of the circuit is less than the time required for the From the preceding discussion, it is apparent there 
line current to complete its change, changing current is a need for some means of measuring the quality of 
transitions will occur. These transitions will have de- telegraph signals as transmitted over various types of 
lays either greater or less than the normal steady state circuits and under varying conditions. Within certain 
transition delays of the circuit, and will lengthen or limits, the teletypewriter itself may be used as a mea-
shorten the short impulses of the signals an amount suring instrument for this purpose. 
depending upon the value of the changing current As illustrated by Figure 169, only five successive 
transition delay, which in turn, is dependent upon the equal signal intervals are required to provide com-
length of the impulse that caused the changing current binations for all the characters normally used. These 
transition. If the effect is to shorten the short im- are supplemented by one equal open interval imme-
pulses it is negative characteristic distortion. If the diately preceding the group of five, for starting the 
effect is to lengthen the short impulse it is positive rotation of the receiving distributor cam or brush arm; 
characteristic distortion. and, a closed interval immediately following, for the 

The contrasts between characteristic distortion and purpose of stopping the rotation of the receiving dis-
bias are as follows: tributor after the group of five intervals have operated 

1. The effect of characteristic distortion depends the selecting mechanism of the receiving machine. 
upon the length of t he impulses transmitted. This closed stop interval is made equal to 1.42 times 
The effect of bias is independent of the length the length of each of the other six equal intervals. 
of the impulses. This longer interval insures that, under any condition 

2. For a given length of impulse, the effect of char- normally encountered, the receiving distributor will be 
acteristic distortion is independent of whether stopped before the next character combination is 
it is a marking or spacing impulse. The effect received. Using the start and selecting intervals as 
of bias is always opposite on a mark to what it units, the sending distributor is so constructed that six 
is on a space. open or closed intervals of one unit each, and one stop 

3. Characteristic distortion is related to the amount interval of 1.42 units are consecutively produced for 
and arrangement of the capacity, inductance each character transmitted. 
and resistance of a circuit. Except in neutral The principal teletypewriter operating speeds used 
operation, these factors do not effect bias. are 40' and 60 words per minute, with the latter pre-

4. Bias is caused by unequal marking and spacing dominating. The average word is assumed to consist 
line current, biased relays, etc., conditions of five letters and a space and it therefore requires six 
which do not effect characteristic distortion. revolutions •or the distributor brush arm for trans-

5. Characteristic distortion, because it is due to the mittal. At 60 speed, there are 60 times 6 or 360 rev-
capacity, inductance and resistance of a circuit, olutions per minute of the brush arm. However, as 
which, except for the resistance, are unchanging the brush arm is stopped and started once every revolu-
in value, varies only a small amount from day tion, the distributor driving shaft is operated slightly 
to day on a circuit. Bias, because it is caused above this speed, i.e., approximately 368 instead of 360 
by unbalanced voltages, ground potential, re- revolutions per minute. 
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In one complete revolution, which requires 60 
Sec./360 Rev. or .163 second per revolution (163 
milliseconds), the brush arm passes over 7.42 units. 
Therefore when operating at 60 speed, the time for 
each unit signal impulse is approximately 22 millisec­
onds and the time for the long stop impulse is 31 milli­
seconds. 

Figure 188-A indicates the sequence of circuit condi­
tions produced by the sending distributor in trans­
mitting the letter "R". Here the circular distributor 
is laid out as a straight line. The shaded areas 
represent the intervals during which the circuit is 
closed and the blank sections the intervals during which 
the circuit is opened by the sending distributor. 

7.42 Units 
6 Units 163 ms 

i.-=-5-=U.:.:.:ni=-ts-----l-32_m_s_.. 

4 Units llOms 

3 Units 88ms 

66ms 
2 Units 
44ms 

1 U it . 

22"/s 

M · Circuit Closed 
S • Circuit Open 
22 ms per Unit 

60 Speed 

Sent S "R" 
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Non• Opr. 5 !=:::;:;;::::::========~ 
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FIGURE 188 

~ Rec'g. Relay 
~ Closed (Marking) 

LI Rec'g. Relay 
Open (Spacing) 

Selecting Operation 
Interval 

and the remaining pulse selections .occur in a similar 
manner 3.4 to 3.6, 4.4 to 4.6, and 5.4 to 5.6 units, 
measured in each case from the beginning of the re­
ceived start interval. 

For the transmission of the letter "R" as shown in 
Figure 188-A, there are mark-to-space transitions at 
points a, d and /, and space-to-mark transitions at 
points c, e and g. For some other character combina­
tion, a transition may occur at point b, but in any 
transmitted character there can be only two, four or six 
transitions. 

Inasmuch as the selecting functions take place only 
during the intervals shown by the solid blocks of Figure 
188-B, and require twenty per cent of each unit interval 
for operation, it is important that the transitions so 
occur that there will be no J:lOssibility of interference 
to the selecting operations or to the starting or stopping 
of the receiving distributor. 

For the ideal signal intervals shown, the above re­
quirement is met by producing the transitions midway 
between the selecting blocks, which is the maximum 
separation that can be secured between the blocks and 
the transitions. The time length from the edge of each 
selecting block to the adjacent transition is four tenths 
of a unit interval, which indicates that the transitions 
may be shifted towards the selecting blocks as much as 
forty per cent of the length of a unit interval before an 
error is recorded on the machine. Any deviation 
from the ideal positions for the occurrence of transitions 
represents distortion and may be measured in terms of 
its percentage of a unit interval. Thus the above 
machine is able to tolerate a maximum distortion of 
about forty per cent. 

As we have seen, distortion in the form of bias or 
characteristic distortion displaces the signal transitions 
so as to effectively shift the position of the received 
mark or space impulses in some definitely systematic 
way. 

The ideal situation, of course, is for the selecting 
segments of the receiving distributor, which are one­
fifth the length of the unit segments in the sending 

The received signals shown in Figure 188-B have the distributor, to be at mid-position with respect to the 
same time lengths as those produced by the sending dis- sending units. Under these conditions the transitions 
tributor of Figure 188-A. The solid blocks super- may be shifted as much as forty per cent in either 
imposed upon the received signals represent those parts direction before an error is recorded by the machine. 
of the signals which are used by the selecting mechanism The receiving unit of the teletypewriter machine is 
of the receiving machine (see Figure 169). equipped with a mechanism whereby the latch assembly 

The selecting mechanism, when "oriented" correctly, (or distributor face) may be mechanically move<l 
is so arranged that it normally operates only during the through an arc corresponding to the length of a unit 
central portion of the received signal impulse and re- segment. By this means all of the selecting segments 
quires only about twenty per cent of the unit interval. may be shifted with respect to the beginning of the 
On this basis, the selection for pulse number 1 occurs start segment (receiving brush arm released) over a 
during the period of time 1.4 to 1.6 units after the be- scale range equal to a unit segment (22 milliseconds for 
ginning of the received start interval, the selection for 60 speed). This mechanism is known as a "range 
pulse number 2 occurs 2.4 to 2.6 units after the start, finder" and is equipped with a scale graduated from 0 
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to 120 as indicated in Figure 189. One hundred di­
vi11ions on this scale represent an arc equal to a unit 
segment. This arrangement provides a means of 
measuring the distortion on received signals. 

FIG. 189. TELETYPEWRITER RANGE FINDER MECHANISM 

To measure the total net effect of all kinds of sys­
tematic distortion, or the position of received signals, 
the range finder is first moved in one direction until 
errors appear in the "copy" and then moved back 
slowly until these errors are just eliminated. Sim­
ilarly, the range finder is moved the maximum distance 
before errors occur in the opposite direction. These 
two scale readings then give the operating margin of 
the signals under test. On perfect signals the margin 
would be•from 10 to 90, since the effective received 
signal must occupy twenty per cent of the total range. 

Margin measurements, in addition to showing the dis­
tortion present in the received telegraph signals, also 
show speed differences between the sending and receiv­
ing machines. The effect of a slow sending speed is to 
cause each unit to be greater than 22 milliseconds and 
each transition to occur progressively later than it 
should. The effect on the margin of operation is to 
raise both limits, the lower limit being raised much 
more than the upper limit. For example, a margin of 
35 to 100 indicates the sending speed is five per cent 
slow. On the other hand, the effect of a fast sending 
speed is to cause each unit to be smaller than 22 milli­
seconds and each transition to occur progressively 
earlier than it should. The effect on the margin of 
operation is to lower both limits, the upper limit being 
lowered much more than the lower limit. For example, 
a margin of 5 to 60 indicates the sending speed is five 
per cent fast. 

97. Telegraph Transmission Measuring Set 

In order to make a more detailed analysis of dis­
tortion and to determine such factors as the extent of 
the displacement of received transitions, a time inter­
val measuring device must be used. A telegraph 
transmission measuring set has been standardized for 
this purpose. It employs the condenser charge prin­
ciple, in conjunction with a brush type distributor and 
associated equipment, for the measurement of maxi­
mum or total distortion, as well as bias, in terms of per 
cent length of a unit interval signal. 

This measuring set may be compared to the teletype­
writer when used as a measuring device, on the basis 
that each has a receiving distributor, receiving relays 
and associated equipment, and operates from teletype­
writer signals. The essential difference is that the 
teletypewriter measurement depends upon shifting 
the range finder mechanism for the presence or non­
presence of errors in the copy, and the resultant range 
of shifting is used as a measure of distortion. The 
measuring set accomplishes the same result automat­
ically and gives direct meter readings of per cent dis­
tortion. Of course, the transmission measuring set will 
also serve several other purposes. 

In order to consider the underlying operating prin­
ciple of this measuring set, let us refer to Figure 190-A 
where a series circuit consisting of a resistance, R, con­
denser, C, battery and key is shown. At the instant 
the key is closed, the condenser will present an opposi­
tion to the initial current flow. There will continue to 
be a flow of electricity into the condenser until its volt­
age rises to be equal and opposite that of the battery. 
The speed with which the condenser voltage rises de­
pends upon the resistance in series with the battery. 

R 

1
Bat. 

T 

J Constant J Current 
Supply 

I 
Circuit 

I --Bat 
I 

V ..... 
A B 

1"1GURE 190 

If it requires one second to rise to four-eighths of the 
battery voltage, it will rise to six-eighths in two seconds, 
to seven-eighths in three seconds, to fifteen-sixteenth.~ 
in four seconds, etc. If this condenser charge were in­
terrupted and some means used to measure the con­
denser voltage, it could be determined from the above 
just how much time had elapsed since the key wa.-1 

closed. 
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In the measuring set, the time-charge relationship is 
simplified by arranging a vacuum tube circuit which has 
a constant output current to charge the condenser, so 
that the voltage increase is the same for each milli­
second of time that the condenser is allowed to charge. 
This is known as a "constant current supply circuit" 
and is connected in the circuit as schematically indi­
cated in Figure 190-B. 

From the simplified drawing of Figure 191 it may be 
noted that a polar relay is used as a master relay to 
repeat the incoming teletypewriter signals into a simple 
form of one-way polar circuit, in which are located 
three other polar relays. One of the three closes the 
start magnet circuit on every mark-to-space transition 
to release the brush arm of the distributor whenever 
the first M-S transition of a character is received. The 
second one of the three relays is connected to a measur­
ing condenser, C1, to interrupt its charge on each M-S 
transition and transfer the condenser to a voltage in­
dicating circuit. The third relay performs the same 
function with another measuring condenser, C2, on 
each S-M transition. 

The relays thus serve to interrupt the condenser 
charging at the desired time and to immediately trans­
fer the charged condensers to a circuit which will 
measure the voltage existing across their terminals. 
In addition, some arrangement must be used to dis­
charge the condensers when they are transferred back 
to the charging circuit, so that they may start charging 
again at the right time. To do this, a segmented ring 
type of distributor is used. The ring consists of four­
teen alternate long and short segments, the long seg­
ments being three times the lnngth of the short ones. 

Start 
Magnet 

Start 
Relay 

~ 

Distributor 

The speed of the governed motor is adjusted so that it 
takes 22 milliseconds for the brush a.rm to pass over a 
long segment and the adjacent short one. 

The short segments are all connected together to 
ground, but there are no connections to the long seg­
ments with the exception of the one on which the brush 
rests in its stopped position. To this Stop segment is 
connected what is known as a «Stop Compensator 
Voltage" which can be varied by means of a poten­
tiometer, the purpose of which will be indicated later. 
The brush arm is connected to the ungrounded side of 
the Constant Current Supply so that when the brush 
arm is resting on a short grounded segment, the con­
denser connected to the Constant Current Supply 
Circuit will be completely discharged and will be al­
lowed to start charging as soon as the brush arm moves 
off the grounded segment. 

The segmented ring is oriented so that, when perfect 
teletypewriter signals are being received, the brush 
arm is just half way between two successive short 
grounded segments when any transition occurs. Since 
it requires seventy-five per cent of 22 milliseconds for 
the brush a.rm to pass over a long segment, that segment 
is said to be seventy-five per cent in length. The 
charging current is adjusted to such a value that when 
the measuring condenser starts charging as the brush 
leaves a short grounded segment, the voltage across its 
terminals will rise to about 55 volts at the instant that 
the brush reaches the position midway between two 
successive segments. 

Whenever a perfect transition occurs, a relay inter­
rupts the charging of the measuring condenser and 
transfers it to the circuit containing the bias meter and 
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IC2 Ci 
"y 

Constant 
Current 
Supply 
Circuit 

E 
Stop =· 250 
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reference battery just as the voltage across its terminals 
has reached 55 volts. The circuit containing the bias 
meter and 55-volt reference battery is known as the 
"voltage indicating circuit". If there is no transition 
when the brush is passing over a blank segment the 
condenser remains connected to the charging circuit 
and is charged up to 110 volts, then discharged by the 
short grounded segment, thereby having no effect in 
the voltage indicating circuit. 

With the 55-volt battery in the voltage indicating 
circuit poled to oppose the condenser voltage, there will 
be no fl.ow of current if the voltage of the measuring 
condenser is also 55 volts when transferred to this 
circuit by a relay. If the condenser voltage is greater 
than the battery voltage, there will be a discharge of 
electricity from the condenser through the opposing 
battery; but for a condenser voltage less than 55, the 
battery will cause a current flow into the condenser. 
The greater the voltage difference, the greater the 
surge of current. Since the condenser voltage is being 
compared to the battery, this voltage indicating circuit 
may be considered as a Comparison Circuit and the 
battery as a Reference Battery. 

Since the reference point is the first M-S transition, 
and the brush does not rest on a grounded segment in its 
stopped position, it is necessary to control the voltage 
across the condenser C 1 so that there will be no indica­
tion in the comparison circuit when this first M-S 
transition occurs. By adjusting the "stop compen­
sator" potentiometer associated with the battery supply 
E so that the voltage to ground is always equal to that 
of the reference battery, condenser C1 will be charged 
to the reference battery voltage each time the brush 
passes over the "Stop" segment. Accordingly, there 
will be no indication in the comparison circuit for the 
first transition of each character received. 

As we know, the effect of distortion on a circuit is to 
cause the received transitions to occur too early or too 
late. If the transition occurs too early, the measuring 
condenser charging is interrupted too soon and there 
will be less than 55 volts across its terminals when it is 
transferred to the Comparison Circuit. The value will 
depend upon how much too soon the transition occurs. 
For example, if a transition occurs ten per cent of a 
unit interval too early, the voltage across the condenser 
terminals will be only 40 volts. This will cause a surge 
of current in the Comparison Circuit corresponding to 
the 15-volt difference. 

Similarly, if a transition occurs ten per _cent of a unit 
interval too late, the voltage across the condenser 
terminals will be 70 volts and again there will be a surge 
of current in the Comparison Circuit corresponding to 

· the 15-volt difference between the Reference Battery 
and the condenser, but in the opposite direction. 
With perfect transitions received, however, the voltage 

• 

across the terminals of the measuring condensers will 
always be 55 volts at the instants that a relay interrupts 
the charging and transfers them to the Comparison 
Circuit. In this case there will be no current flow in 
the indicating circuit. 

In order to determine the amount of any distortion 
present in the signals, some arrangement must be used 
to measure the momentary voltage differences. The 
ordinary voltmeter would not be satisfactory because 
the voltmeter needle would not have enough time to 
reach a steady reading. A special vacuum tube circuit 
known as a "rectifying peak voltmeter circuit" is used 
for this purpose. The indicating meter included in this 

. ' 

118-A-l TELEGRAPH TRANSMISSION MEASURING SET (LEFT) 
ADJACENT TO VOICE-FREQUENCY CARRIER BAY 
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circuit then reads the total distortion present as a per­
centage of unit signal. 

A "bias meter" (scale 25-0-25) is connected in series 
with the 55-volt reference battery. With spacing bias 
in the received signals, all of the space-to-mark transi­
tions occur later than they should, allowing condenser 
Ct to rise to a voltage higher than 55 volts; therefore, 
there will be a discharge current out of the condenser 
of the same magnitude each time a space-to-mark 
transition transfers C2 to the Comparison Circuit. 
These discharge currents will cause the meter needle to 
swing to the spacing side of zero. The larger the spac­
ing bias the larger the discharge currents will be and 
the farther to the left the meter needle will swing. 
With marking bias in the received signals, all of the 
space-to-mark transitions will occur too early, prevent­
ing condenser C2 from rising to 55 volts. Therefore, 
there will be a charging current in the opposite direc­
tion from the reference battery into the condenser each 
time a space-to-mark transition occurs, causing the meter 
needle to swing to the marking side of zero an amount 
depending upon the magnitude of the marking bias. 

A variable shunt is provided across the bias meter 
so that the position of the meter needle can be made to 
read directly the per cent bias. The meter shunt is 
adjusted to read correctlyon four transitions percharac­
ter, since the average number of transitions in miscel­
laneous signals is four. On two transition characters, 
it will read half as much as it should; on four transition 
characters, it will read correctly; and on six transition 
characters, it ~;u read one and one-half times what it 
should. 

I 1331 

For miscellaneous 60 speed teletypewriter signals 
where only bias exists, the average indication of the bias 
meter will be spacing or marking and the total dis­
tortion meter will read the same magnitude as the bias 
meter. However, the bias meter needle fluctuates in 
accordance with the number of transitions in the signals 
while the total distortion meter reading is steady. As 
noted above, the reading of the bias meter will depend 
upon the number of transitions per character in the 
signals being received. 

With distortion other than bias in the signals, the 
bias meter needle will fluctuate over a wide range but its 
average position will be zero. On the other hand, the 
total distortion meter will give a steady reading of the 
maximum distortion present, but the observation must 
obviously be made over a period of time to obtain an 
accurate indication. 

With both bias and other forms of distortion in the 
miscellaneous teletypewriter signals, the bias meter 
needle will fluctuate over a wide range to the right or 
left of zero but its average position will still give a fair 
indication of the bias present. The total distortion 
meter will indicate the sum of the bias and other forms 
of distortion with a steady reading of the maximum 
distortion present. Observation over a period. of time 
is ·required to estimate the bias meter average reading, 
as well as to obtain an accurate indication of the 
maximum distortion. The readings are usually re­
corded with the total distortion meter reading first, 
followed by the sign and magnitude of the average bias 
meter reading,-thus 15M10, meaning 15% total 
distortion and 10% marking bias. 
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CHAPTER XV 

ALTERNATING CURRENTS 

98. Source of Alternating E.M.F. 

In taking up the study of alternating-current flow, 
we shall follow closely the same course as was followed 
in the study of direct currents. The theory will pre­
cede the applications, and step by step we shall pass 

R 

E 

FIGURE 192 

from the simple circuit to the network, from the net­
work to the transmission of electrical energy, and 
thence to our ultimate aim, which is the application 
of these to the transmission of human speech. But 
along with this procedure, we shall study wherein the 
nature of alternating-current work differs from that of 
direct-current work. Perhaps the first such differ­
enGe lies in the source of E.M.F. 

Figure 192 represents an alternating-current cir-
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cuit in its simplest form. In this figure we have a 
new convention for source of E.M.F., which represents 
the collector rings of a generator. Unlike the battery 
or other simple form of direct E.M.F., we cannot de­
scribe such a source of E.M.F. by simply giving its 

FIG. 194. SINE WAVES OF DIFFERENT FREQUENCY 

voltage, for example E = 10 volts. Here we have a 
voltage gradually increasing to a maximum value, 
and then decreasing to zero, to again increase to a 
maximum value in the opposite direction, and again 
decrease to zero, where the cycle repeats itself. Even 
if we knew the maximum voltage value, we should not 
know the trend of the successive values from zero to 
the maximum value. Figure 193 illustrates cycles of 
alternating E.M.F.'s all very different in this respect. 
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FJO. 193. THEORETICAL ALTERNATING CURRENT WAVE SHAPES COMPARED WITH SINE WAVE 
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Furthermore, we should not know the rapidity with 
which the alternations are taking place. For example, 
Figure 194 represents two cycles of identical E.M.F. 
values, but in one case the cycle is completed in one­
half the time required for the other. Therefore to 
describe electrically a source of alternating E.M.F. 
we must know the following: 

a. The wave shape of the alternating cycle. 
b. The value of the E.M.F. at some specified point in 

the cycle. 
c. The length of time to complete the cycle, or the 

frequency. 
In classifying electrical currents in Chapter VIII, 

we named two steady state conditions for alternating 
current; one where the wave shape is a sine wave and 
the other where the wave shape is not a sine wave but a 
complex wave. The basic study of alternating-cur­
rent circuits deals only with sine waves. Complex 

Pa 

waves are analyzed into sine waves, just as complex 
tones are analyzed into fundamentals and harmonics 
(see Appendix IV). 

99. The Sine Wave 

The sine wave is named from a trigonometric func­
tion of an angle. We have learned how it may be con­
structed graphically, and we may treat it as a "pat­
tern" having a name with a mathematical origin to 
which an E.M.F. or current may or may not conform, 
rather than as a mathematical expression requiring a 
thorough knowledge of trigonometry for interpreta­
tion. It bas interesting properties and is the natural 
wave form in all vibratory motion. It greatly sim­
plifies alternating-current circuits because--a sine wave 
E.M.F. impressed upon a circuit having a network of 
any number and arrangement of resistances, induc-

A 

B 

C 

F1G. 195. GRAPHICAL PROOF THA't THE SuM OF Two SrnE WAVES IS A SINE WAVE 
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tancea, and capacities with fixed values, will set up a 
sine wave current in every branch of the network. 
No other wave shape (excepting that of direct current) 
wilJ give the same wave shape for the current as that 

for the impressed E.M .F. 
The above rule holds in all its applications since the 

sine wave possesses t he following properties: 
a. Sine waves of the same frequency can be added 

(or subtracted) either in or out of "phase" and 

the wave shape of the result will be a . sine 
wave. (Phase relations are defined in the next 
article.) 

b A sine wave E.M.F. across a resistance, induc­
tance or capacity gives a sine wave current 
through the resistance, inductance or capacity 
(though not necessarily in phase). 

o Slope 

I 
- Slope 

c. Whenever an E.M.F. is induced on account of the 
ever-changing value of a sine wave current, 
this induced E.M.F. is a sine wave (though not 
in phase). 

A graphical proof of property a may be bad by re­
f erring to Figure 195. Here A shows a sine wave 

constructed graphically in the manner explained in 
connection with Figure 73. B is a similar sine wave 

of the same frequency but constructed independently 
of A. Now if each value on the A curve, for example 

that represent ed by P,. , is added to ea.ch correspond­
ing value on the B curve, for example that represented 

by A, the resultant curve will be that shown as C. 

An inspection of C will show that it too is a sine wave 

and can be proven so by constructing a circle from values 

of the curve projected back. This is, of course, the 
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converse of the construction of the sine wave and proof 
of the wave shape, since there can be only one circum­
ference drawn through the projected points of inter­
section with the radii of the circle. 

The properties of a sine wave given under b and c 
in the foregoing can be demonstrated graphically by 
determining the rate of change or "slope" of a sine 
wave at various points and plotting the successive 
values of the slope as shown in Figure 196-B. When 
the value shown by the curve in Figure 196-A is zero, 
as at point Qi, the rate of change or slope is greatest. 
At any point between Q1 and R1, the slope is positive 
and is decreasing to its minimum value, zero, at 
point R1. Between R1 and P1 the slope is negative 
and is increasing, attaining its maximum numerical 
value at P1. After passing through P 1, the slope 
again decreases in magnitude, but is still negative, 
remainin•g so until point S1 is reached. From S1 to 
T 1 the slope again is positive, and increases in value 
until it attains its maximum numerical value at T1, 
Curve B is obtained by plotting these values of slope. 
As before we can prove curve B a sine wave, if we wish, 

E.M.F. impressed. In each individual inductance 
there is a sine wave induced E.M.F., if the curr~nt is a 
sine wave. But there will be a sine wave current be­
cause the induced current adds to or subtracts from 
the current due to the impressed E.M.F., and the sum 
or difference of two sine waves is a sine wave. Thus. 
we can analyze all the currents in the branches of any 
network by either an application of sine wave addi­
tion and subtraction, sine wave slopes, or a combina­
tion of the two properties. --

Fro. 197. VEcrOB RsPBJDSENTATION OP INSTANTANEOUS 
CURBBNT VAL UJl 

100. Phase Relations and Vector Notation 

by projecting values back for the construction circle, To illustrate what is meant by phase relation, we 
but if the curve A and curve B are drawn with respect may well discuss a method of graphically representing 
to the same axis, or we might say if curve Bis super- alternating currents and alternating E .M.F.'s with 
posed on curve A, we see offhand the striking similarity "vectors". Figure 197 shows the graphical construe-
between their wave shapes, as is shown in Figure 196-C. tion of a sine wave as described in Chapter VI. In 
Though curve B is a sine wave of the same frequency, this figure the horizontal sea.le (abscissae) represents 
as curve A, it does not follow that the maximum value time and the vertical scale (ordinates) represents in-
of curve B will always be smaller than that of curve A stantaneous values of current. The complete curve 
as shown in the figure. It may have. a maximum value then, shows the values of the current for all instants 
either smaller, the same, or greater, depending upon during one complete cycle. It is convenient and cus-
the frequency value. To illustrate this more clearly, tomary to divide the time scale into units of "de-
suppose we had charted the slopes of the two curves grees" rather than seconds, considering one complete 
shown in Figure 194, which themselves have the same cycle as being completed always in 360 degrees or 
maximum values. The slope curve of the high-fre- units of time (regardless of the actual time taken in 
quency cycle (or short cycle) would have a maximum seconds). The reason for this convention -will be ob-
value twice that of the low-frequency cycle because it vious from the method of constructing the sine curve 
is "twice as steep" at all corresponding points, such as as illustrated in Figure 197, where to plot the complete 
the point where it crosses the axis (or at the zero value curve, we take points around the circumference of the 
point). circle through 360 angular degrees. It needs to be 

Granting, then, that the slope of a sine wave is an- kept in mind that in the sense now used, the degree 
other sine wave and that sine waves added in or out is a measure of time in terms of the frequency, and not 
of phase give a sine wave for their sum, let us think of an angle. 
of the connection between this and the properties Having adopted this convention, it is not necessary 
stated in the foregoing with respect to alternating cur- to draw the complete sine curve figure whenever we 
rents. First, since sine waves can be added in or out wish to represent the current in a circuit at a particu-
of phase, it is obvious that sine wave currents in various lar instant-for example, that current at the instant 
network branches will combine at the branch junctions t, represented by the point P. If we know the fre-
to give a sine wave. Second, we learned in Chapter quency, and the length and the position of the single 
VIII that an induced E.M.F. (which in turn produces radius R corresponding to the point P, we have all 
an induced current) depends upon rate of change of the information we need to define the current. Here 
current, or the slope of the current wave. Let us we have what we call a vector, which we can imagine 
assume a network of inductances with a sine wave as a radius of the circle, having a length equal to the 
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maximum current or E.M.F. value of the sine wave in 
question. The angle this vector makes with the hori­
zontal gives the position of point P and if we assume a 
direction of rotation for the vector, we can always de­
termine by the position of the vector whether the value 
of the current or E.M.F. is increasing or decreasing, 
and its direction. The accepted convention for di­
rection of rotation is counterclockwise and will be 
understood hereafter, without the arrow being used to 
indicate it. 

In Figure 192, let us assume that the maximum value 
of E is 10 volts, the frequency is 60 cycles per second, 
and the value of R is 7 .5 ohms. Also let us assume the 
circuit to have negligible capacity and inductance. 
By arbitrarily adopting a scale, we can represent the 
E.M.F. at a given instant by Figure 198-A. Since the 

A • Voltage 

8 . Current 

C • Current and Voltage 

ACTUAL PICTURES 

inductance and capacity of the circuit are negligible, 
the current at the corresponding instant will neither be 
retarded by inductance nor have a component part re­
quired to "charge" the circuit. It will be that deter­
mined solely by Ohm's Law. Consequently, it will 
change in value as the E.M.F. changes in value. In 
other words, it will "keep in step", becoming a .maxi­
mum of 1.33 amperes at exactly the same time that the 
E .M.F. becomes a maximum of 10 volts, and becoming 
zero at exactly the same time that the E.M.F. becomes 
zero. The conventional expression to describe this 
time relation between the voltage and the current is 
that the voltage and current are in "phase". 

But if, instead of a circuit such as that shown by 
Figure 192, we have the circuit shown by Figure 199, 
it will be necessary to consider the effect of the in 

/ E max.= 10 

_/._ __ T=lL60 Sec. 

/ I max.= 1.33 

_L __ .2_=1/60 Sec. 

I max.= E max. L
~ma,c. 

_ _ T=l/60 s!. 

VECTOR REPRESENTATION 

Fro. 198. CuRRENT AND VOLTAGE IN PHASE 
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ductance. This reacts to any change in current value, 
and an alternating current is changing in value at all 
times. We should therefore expect the inductance to 
materially affect the value of the current and to throw 
the maximum points out of step, or phase, because the 
maximum value of current. will not have been estab­
lished until some time after the E.M.F. has reached 

FIGURE 199 

its maximum value. Figure 200 represents the rela­
tion of voltage and current that are out of phase due to 
the circuit having inductance. Here the vectorial 
representation must show the extent to which the 
voltage and current are out of phase. This is accom­
plished by having the voltage vector ahead of the cur­
rent vector in its rotation by an angle which is a 
measure of the time by which the current "lags" be­
hind the voltage, and whose value is obvious from the 
relative position of the radii of the two circles. 

In the case of a circuit having a series condenser in­
stead of an inductance, the circuit reactions are the 
reverse. The current vector then is ahead of, or 
"leads", the E.M.F. vector as shown by Figure 201. · 
Electrical conditions in circuits containing inductance 
or capacity, therefore, can be represented by current 
and voltage vectors, which will, in general, be out of 

· phase. Moreover, in dealing with complex networks 
containing inductance or capacity, we encounter cur­
rent vectors which are out of phase not only with their 
voltage vectors, but with each other. 

__ i: __ 
w.ctarR,_,.,,. 

FIG. 200. CURRENT LAGGING IMPRESSED E.M.F. 

In direct-current networks, we used equations based 
on Kirchoff's Laws which called for adding or sub­
tracting current or E.M.F. values. In alternating-

butt of the first arrow to the tip of the last. This line, 
called the resultant, is a vector which gives the magni­
tude and phase of the sum. For example, let us assume 
that it is desired to find the current delivered by the 
generator of Figure 202, when the currents in the par­
allel branches have the values and phase relationships 
indicated by vectors 1, 2, and 3. These vectors are 
placed end to end and the resultant drawn as indi­
cated in 4. The length of this resultant vector gives 
the value of the current delivered by the generator 
and its angular position indicates its phase relation­
ship with respect to the current in the parallel branches. 

·~:-
Vector Rep~ion 

Fm. 201. CURRENT LEADING IMPRESSED E .M.F. 

101. Effective E.M.F. and Current Values 

In laying out current and voltage vectors thus far, 
we have indicated in each case the current or voltage 
at some particular instant of time in its cycle. The 
length of the vector gave the maximum value of the 
current or voltage and the angle that the vector made 
with the horizontal, in a counterclockwise sense, indi­
cated the particular instant being considered. 

3 

2 

I 
2 3 

Fw. 202. GRAPHICAL ADDITION OF CuRRllNT VECTORS 

current work, we cannot accomplish this by merely For practical purposes, however, it would be in-
adding the numerical lengths of the vectors. We must convenient to be always under the necessity of stating 
instead combine them in such a manner as to take into both a value Stnd a position in time in defining an al-
consideration any phase differences that may exist. ternating current or voltage. It is advantageous, 
This may be done gi·aphically by placing the vectors rather, to adopt some arbitrary standard so that only 
to be added end to end, and drawing a line from the the value of the current or voltage need be given to 
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define it, its position in time being understood from 
the convention adopted. The maximum value would 
perhaps appear to be the logical choice, but this has cer­
tain disadvantages. Another, and more useful value 
would be the average value over a complete half-cycle, 
this being equal for the sine wave to .636 times the 
maximum value. 

Still more useful is a value so selected that the beat­
ing effect of a given value of alternating current in a 
resistance will be exactly the same as the heating effect 
of the same value of direct current in the same resis­
tance. The advantage of such a convention is appar­
ent, since it obviates to a degree the necessity for 
thinking of the effects of alternating and direct cur­
rents as different. This value is known as the effective 
value and is equal to . 707 times the maximum value, 
or-

I= .707 I,,.,,.,. (44) 

and 

E = .707 E_,,. (45) 

where E and I without subscripts indicate effective 
values. Unless specifically stated otherwise, values 
of alternating currents and voltages are always given 
in terms of their effective values. Likewise, vectors 
representing currents and voltages give the effective 
valqe of the current or voltage by their length and, 
unlike the vectors we have previously considered, do 
not indicate by their angular position a particular 
instant of time within the cycle but only the time re­
lationship of the current and voltage with reference to 
ea.ch other, or to some other current or voltage in the 
same circuit. 

102. Power in A.C. Circuits 

Just as in D.C. circuits, the power in an A.C. cir­
cuit is at any instant equal to the product of the cur­
rent and voltage in the circuit at that instant, or we 
may write-

P = ei , (46) 

where the lower-case letters mean that the values are 
instantaneous ones. The power in an A.C. circuit 
may, then, be shown by a curve, each point of which is 
obtained by taking the product of the current and 
voltage at the same instant of time. Such a curve for 
the case where the current and voltage in a circuit 
are in phase is shown by Figure 203. 

It will be noted that, since the current and voltage 
are both negative at the same time, the power loops 
are both positive, which means that no power is being 
returned from the circuit to the generator. In other 
words, all of the power delivered by the generator is 
being absorbed in the resistance of the circuit. For 

. 

FIG. 203. POWER IN A.C. CIRCUIT WHEN CURRENT AND 
VOLTAGE ARE IN PHASE 

this case, where the circuit contains nothing but re­
sistance, the average power is equal to the product of 
the effective current and voltage, or we may write-

P = EI (47) 

and, as always,-

P = I 2R (48) 

The condition where the circuit contains either in­
ductance or capacity in a-0dition to resistance, and the 
current and voltage are accordingly not in phase, is 
somewhat different. The power curve for such a case 
is shown by Figure 204. Here the product ei gives 
both positive and negative values and we have the 

TABLE VII 
CONVENTIONAL SYMBOLS U SED IN ALTERNATING­

CURRl!lNT w ORK 

ITIHOL 8UJU>l1'0a 

p Average power for a cycle of E.M.F. and current. 

B Effective E.M.F. 

I Effective current. 

Ea,.. Average E.M.F. 

Ia.H Average current. 

e E.M.F. at some specific instant, or instantaneous 
voltage. 

i Current at some specific instant, or instantaneous 
current. 

E, Induced E.M.F. 

- T Length of time in seconds (or fraction of one 
second) for a complete cycle. 

f Frequency _or the number of cycles per second. 

z Impedance in ohms. 

XL Inductive reactance in ohms. 

Xe Cape.city reactance in ohms. 

X Tote.I reactance in ohms. 

y Admittance in xnhos. 

8 Angle between current and impreBBed E.M.F., or 
between impedance and resistance, etc. 
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positive power loops A and B and the negative loops 
C and D. The latter loops represent power returned 
to the generator from the circuit. The total power 
absorbed by the circuit is obviously equal to the sum 
of A and B minus the sum of C and D. In this case, 
then, the power, P is no longer equal to EI but to 
something less than that. The factor by which EI 
must be reduced to obtain the true power is determined 
by the phase relation between the current and voltage, 
this power being-

P = EI cosO (49) 

where 8 is the angle between the current and voltage. 
The term, cos 8, is known as the power factor and has 
a maximum value of 1 when 8 is zero, or the current 
and voltage are in phase. 

It may be noted that the expression, P = 12 R, re-

Flo. 204. PowER IN A.C. C1acmT WHEN CuBUNT 4ND 
VOLTAOll ARII NOT IN PBASII 

mains true in this case and conforms with Equation 
(49) because as we shall learn in the next chapter, 
R = Z cos 8 and I = E/ Z, from whence-

p = I 2R = I X I X R = I X : X Z cos 8 

= IE cos 8. 

' 
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CHAPTER XVI 

ALTERNATING CURRENTS- (Continued) 

103. Ohm's Law and Alternating-Current Calculations 

In Chapter I we learned that the relation between 
the voltage and the current in a D.C. circuit was ex­
pressed by Ohm's Law, or 

E (volts) = R (ohms) 
I (amperes) 

We found this expression indispensable in our study 
of direct-current circuits, and certainly we shall want 
to apply it to alternating-current circuit calculations 
if we can. On the other band, we have learned of 
circuit properties other than resistance that influence 
a~temating:current flow. Moreover, these properties, 
viz., capacity and inductance, not only change the 
value of the current in amperes but introduce changes 
in the phase relation of the current to the voltage. 
Again, the effects of inductance and capacity depend 
entirely upon the particular frequency which we wish 
to consider. We must therefore introduce some new 
~uantity that will express in ohms not only the re­
sistance to current but the combined effects of resis­
tance, capacity and inductance at a definite stated 
frequency. This quantity is called impedance, and 
Ohm's Law is adjusted to read-

Z (ohms) = E (volts) 
I (amperes) 

(50) 

where ·Z is the symbol for impedance or the combined 
effect of the circuit's resistance, inductance and ca­
pacity taken as a single property which can be ex­
pressed in ohms for any given sine wave frequency. 
It follows, then, that if we can by certain calculations 
reduce a circuit's resistance expressed in ohms its . , 
inductance expressed in henrys, and its capacity ex-
pressed in microfarads, to a single expression in ohms, 
we can calculate the current at a given frequency in 
any single branch as readily as though it were a branch 
of a direct-current network. 

The effect of inductance or capacity in opposing the 
flow of current in any alternating-current circuit is 
known as reactance and is expressed in ohms the same 
as resistance. However, in combining resistance and 
reactance into a single property measured in ohms 
which we have already referred to as impedance, w~ 
must add them vectorially because they do not act in 
phase. We shall take up the calculation of impedance 
after first learning how the reactance may be deter-

mined for any single frequency from the inductance 
and capacity values in a given circuit branch. 

104. Inductive Reactance 

Referring to· Chapter VIII, it will be recalled that 
we considered two factors as 

0

being involved in the 
calculation of the effects of inductance; first, the physi­
cal property of the circuit called inductance and sec­
ond, the rate of change of current value which uses 
inductance "as a tool" in creating the re;ctive effects. 
In an alternating-current circuit containing inductance, 
therefore, we should exp·ect greater reactance for 
higher frequencies because higher frequencies mean an 
increase in the average rate of change of current. By 
referring to Figure 205 this becomes apparent. Here 
are two current cycles of the same effective value but 

+ + 

A e, 

FIGURE 205 

the A cycle has twice the period, or half the frequency 
of the B cycle. Also the slope of the A curve at any 
point such as Pa, is half the slope at any corresponding 
point such as Pb on the B curve. The slope is, as 
has been seen, the measure of current change and we 
would expect, therefore, that the induced E.M.F. 
of the B curve would be twice as great as that of the 
A curve. Thus, the reactance due to inductance de­
pends upon first, the inductance of the circuit and 
second, the frequency of the current. As a matter of 
fact, it can be proven that the inductive reactance 
expressed in ohms is equal to the inductance in henrys 
times the frequency in cycles per second, multiplied 
6y 271' or-

(51) 

where x,_ is the inductive reactance in ohms -,; is . ' 3.1416, / 1s the frequency expressed in cycles per sec-
ond, and L is the inductance in henrys. 

For practical use this becomes-

Xr. = 6.2832 f L (52) 
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Example: In Figure 206 assume that the source of 
alternating E.M.F. is a sine wave, 10 volts, 1000 
cycles per second, and the inductance shown bas 
negligible resistance. What is the effective cur­
rent through the inductance? 
Note :- In practice inductance coils have appre­
ciable resistance because any coil winding must 
contain a definite length of wire; the condition 
assumed here is that the effect of the inductance 
is so much greater than that of the resistance that 
we may neglect the value of the resistance in the 
calculations. 

E• lOV 
f= 1000~ 

FIGURE 206 

Solution: 

XL = 6.2832/L = 6.2832 X 1000 X 2.7 

= 16964 ohms 

E 
I = 16964 

10 
= 16964 

= .00059 ampere, ans. 

In this example, the current will be 90° behind the 
impressed voltage, as shown in Figure 207, because the 
induced E.M.F. due to the current must be equal and 
opposite to the impressed E.M.F. and the induced 
E.M.F., as previously explained, is the rate of change 
or slope of current times the inductance and must, 
therefore, be 90° behind the current. 

E 

Flo. '}[)7. EFFECT OF INDUCTIVE REACTANCE 

106. Capacity Reactance 

Capacity Teactance has opposite effects to inductive 
reactance- in fact, the two tend to neutralize each 
other. Capacity reactance decreases with increasing 
frequency and capacity values. It also tends to make 

E= lOV 
f=IOOO~ 

FIGURE 208 

the current lead instead of lag the voltage (see Figures 
207 and 209). Accordingly, if inductive reactance is 
assumed as positive, capacity reactance must be taken 
as negative. 

This time relation of the voltage and current in a 
circuit containing capacity may be seen by referring 
to Figures 208 and 209. Here when the impressed 
voltage E is at its maximum positive value, the con­
denser is charged to a value equal and opposite to the 
impressed voltage. The current in the circuit is there­
fore zero. As the positive impressed voltage decreases 
toward zero the opposite voltage of the condenser 
forces current to flow in a negative direction. This 
negative current reaches its maximum value when the 
impressed voltage becomes zero. Now the impressed 
voltage reverses, becoming negative, and as it rises to 
its maximum negative value, charges the condenser in 
the opposite (positive) direction. During this time, 
the negative current decreases to zero as the condenser 
becomes fully charged. Then as the negative im­
pressed voltage decreases from its maximum, the con­
denser voltage again takes control and causes the 
current to build up in the opposite direction. The 
relationships are therefore as shown in the figure with 
the current leading the voltage by 90°. 

The equation for capacity rea.ctance is as follows: 

1 
Xe= - 21rfC (53) 

where C is capacity in farads. Converting C to the 
customary capacity unit, microfarad, we have-

X _ _ 1,000,000 
' - 21rJC 

or with 3.1416 substituted for 1r­

X, = l,OO0,00O 
6.2832/C 

(54) 

(55) 

1 E 

~ 

F1G. 209. EFFECT OF CAPACITY Rm11.CTA.NCE 

[ 143] 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

Example: In Figure 208, Eis 10 volts, f is 1000 and 
C is 2 mf. What is the current in amperes? 

Solution: 

E I=­
X. 

1,000,000 X.= 
6.2832 X 1000 X 2 

1,000 = __ ....,;_ __ 
6.2832 X 2 

= -79.5 ohms 

I= 10 
-79.5 

= - . 126 ampere, ans. 

(minus sign here means leading current) 

C .. l ml. L=.6H 

E = lOV 
f= 1000~ 

FIGURE 210 

106. Combination of Inductive and Capacity Reac­
tances 

If we wish to get the combined or total reactance of 
an inductance in series with a capacity, such as that 
shown in Figure 210, we may combine the reactances 
as follows: 

X =XL+ x. 
or, from formulas (52) and (55)-

X = 6.2832/L - !;.~:: (56) 

Here the signs take care of the neutralizing effect and 
if the calculated value of X is positive, the inductive 
reactance predominates; if negative, the capacity re­
actance predominates. 

e 
-------- IR 

A 

FIGURE 211 

e 

Ix B 

Example: Calculate the current in the circuit shown 
by Figure 210. 

Solution: 
With no resistance in the circuit-

and 

X =XL+ x. 
= 6.2832/L - l,OOO,OOO 

6.2832/C 

X = 6.2832 X 1000 X .6 - I,OOO,OOO 
6.2832 X 1000 X 1. 

= 3770 - 159 

= 3611 ohms 

10 I = 
3611 

= .0028 ampere, ans. 

107. Impedance 

To determine a way to combine reactance and re­
sistance when we wish to evaluate the impedance, let 
us consider the relation between voltage and current 
under two conditions; first, when a circuit contains 
pure resistance, and second, when it contains pure reac­
tance. Under the first condition, we can represent 
the current and voltage as shown in Figure 211-A, and 
for the second condition as shown in Figure 211-B. 
For the purpose of this discussion, the circuits are 
assumed to be such that JR = Ix. If now we connect 
R and L in series and allow a voltage of 2e to act on 
the combination, we may consider the resulting cur­
rent as made up of two parts, one due to a voltage e 
acting on R, and the other due to a voltage e acting 
on L. The total current will be the sum of these two 
components, but the addition must be made vectori­
ally as illustrated by Figure 212. Here since we have 
a right triangle, the hypotenuse is equal to the square 

E=-2e 

'-..._ IR 

" " " ' ' " " ' 2e _________________ ?<" __________ _ 

/ 
// 

/ 
/ 

JI/ IX 

/ 

/ 
/ 

/ 

FIGURE 212 
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root of the sum of the squares of the two legs, or call­
ing the components IR and Ir, we have-

I =VI!+ Ii 
The voltage drop across R due to the flow of the cur­
rent, I, is IR, and this drop is exactly opposite in phase 
with I. The drop across Lis IX, with a phase rela­
tionship such that I leads IX by 90°. The latter will 
be clear if we refer again to the circuit of pure induc­
tance pictured in Figure 206. Here the current lags 
the impressed voltage by 90°i and consequently leads 
the voltage drop, which is equal and opposite to the 
impressed voltage, by 90°. 

R=50"' L•.01 H 

f=lOOO~ 

FIGURE 213 

In our circuit containing both R and L, therefore, 
we have two component voltage drops, IR, and IX, 
90° out of phase, the sum of which must be equal to 
the total impressed E.M.F. and exactly opposite in 
phase. Adding these components vectorially-

E = v (IR)2 + (IX)2 = total voltage drop. 

E, in this case, is also equal in value to the total 
E.M.F. 2e acting upon the combined circuit. 

X X.=2JfL 

R 

FIGURE 214 

Now let us operate on this equation by dividing both 
sides by I -

E v'I2R2 + I 2x2 

1 = I 

Simplifying this, we have-

E vI2(R2 + x') IvR2 + x2 

1 = I = I 

or-

· However, f = Zin ohms, from Equation (50); there-

fore, we have-

(57) 

which is the equation that shows the relation between 
impedance and its two components. Thus, impedance 
is the vector sum of resistance and reactance. In 
Figure 213, the combined effect of the resistance and 
the reactance due to the inductance, may be repre­
sented by the vector diagram of Figure 214 in which 

R• 100"' C• 1 mf. 

f • IOOO~ 

FIGURE 215 

the reactance is shown as 90° ahead of the resistance. 
Similarly in Figure 215, the combined effect of resis­
tance and capacity may be represented by the vector 
diagram of Figure 216 in which the reacts.nee is shown 
as 90° behind the resistance. 

In these diagrams if R is represented by the same 
line as the current, Z will be represented by the same 
line as the impressed E.M.F.; consequently the angle 
(J will represent the phase difference between the 
voltage and current, and with the adopted convention 
for direction of rotation and that for plotting time on 
the sinusoidal chart, will represent current lagging 
behind impressed E.M.F. for positive angle as shown 
in Figure 214, and current leading impressed E.M.F. 
for negative angle as shown in Figure 216. 

We can now consider a simple series circuit with all 
three properties, or with resistance, inductance, and 
capacity, as shown in Figure 217. Here we have two 
reactances acting in opposite phase as shown in Figure 
218-A. In constructing the impedance triangle, X, 
must be considered as negative and subtracting from 
XL a.s shown in Figure 218-B. If Xe is less than XL, 
X will be positive, and if Xe is greater than XL, as 
shown in Figure 219, X will be negative. 

R 

A 

FIGURE 216 

Having the relation of impedance to its component 
parts fixed in mind by the foregoing graphical con­
struction, we can calculate its value in the same man­
ner as we calculate the length of the hypotenuse of 
any right triangle, as has been explained. That is to 
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say, we square both legs and take the square root of 
their sum. The equation then for impedance with 
resistance and inductance in series (as shown by Figures 
213 and 214) is: 

(58) 

Example: In Figure 213, R = 50 ohms, f = 1000 
cycles per second, and L = .01 henry. What 
is the value of the impedance in ohms? 

Solution: 

Z = VR2-+ X~. 

XL= 21fjL 

= 6.2832 X 1000 X .01 

= 62.8 

z = v (50)2 + (62.8)2 

= v 2500 + 3944 

= v6444 

= 80.3 ohms, ans. 

Similarly, for the impedance shown by Figures 215 
and 216, 

Z = VR2 + x: (59) 

Eumple: In Figure 215, R is 100 ohms, C is 1 mf. 
and f is 1000 cycles per second. What is the 
value of the impedance in ohms? 

Solution: 

Z = VR2 + X! 
X = _ 1,000,000 

• 21fjC 

1,000,000 = - -------
6.2832 X 1000 X 1 

= - 159 ohms 

z = y(100)2 + (-159)2 

= -v10,ooo + 25,281 

=v35,281 
= 188 ohms, ans. 

The foregoing are special cases, but we may combine 
inductive reactance and capacity reactance in one 
general equation for impedance as shown by Equation 
(57) where 

X = 2 fL - 1,000,000 = XL + x. 1( 21fjC 

R .. 20"' L ,. .04 H 1 mf. 
--•-'\/\~>---O--• --, 

f = 1000~ 

FIGURE 217 

Therefore, 

(60) 

Example: In Figure 217, R is 20 ohms, f is 1000 
cycles per second, L is .04 henry and C is 1 mf. 
What is the numerical value of the impedance in 
ohms? 

R 

A B 

FIGURE 218 

Solution: 

Z= I R2 + (21rJL - l,:~Y 
= / (20)

2 + ( 6.28 x 1000 x .04 - 6_2!,:~0: x 1)2 
= v(20)2 + c251 - 159)2 

= v 400 + 8464 

=v8864 

= 94 ohms, ans. 

In these calculations we have only determined the 
numerical value of the impedance. This does not com-

R 

A B ; 
F100R& 219 
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pletely describe it, however, since there could be any 
number of resistance, capacity and inductance com­
binations which would give the same numerical value. 
It is essential, therefore, to include an additional fac­
tor which will indicate the relative magnitudes of the 
resistance and reactance components of the impedance, 
in order to completely define it. This factor is the 
angle shown as 8 in Figures 218 and 219. Impedance 
is customarily expressed, accordingly, in the form Z/8 
( Z at an angle 8) where Z is the magnitude of the 

impedance and 8 is the angle of lag or lead between 
any E.M.F. impressed across the impedance and the 
resultant current. As may be seen from Figure 218, 

8 is equal to tan_, i ( the angle whose tangent is !). 
Also, by simple trigonometry we know that R = Z 
cos 8 and X = Z sin 8. Thus, with the impedance 
expressed in the form Z/8 it is completely defined 
and we may readily determine the magnitude of its 
resistance and reactance components. 

TABLE VIII 

R L 

R 

R R C 

~x, 

non•TY 

inductance (L) .. : .. . .................. 

Capacity (C) . . ... . . ... . . ... . . ...... . ... 

Net Effect .............................. 

CHART OF V&er<>H RJ:LATIONS 

Z1.,,/ 
/ 

/ 
/ 

/ 

/ 
/ 

/ 

R 

Angles of Lag 
~--------voltap (Zt.) 

::,-:;;;_,,t,,,,-r::-_-~-.::.:.------Vollage (Z) 

8c Angle of Lead 

- ---190•----

aa.Mrt,un:a lllP&J>.t.KCS 

XL• 2r/L ZL - VR1 + Xl 

Xe• - 1,000,000 
2,..,c Zc - vR1 + xi 

X -XL+ Xe z - vR1 + x• 

L C 

PR.U■ 4XOU 

XL 
BL - Tan- 1 R 

T _ Xe Be• an 1 7f 

8 
X • Tan- • R 

Notes: l. If lines Zc, ZL or Z represent phase of voltage, line R will indicate lead or lag of current and Be, BL and 8 will be angle 
of lead or lag 

2. Power factor is cosine of phase angle (Power - EI cos 8). 
3. The impedance symbol is usually written Z/8, for example, Z/ 8 • 15• / 30°, etc. 
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CHAPTER XVII 

ALTERNATING CURRENTS-( Continued) 

108. Series Networks 

In Chapters I and II, means of solving direct--cur­
rent networks for the current values in the various 
branches were described. The same methods and 
formulas apply to the solution of alternating-current 
networks. But in this c&.13e certain additional factors 
enter, which, while not making the solutions any more 
difficult in principle, involve an increase in the amount 
of mathematical work required. This is due -to the 
fact that whereas D.C. quantities (current, voltage 
and resistance) are of only one dimension and are 
therefore completely described by a single number 
giving their magnitude, the corresponding A.C. quan­
tities are two-dimensional (i.e., vector quantities) and 
both their magnitudes and their time relationships 
with some reference point must be used in making 
calculations with them. 

FIGURE 220 

We learned in Chapter I that the total resistance in 
a D.C. series circuit such as is shown in Figure 220 is 
equal to the arithmetic sum of the individual resis­
tances, or-

R = R1 + Rt + R,, etc. (4) 

Similarly in an A.C. series circuit, as shown in Figure 
221, the total impedance is equal to the vector sum of 
the individual impedances or-

Z = Z1 + :Z1 + Z, (61) 

the bars over the impedance symbols meaning that 
they are vectors and to be treated accordingly in per­
forming the indicated additions. 

To graphically illustrate the application, let us as­
sume that Z1 = 10 ohms with 91 = 3()°, z, = 15 
ohms with 91 = 45° and Za = 20 ohms with 91 = 6Q°; 
we then have the three vectors represented by Figure 
222-A which, when added, give the value of Z shown in 
Figure 222-B. If we should represent not only the 
impedance vectors but the resistance and reacts.nee 

components as well, we should find that each group-of 
components adds algebraically as shown by Figure 223. 
By comparing Figure 223-C with Figure 223-B, we 
find that X is the sum of X1, X, and Xs and R is the 
sum of R1, Rt and Rs, Therefore since-

z = VR1 + Xt 

we have-

z = V(R1 + R, +Rs)'+ (X1 + X, + X,)' (62) 

In order to evaluate Z, it is necessary then to find 
the values of the components of each individual im­
pedance; these are obtained by multiplying the value 
of each impedance by the proper function of its angle. 

FIGURE 221 

Example: Find tl-e total impedance of the circuit 
of Figure 221 using the values for Z1, Z, and Z, 
given above. 

Solution: 

X = Zsin9 

R = Zcos9 

This gives 

X1 = 10 X .500 = 5 ohms 

R1 = 10 X .886 = 8.7 ohms 

The other values can be determined in the same 

i_ __ / 
/ 

/ 
Z/ 

/ 
/ 

/ 

/ 

/. 
/ 

/ 

/ _ _zL _ ___ _ 

B 
Flo. 222. GRAPHICAL ADDITION OP IKP•DA.NCS VJ1CTou 
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way, and we find that--

X, = 10.6 ohms 

Rs = 10.6 ohms 

Xa = 17.3 ohms 

Ra = 10.0 ohms 

Applying Equation (62)-

Z = v'(R1 +Rt+ Ra)2 + (.X1 + X1 + Xa)1 

= v'(8.7 + 10.6 + 10)2 + (5 + 10.6 + 17.3)1 

= v'(29.3)2 + (32.9)2 

= 44.0ohms 

8 - ta -132.9 - n -29.3 

= tan-1 1.12 

= 48°. 

Therefore 

Z = 44M ohms, ans. 

A 

I 
I 
I 

:x 
I 
I 

I 
I _________ __, 

R 
C 

Flo. 223. ANALT8l8 or IMP:SDANCII V:scroa ADDITION 

The foregoing calculation covers a general case. In 
practice, however, we usually have given the induc­
tance, capacity and resistance values rather than the 
individual impedances with their respective angles. 

Example: Find the impedance of the series circuit 
shown by Figure 224. 

Solution: 

where 

X,= 1,000,000 
21rJC 

and 

Then 

1,000,000 = - -----'---'---6.28 X 1000 X .2 

= - 796ohms 

XL= 2-rfL 

= 6.28 X 1000 X .02 

= 125.6 ohms. 

Z = v'(70 + 60 + 100)2 + (-796 + 125.6)2 

= v'(230}2 + (-670.4)2 

= 709 ohms 

and 

8 = tan-1 -670.4 
230 

= tan-1(-2.9) = -71°, 

whence 

Z = 709/-71°, ans. 

L•.02H 

f • 1000~ 

F10URJD 224 

109. Parallel and Series-parallel Networks 
In Chapter II we learned that the combined resis­

tance of two parallel resistances was equal to-

(8) 

or that if more than two resistances are in parallel, 
the combined resistance may be found by adding to­
gether the reciprocals of each resistance (called con­
ductance) and taking the reciprocal of this value. 
That is-

G = G1 + G, + G, (10) 
or 

1 1 1 1 
R = R1 +Rt+ Ra 

Now if we substitute impedance for resistance in 
the above equations, they will hold for the A.C. case, 
providing that we remember that impedances are 
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vector quantities. Thus for two impedances in paral­
lel, we may write the value of the combined impedance 
a.s-

or, for more than two in parall~l, 

1 1 1 1 z= Zi + Z2 + Z.' etc. 

which latter may also be written-

Y = Y1 + Y, + Y,, etc. 

(63) 

(64) 

(65) 

where Y represents the reciprocal of impedance and is 
called admittance. 

E •lOV 
f -1000~ 

FIGtTRE 225 

The mathematical solution of such equations as 
(63) ordinarily requires that the vectors be resolved 
into two components. These components represent re­
sistance and reactance respectively, and are at right 
angles. The reactance component which is usually 
represented along the Y-axis is distinguished by the 
coefficient "j", to indicate its position relative to the 
resistance component along the X-axis. The vec­
tor is then expressed in the standard notation as 
Z = Z/9 = R + jX where "j" indicates a rotation of 
90° in a counterclockwise direction. In the algebra of 
complex quantities, "j" is then handled like any ordi­
nary coefficient. The use of this notation makes pos­
sible the direct application of the same formulas as 
those used in D.C. calculations to the solution of A.C. 
networks. As an example, let us determine the cur­
rent delivered by the generator of Figure 225 and the 
phase angle of this current with the generator E.M.F. 

By Ohm's Law we know thBt the total current de­
livered by the generator is-

l =~ 
Z/9 

where Z/9 is the total impedance of the circuit aud 
consists of the net impedance of the two parallel paths 
whose individual impedances may be indicated as 
Z1/ 91 and Z2/ fh. Then from the usuo.l formula for 
parallel circuits-

Z/9 = Z1/9i X Z,/(h 
- Z1/91 + Z,/(h 

(63) 

The first step is to find the values of Z1/ 91 and Z,/ (h. 
We know that-

where 

and 

8 t -1 X1 
1 = an -

R1 

R1 = 50 ohms 

X1 = 2wfL1 = 6.28 X 1000 X .01 = 62.8 ohms 

Then 

81 = tan- 1 6!08 = tan-• 1.255 = 51°27' 

R1 50 50 
Zi = c-o-s-81 = cos 51 °27' = .6232 = 80·3 ohms 

Impedance of branch 1 

= Z1/91 = 50 + j 62.8 = 80.3/51°27'. 

Likewise R1 = 40 ohms 

X, = 2·11JL2 = 6.28 X 1000 X .03 = 188.4 ohms 

82 = tan-1 18,!4 = tan-• 4.71 = 78°1' 

40 40 
Z2 = cos 78ol' = .2076 = 193.0 ohms 

Impedance of branch 2 

= Z2/fh = 40 + j 188.4 = 193.0/78°1'. 

Then using formula (63) and expressing the vectors 
of the numerator in the Z! 9 form, since multiplication 
is involved, and the vectors of the denominator in the 
R + j X form, since addition is involved, we have-

Z/9 = ~1/91 X Z2/92 . 
- (R1 + 3X1) + (R2 + 3X2) 

= ~--=Z:,;.1=Z==,/=9=1 +=fh=---=,..,. 
(R1 + R2) + j(X1 + X2) 

80.3 X 193.0/ 51 °27' + 78°1' 
(50 + 40) + j(62.8 + 188.4) 

15500/129°28' 

90 + j251.2 

15500/129°28' 

90 /tan_1251.2 

[t -I 251.2] 90 cos an 90 
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15500/129°28' 

cos (ta~~1 2.79) /tan-' 2·79 

15500/129°28' 
= ---====---

= 

cos ;~ol7' /70017' 

15500/129°28' 

~ /70°17' 
.3374--

15500/129028' 

267 /70°17' 

= 15500 /129°28' - 70°17' 
267 

= 58.0/59°11' 

And 

E 1q_ 
I= Z/9 = 58/59°11' 

= lO /0° - 59°11' = .173/-59°11' 
58----

Thus we find that the generator will deliver a current 
of .173 ampere and this current will lag the generator 
voltage by 59°11'. 

C1 • l mf. E • lOV 
C 

f • 1000~ 

FIGURE 226 

With a little practice it will be found that several of 
the detailed steps given above can be performed in a 
single operation. This may be illustrated by solving 
the circuit of Figure 226 to find the current delivered 
by the generator and its phase relationship with the 
E.M.F. 

Solution: 

Z, = R, + jX1 

x, = -~ = 1,000,000 = -159.3 
21rJC, 6.28 X 1000 X 1 

z, = 20 - j 159.3 = 160.7 /-82°51' 

Z, = R, +JX, = 72 +JO= 72/0° 

ZA = Z1 Z2 = 160. 7 / -82°51' X 72/0° 
Z, + Z2 20 - j 159.3 + 72 + jO 

11,570/-82°51' 11,570/-82°51' 
= 92 - j 159.3 184/--60°1' 

= 62.8/-22°50' = 58.0 - j24.4 

Z, =Ra+ JXa 

Xa = 21rfLa = 6.28 X 1000 X .2 = 1256 

Z, = IO + j 1256 = 1256/89°33' 

Z4 = R. + jX. 

X. = 21rfL4 = 6.28 X 1000 X .3 = 1884 

z. = 30 + i 1884 = 1884/89°5' 

z = Z3 Z4 ' _ 1256/ 89°33' X 1884/89°5' 
8 

Z3 + Z4 - 10 + j 1256 + 30 + j 1884 

2,365,000/178°38' 

40 + j3140 

2,365,000/178°38' 
= 3140/89°16' 

= 753/89°22' = 8 + j753 

Zc = R6 + jX, 

X, = 21rfl, = 6.28 X 1000 X .1 = 628 

Zc = 60 + j628 

The total impedance Z = ZA +. Za + Zc 

Z = 58.0 - j 24.4 + 8 + j 753 + 60 + j 628 

= 126 + j 1356 = 1360/84°40' 

I = ! = IO = .00735/-84°40' z 1360/84°40' 

The current delivered by the generator has a value of 
.00735 ampere and lags the impressed voltage by 
84°40'. 

110. Alternating-Current Resistance 

In alternating-current networks, the apparent re-
sistance of a particular piece of apparatus is often quite 
different from its direct current or true resistance. 
As shown by Table V (Chapter VIII), the resistance 
offered to alternating current may be much greater 
than that offered to direct current; furthermore, in 
such cases the value of the resistance depends to some 
extent on the alternating-current frequency. We find, 
then, that not only the reactance component of an 
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impedance but its resistance component as well may 
be a function of the frequency. 

"Alternating-current resistance"► so called to dis­
tinguish it from direct current or true resistance, repre­
sents not only the actual resistance of the conductor 
used to wind a coil but includes also a factor due to 
the power losses within the iron core. That is to 
say, when a current flows through a coil winding and 
establishes a strong magnetic field in the core first in 
one direction and then in the other, there are certain 
power losses within the iron due to a heating effect. 
This is caused in part by hysteresis and in part by 
small currents induced in the iron itself as a conductor, 
and called "eddy currents". The total power loss in 
the coil includes not only the heat losses due to the 
resistance of the coil winding but also the core losses. 
Since any power loss can be expressed in the form of 
the Equation P = 12 R, we assume that the winding 
has in effect a resistance which satisfies this equation. 
But it so happens that the part of the power loss that 
is due to the iron core increast:s with the frequency. 
Therefore, we should expect the A.O. resistance for a 
high frequency to be greater than the A.O. resistance 
for a low frequency. 

111. Resonance 

In a circuit containing a given inductance, the reac­
tance, XL, depends upon the frequency; if the frequency 
is doubled, the reactance is also doubled. In the case 
of a given capacity value, on the other hand, the nega­
tive reactance, X,, is reduced one-half by doubling 
the frequency. If a series circuit contains both in­
ductance and capacity, as shown in Figure 227-A, there 
is therefore some frequency at which the negative 
reactance, X, , becomes equal but opposite in value to 
XL. The combined reactance is then equal to zero, 
as shown in Figure 227-B where the dotted line crosses 
the zero axis. This is called the frequency to which 
the circuit is resonant, or where-

0 = 2-irfL _ 1,000,000 
21rfC 

The value of the resonant frequency, /,, can be de­
termined in terms of the inductance and capacity by 
solving this equation for / as follows: 

f, _ 1,000 
' - 21r.../LC 

(66) 

Since the total reactance is zero at the resonant fre­
quency, the impedance is then equal to the resistance 
of the circuit and the current flow is determined solely 
by this resistance value. 

Figure 228 illustrates the behavior of a series reso­
nant circuit similar to that shown in Figure 227-A, but 

L C 
..... ·::· II I 

A 

/ 
/ 
,,✓ 

+X / 
/ ,,.,, 

/ 

Xt~ 'Y" 
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lV 
// 

-x if 
I 

B 
Fto. 227. SERIES RESONANT CIRCUIT 

including some resistance, when the applied E.M.F. is 
varied through a band of frequencies. The curves 
were plotted by assuming an impressed E.M.F. of 1 
volt for each frequency of the band and three different 
values of resistance. As will be noted, the peak cur-
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FIG. 228. CURVES OF CURRENT V ALUES IN SERIES 
RESONANT CIRCUIT 
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• rent values depend entirely upon the resistance values, 
for at the peak the positive and negative reactances 
exactly neutralize each other and the current is de­
termined solely by the resistance. Accordingly, the 
addition of resistance to the series resonant circuit 
reduces the selectivity or sharpness of the resonance 
peak. That is, the ratio of the current at the resonant 
frequency to the current at frequencies near the reso­
nant frequency is reduced. 

Example: To what frequency is the circuit shown by 
Figure 228 resonant if C is .254 mf., Lis .10 H, 
and what current will flow at resonance when R 
is 4 ohms and Eis 1.0 volt? 

Solution: 

1,000 
f, = 6.28 y.10 X .254 

1,000 
= 6.28~ 

1,000 
6.28 X .159 

= 1,000 cycles per sec. Ans. 

I=!= 1.0 = .25amp. Ans. 
R 4 
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The resonance principle in its broadest applications, B 

/ 
V 

V 

- --

or rather the practice of neutralizing capacity reactance Fio. 229. ANTI-RESONANT CIRCUIT 

with inductive reactance, has numerous and interesting 

/ 
V 

f 

-

i 

uses in connection with all• communication circuits. tremely great and there is a minimum load on the 
One application is the use of a condenser of proper generator. In other words, the generator circuit is 
capacity in series with a telephone receiver winding, practically open. Figure 229-B shows the combined 
repeating coil winding, or other winding haVll!g induc- reactance, X,, presented to the generator by this 
tance, where it is desired to increase the current through circuit. It can be seen that at the resonant frequency 
the receiver or coil winding. The condenser of a com- the two parallel reactances combine to give an ex-
mon battery subset, for example, increases the current tremely high value. At the same time, there must be a 
through the receiver in this way. Similarly most current through the inductance, determined by dividing 
operators' telephone sets have a condenser associated the voltage of the generator by the impedance of this 
with the induction coil. branch. Similarly, there must be a current through 

A second application of the resonance principle is the condenser which can be determined in the same 
the so-called "tuned" circuit, or the resonant circuit way. These currents are equal in value, but are flow-
used for selectivity. It is an arrangement whereby ing in opposite directions, thereby neutralizing each 
the circuit has a much lower impedance to some par- other in the lead to the generator. Effectively, this 
ticular frequency than to any other frequency; if a gives an open circuit in so far as the generator is con-
band of frequencies is impressed, it selects, so to speak, cerned, but a circuit equal to either the inductance 
a high current for the particular frequency but permits or capacity alone connected to the generator in so far 
only a negligible current for any other frequency. as either of the branches is concerned. The physical 
Figure 228 illustrates this principle. explanation here is that a current is oscillating around 

Another connection of the tuned circuit, shown in through the inductance and condenser, with the E.M.F. 
Figure 229-A, is called the anti-resonant connection. of the generator merely sustaining this oscillation. Of 
For this condition, when the positive reactance is course, since the inductance must have some resistance, 
equal and opposite to the negative reactance, the com- there will be an 12 R loss in the inductance, and it would 
bined impedance presented to the generator is ex- never be possible to have the theoretical case where 
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FIG. 230. CURVES OF CURRENT VALUES IN 
ANTI-RESONANT CIRCUIT 

the generator current is actually zero. In other words, 
there is no such thing as what we might call "perfect 
anti-resonance", where no energy is supplied by the 
generator and a current is maintained indefinitely by 
energy oscillating back and forth from the condenser to 
the coil. 

Figure 230 illustrates the selectivity of an anti­
resonant circuit made up of the same units as were 
used in the series resonant circuit. It will be noted 
that the selectivity of the anti-resonant circuit is also 
decreased as the resistance is increased. Indeed, there 
is a value of resistance beyond which the circuit loses 
its resonant characteristics altogether. Moreover, in 
this case, the resistance may be seen to have some effect 
on the value of the resonant frequency. 

Perhaps the most widely known application of both 
resonant and anti-resonant circuits is in connection 
with radio sending and receiving sets. From our view-

point, the most interesting, perhaps, is the carrier ap­
plication which is discussed in a later chapter. 

Numerous other applications are possible. Thus a 
simple series resonant circuit may be used as a substi­
tute for a step-up transformer, where an E.M.F. greater 
than the impressed E.M.F. but with little current 
drain, is desired. An example of such use may be 
found in certain vacuum tube circuits, where the opera­
tion depends upon the value of the impressed E.M.F. 
on the grid (which is practically an open circuit) rather 
than upon the current strength of the incoming energy. 

A B 

C 

FIG. 231. USE OF RESONANCE PRINCIPLE TO INCREASE VOLTAGE 

Figure 231 illustrates this principle. Here Sketch A 
illustrates the step-up transformer while Sketch B 
shows how a resonant circuit can be used to greatly 
increase the E.M.F. of the generator at a single fre­
quency, thereby accomplishing the same result as the 
transformer. If a voltmeter is connected across the 
condenser alone, it will be found that the voltage is 
many times that of the generator at the resonant fre­
quency. Sketch C illustrates the connection of the 
grid circuit of a vacuum tube for securing a higher 
potential than that which is impressed from the line. 
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CHAPTER XVIII 

REPEATING COILS AND TRANSFORMERS 

112. Mutual Induction 

The inductive effects discussed in Chapter VIII 
dealt with the magnetic interlinkages from one turn of 
a coil winding to the other turns of the same winding. 
We defined the effects coming from such magnetic in­
ter linkages as "self-inductance". The current result­
ing from the induced E.M.F. was superposed upon the 
current resulting from the impressed E.M.F. 

In practice, we may experience inductive effects in 
circuits other than the one in which the current due to 
the impressed E.M.F. is flowing. That is to say, two 
coils may be so related that the lines of magnetic induc­
tion established by a current in the first coil may cut 
the turns of the second coil (which may be connected 
to an entirely different circuit) in the same way that 
similar lines established by any one turn of a single 
coil cut the other turns of the same coil. This effect 
is called mutual induction and the property of the 
electrical circuit that is responsible for the effect is 
known as its mutual inductance. 

113. Theory of the Transformer 

In the study of magnetism we found that a wire in 
which there is a current is always surrounded by a 
magnetic field. This field, when created by a current 
establishing itself in the conductor, grows outwardly 
from the wire as the current increases. Figure 232 

FIGURE 232 

moving lines will break and wrap themselves a.roune 
the stationary conductor, for although the lines cut thd 
conductor instead of the conductor cutting the lines, 
the motion is merely relative. This phenomenon in­
duces an E.M.F. in the second conductor which as 

' ' illustrated in the figure, will establish a current in the 
opposite direction to that in the first conductor. The 
induced current will cease to flow, however, when the 
current in the first conductor reaches its maximum 
value, or at any other instant when it may have a 
steady, unchanging value because the magnetic field 
has become stationary and the lines of magnetic in­
duction move neither outward nor inward for a steady 
current value. 

FIGURE 233 

If the current in the first conductor is decreased, we 
have the reverse condition, or that shown in Figure 233. 
Here the lines, instead of expanding and moving out­
ward, are contracting and moving inward, cutting the 
second conductor as formerly, but now the current 
induced is in the opposite direction. It is now in the 
same direction in the second conductor as in the first. 
This law for induced E.M.F. may be expressed as fol­
lows: For any two parallel conductors, a current in 
one increasing in value induces an E.M.F. in the other, 
tending to establish a current in the opposite direction, 
and a current decreasing in one will induce an E.M.F. 
in the other, tending to produce a current in the same 
direction. 

shows a group of lines of magnetic induction around a Instead of the two single conductors shown in Figures 
conductor (shown in cross-section) in which the cur- 232 and 233, let us consider two separate coils, one in-
rent is increasing in value. If a second conductor is side the other, as in Figure 234. If we call the one 
in the vicinity, it will be cut by these lines moving out- carrying the original current the "primary", which in 
ward from the current-carrying conductor. In the same this case we :!J.ay represent by the inside coil, and the 
manner that stationary lines seem to break and wrap other the "secondary", we shall find that a strong 
themselves around a moving conductor (Figure 70), the magnetic field is established by a changing current in 
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the primary. This will cut the entire group of con­
ductors represented by the turns of the secondary, 
thereby inducing appreciable potential in the secon­
dary. The ordinary telephone induction coil operates 
in this manner. The primary, when connected in 
series with the transmitter A carries a current which 
decreases and increases in value in .response to the 
varying resistance of the transmitter. Consequently, 
an alternating current is induced in the secondary of 
the coil. 

Fto. 234. PRINCIPLE OF lNntrCTION CoIL 

If now the two separate coils of Figure 234 are wound 
on the same iron core in the manner indicated by 
Figure 235, the effect will be intensified. Because the 
iron offers a path of low reluctance to the magnetic 
flux, the total number of lines wili be greatly increased 
and all of the lines set up by the primary winding, P, 
will cut all of the secondary winding, S. 

If the windings, P and S have the same number of 
turns, and both the coils and core are constructed so 
as to have negligible energy losses, we shall find that 
the voltmeter reading is the same when connected 
across the terminals of S as when connected across the 
terminals of P. In other words, the induced E.M.F. 
of the secondary winding is equal to the impressed 
E.M.F. of the primary winding. Such a device is 

would be reversed. We have here a means, therefore, 
of controlling the voltage applied to a load; we may 
effectively increase or decrease the generator voltage 
by a proper choice of transformer. If a transformer 
has a greater number of turns on the secondary than 
on the primary so that the voltage is increased, it is 
called a "step-up" transformer; if it has a lesser num­
ber of turns on the secondary than on the primary so 
that the voltage is decreased, it is called a "step-down" 
transformer. The voltage across the two windings is 
directly proportional to the number of turns. This 
relation is expressed by the equation: 

VP Np 
Vs= Ns 

(67) 

We may explain this relation between the number of 
turns and voltage by our original law governing induc­
tive effects, which states that the induced voltage is 
proportional to the rate of cutting lines of magnetic 
induction. Each time the alternating E.M.F. in the 
primary completes a cycle, it establishes a magnetic 
flux in the iron core which collapses to be established 
in the opposite direction, to again collapse, etc. This 
flux must cut each and every turn about the iron core. 
In doing so, for the ideal case where there is no loss due 
to magnetic leakage, etc., the same voltage is induced 
in each individual turn. This voltage may be repre­
sented by the symbol v. Now, the voltage measured 
across the secondary (with no load connected) is merely 
the sum of these individual turn voltages or-

Vs·= Na Xv (68) 

where Na is the number of turns on the secondary. 

3 

p s 

2 4 

FIG. 235. ELEMENTARY TRANSFORMER CIRCUIT 

In the primary the induced E.M.F. must be exactly 
equal and opposite to the impressed E .M.F. since the 
E.M.F. due to IR drop is practically negligible. This 
could be expressed by a formula similar to Equation 
(68), thus-

(69) 

called an ideal transformer of unity ratio. Since vis the same in both Equations (68) and (69), 
If, now, we should increase the number of turns of the we may derive Equation (67) by dividing (69) by (68). 

secondary winding S, we would find that the voltmeter In Figure 235 the current being supplied by the gen-
reading would be greater on the secondary than on the erator is negligible, inasmuch as we have considered 
primary side of the transformer. If we should de- the transformer as having no energy losses. If, how-
crease the number of turns of the winding S, the effect ever, a load in the form of a shunting impedance is 
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connected to its secondary as shown by Figure 236, the 
induced E.M.F. in the winding S causes a current to 
flow through the impedance z., which from Equation 
(50), can be expressed as follows-

!.= v. z. 
When this current starts to flow through the load Z;, 
and through the winding S, it will establish other lines 
of magnetic induction in the transformer core, which 
oppose those established by the current in the wind­
ing P. This will tend to neutralize the magnetic field 
in the iron core, thereby tending to counteract the in­
ductance of the winding P and to make it more nearly 
like a plain resistance. With the induced E.M.F. 
in the winding P reduced, a greater current will flow 
from the generator through this winding, thus again 
increasing the flux in the iron core, so that finally there 
are produced the same induced E.M.F. effects as in the 
case of the transformer on open circuit. We therefore 
find that the transformer adjusts itself to any load that 
may be connected to the secondary just as if.an equiv­
alent load were connected directly to the generator, 
i.e., the current supplied by the generator increases 
with an increase of current in the secondary of the 
transformer. 

This current, however, is not necessarily of the same 
value in the primary as in the secondary, but like the 
voltage, depends upon the ratio of the number of turns 
of the primary to the number of turns of the secondary. 
The relation between current values is the inverse ratio 
of the number of turns. In other words, the winding 
having the greater number of turns has a proportion­
ately smaller current. This is seen when we consider 
that the flux in the core depends upon the current value 
times the number of turns, and the flux established by 
one coil balances that established by the other_,. 

or (70) 

The same relation can be determined in another way. 
We know from the law of conservation of energy that 
the energy existing in the secondary circuit can never 
exceed, but for an ideal transformer will be just equal 
to, the energy of the primary circuit, where since-

P,, = P. and P = EI, 

we have-

from which-

J. VP 
4 = v. or (70) 

Though we find that connecting the load z. to the 

secondary of the transformer causes the generator to 
furnish a current output in much the same way as if a 
load were connected across the generator, it does not 
follow that the same current flows through the load 
z. with the transformer inserted between the genera­
tor and z. as would flow if z. were connected directly 
to the generator without the transformer. We have 

p Zs 

FIGURE 236 

just seen that the voltages measured on the two sides 
of the transformer are directly proportional to the 
number of turns, and we know, moreover, from Equa­
tion (50) that-

z. = v. 
I. 

But the current and voltage of the generator with the 
transformer inserted between it and the load z. are 
I,, and V,,, respectively, so that were we to connect a 
load directly to the generator that would absorb the 
same energy output, it would be of the value-

We find, then, that-

Z,, = V,, 
I,, 

~=~ - ~ - ~XL - ~ x L - ~ X ~ 
~ 4 L 4 ~ ~ 4 ~ ~ 

or-

z,, = [N p]2 

z. N. 
(71) 

Inequality ratio transformers may be rated either 
according to their voltage ratios, step-up or step-down 
as the case may be, or in accordance with their impe­
dance ratios. In power work where transformers are 
primarily used to change the voltage of the system, the 
rating is on the voltage basis. In telephone work where 
inequality transformers are used in most cases primarily 
to match unequal impedances, as will be explained 
later, they are usually rated in accordance with their 
impedance ratios. 

Before taking up specific uses of the transformer, let 
us review in general what its presence in Figure 236 
has or may have accomplished: 

a. The characteristics of the electrical energy may 
have been changed, or we might say its state 
may have been "transformed", inasmuch as in 
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the primary circuit we may have had high cur­
rent and low voltage, while in the secondary 
circuit we may have had low current and high 
voltage, or vice versa, depending upon whether 
the transformer was step-up or step-down. 

b. The electrical energy was transferred from one 
circuit to another without any metallic connec­
tion being made between the two circuits; from 
a direct-current aspect the circuits are separate 
units. 

c. The transformer in effect changed the nature of 
the connected load, or in other words changed 
the impedance of the load to a different value 
unless the transformer was of unity ratio. 

In power work the principal use of a transformer is 
to accomplish the result given in a above, wilereas in 
telephone work we are directly concerned with b and c. 

,----------------------6~ 

Generator Load 

~----------------------' 

Step Down --..... 

Load 

F10. 237. UsE OF TRANSFORMERS 1N PowEn CIRCUIT 

First, let us illustrate the power case by referring to 
Figure 237 which shows the use of transformers in a 
simple power transmission circuit. Let us assume that 
a 110-volt alternating-current generator at station A 
is to be used to supply a load several miles a.way. The 
load is of such nature that it must have 100 amperes at 
an impressed voltage of 100 volts. Transmission from 
A to B must, therefore, be accomplished with a loss of 
10 volts for a current of 100 amperes and this means 
that the IR drop of the line must not exceed 10 volts. 
Therefore, the resistance of the line, from the equa­
tion-

E 10 1 
R = - = - = -ohm 

I 100 10 

must not exceed I/10th of an ohm, requiring extremely 
large copper conductors. If, however, a step-up trans­
former of 1-to-20 voltage ratio is inserted at the genera­
tor, and a step-down transformer of 20-to-1 ratio is 
inserted at the load, we shall find from the relation 
between current, voltage and power, that the current in 

the transmission line will be equal to 5 amperes instead 
of 100 amperes. It will then be possible to have a 200 
volt drop in the line and still have a voltage of 2000 
on the primary of the transformer at the distant end, 
or the required 100 volts when stepped down. Since 
the current in the line will now be I/20th of 100, or 5 
amperes, the resistance of the line in this case will 
be-

200 
R = - = 40ohms 

5 

We find, then, that the size of the conductors for the 
transmission line where the transformers a.re used, 
must be such that the resistance will not exceed 40 
ohms, whereas in the first case it must be such that the 
resistance will not exceed I / 10th ohm. The amount of 
copper required in the second case is 1/400th or only 
I/4th of one per cent of that required in the first case. 
The economy due to the copper saving is apparent. 

114. Transformer Applications to Telephone Circuits 

The applications of transformers to telephone cir­
cuits are numerous and varied. The reduction of 
energy losses in alternating-current transmission, as 
illustrated in Figure 237, has an application to tele­
phone transmission but is not so important as other 
uses. One very-general use is to accomplish the result 
given as b above. In this case, the primary function 
of the coil is to transfer energy to another circuit rather 
than to change the voltage and current values. When 
so used in telephone work, they are generally called 
"repeating coils" rather than "transformers" because 
their primary function is to "repeat" the energy into a 
different circuit rather than to transform it into a. 
different state. There are, however, inequality ratio 
repeating coils which perform both functions. On the 
other hand, in connection with telephone repeater 
circuits and certain other telephone apparatus, input 
and output coils are used primarily to change the 
voltage and current charapteristics. These are ac­
cordingly called "transformers", and not "repeating 
coils". 

FIG. 238. TRANSFORMERS IN CO:-.IMON BATTERY TELEPHONE 
CONNECTION 

[ 1581 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

Perhaps the most common application of the repeat­
ing coil in telephone work is in connection with the 
common battery cord circuit, as illustrated by Fig­
ure 238. Here the alternating-current flow in one 
subscriber's line is repeated into the other subscriber's 
line with little energy loss, and-at the same time the 
windings of the coils afford the proper direct-current 
connections for each subscriber's station to receive a 
superposed D.C. current for transmitter supply. A 
similar use of the same type of coil in connection with 
a toll switching trunk circuit is illustrated in Figure 140. 
Here only one side of the coil is used for battery supply 
while a condenser is bridged at the mid-point of the 
other winding, which prohibits the flow of direct cur­
rent from that side of the circuit. Here again the re­
peating coil accomplishes the transmission of voice 
current from one side to the other without its being , 
appreciably affected by the direct-current features of 
the circuit. 

Another very general use of repeating coils in the 
telephone plant is for deriving "phantom" circuits. 
Here the coils serve a unique purpose which has no 
counterpart in electrical power work, and is not in­
cluded in the classification of transformer functions 
given above. We shall therefore need to consider this 
application more fully. However, it may be noted 
that the coils, while serving this particular purpose, 
may also function effectively as impedance matching 
devices. 

116. The Phantom Circuit 

Figure 239 is a simplified diagram of two adjacent 
and similar telephone circuits arranged for phantom 
operation. By means of repeating coils installed at 
the terminals of the wire circuits, a third telephone 
circuit is obtained. This third circuit is known as 
the phant9m and utilizes the two conductors of each 
of the two principal, or "side" circuits, as one con­
ductor of the third circuit. The two side circuits and 
the phantom circuit are together known as a phant?m 
group. These three circuits, employing o?ly fou: hne 
conductors, can be used simultaneously without mter­
f erence with each other, or without crosstalk between 
any combination, provided the four wires have identi­
cal electrical characteristics and are properly trans-
posed to prevent crosstalk. . 

The repeating coils employed at the termmals are 
designed for voice-current and ringing-current fre­
quencies, and do not appreciably impair transmission 
over the principal or side circuits. The third or phan­
tom circuit is formed by connecting to the middle 
points of the line sides of the repeating coil windings, 
as shown in the figure. Since the two wires of each 
side circuit are identical, any current set up in the 

FIG. 239. PRINCIPLE OF THE PHANTOM CIRCUIT 

phantom circuit will divide equally at the mid-point of 
the repeating coil line windings. One part of the cur­
rent will flow through one-half of the line winding, 
and the other part of the current will flow in the oppo­
site dir~ction through the other half of the line winding. 
The inductive effects will be neutralized, and there will 
be no resultant current set up in the drop or switch­
board side of the repeating coil. Since the phantom 
current divides into two equal parts, the halves will 
flow in the same direction through the respective con­
ductors of one side circuit, and likewise return in the 
other side circuit. At any one point along a side 
circuit there will be no difference of potential between ' . . the two wires due to current in the phantom circuit, 
and a telephone receiver bridged across them will not 
detect the phantom conversation. 

Since there is no connection, inductive or otherwise, 
between the two circuits at the terminals, it is equally 
true that a conversation over a side circuit• cannot be 
heard in the phantom. This can be understood by 
imagining a flow in the closed side circuit through the 
line wires and the windings of the repeating coils at 
each end. With the side circuit conductors electri­
cally equal, there can be no difference of potential be­
tween the mid-point of the repeating coil line winding 
at one end and the mid-point of the repeating coil line 
winding at the other end because the drops of poten­
tial for the two parts of the side circuit are equal and 
opposite. If the side circuit, therefore, impresses no 
difference of potential on any part of the phantom 
circuit, the side circuit conversation cannot be heard 
over the phantom. 

In the theory of the phantom it should not be for­
gotten that the conductors are assumed to be electri­
cally identical, or in other words, the conductors are 
perfectly "balanced". The phantom is ve~y s~nsitive 
to the slightest upset of this balance, and circuits that 
are sufficiently balanced to prevent objectionable 
crosstalk or noise in physical circuit operation, may not 
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be sufficiently balanced for successful phantom opera­
tion. 

Standard repeating coils designed for phantom sets 
are mounted in pairs on a single base. Each coil in­
cludes four windings, as shown-schematically in Figure 
240, and the ends of each winding are brought out tc 
terminal lugs numbered as indicated. Where the coils 
are used on 2-wire circuits equipped with telephone 
repeaters, one of the coils is used as a balancing coil, 
as discussed in a later article. The windings 4-3 and 
8-7, which are connected to form the line side of the 
phantom repeating coil, are carefully wound so as to 
be as nearly identical electrically as possible. This 
balance is required, as we have already seen, to avoid 
crosstalk within the phantom group. The windings 
2-1 and 6-5 are not so well balanced and are therefore -
always connected to form the drop side of the repeating 
coil. 

3 

JMPSD.A.NCS •ATIO 
LIN■ TO D•OP 4---3 
• 8-7TO 2-1 a, H 

1:1 
1: 1.62 

1.62:1 
2.66:1 
1.24:1 
2.28:l 

1:1.28 
1:2.34 

TABLE IX 
PHANTOM R:&PIU.TING COILS 

8tJITADL• J'OR 20-<:TCL■ NOT ■UITA111La l'OB 20-cTCL■ 
IHGM..u.tNO &lON'ALll(Q 

Relay Rack Coil Rack Relay Rack Coil Raok 

93-A 75-A 62-A 85-A 
93-B 75-B 62-B 85-B 
93-F 75-F 62-C 85-C 
93-G 75-G 62-E 85-E 
93-H 
93-J 

62-F 
62-G 

required high degree of balance, but the drop windings 
are wound individually. The iron core of the coil is 
wrapped with cotton tape to protect the windings, and 

' after the windings are put in place, the coil itself is 
given a wrapping of cotton tape. It is then impreg­
nated with a moisture proof compound, placed in its 
case, and melted resin is poured around it until it is 
firmly imbedded. The leads are then brought out to 
the terminal punchings. 

The 85 and 62 type coils are made in the same ratios 
as the 93 and 75 type coils, and have approximately 
the same electrical characteristics. Their cores are 
made in the same way as described above, except that 
the gap in the magnetic circuit is not filled with com­
pressed iron powder. This feature makes these types 
of coils somewhat more stable and they are therefore 
especially well adapted for use in circuits on which 
rapidly changing direct currents are superposed, such 
as those involved in high speed teletypewriter service. 
The same feature, however, tends to make these coils 
very inefficient at low frequencies and they cannot be 
used on circuits employing 20-cycle signaling. 

116. Autotransformers 

2. ----- There is a type of transformer which may step-up 
FIG. 240. WIRING DIAGRAM oF STANDARD REPEATING CorL or step-down the voltage, but does not employ a sec­

ondary circuit that is electrically separated from the 
The code numbers of representative standard phan- primary circuit. It is called the "autotransformer", 

tom repeating coils, having various impedance ratios and the manner in which the primary and secondary 
as shown, are given in Table IX. The 93 and 75 type windings are connected together electrically, as well 
coils are identical except for different mounting ar- as magnetically, is shown in Figure 241-A. As in any 
rangements. The same is true of the 62 and 85 type transformer, the primary and secondary windings are 
coils. In the manufacture of the 93 and 75 type coils, both wound on the same iron core so that any lines of 
a core made of many turns of fine gaged silicon-steel magnetic induction that thread one winding also thread 
wire is sawed so as to introduce a gap in the magnetic the other. The fact that the windings are directly 
circuit. This gap is filled with a compressed powdered connected does not prevent the voltages on the pri-
magnetic material, which while increasing slightly the mary and secondary sides from being proportional to 
core's reluctance, gives it a high degree of magnetic the number of turns in the, windings, just as in the 
stability, preventing permanent magnetization under regular transformer. Thus, in Figure 241-A if there 
abnormal service conditions. The two windings for are 800 turns between a and d, 200 turns between b 
the line side are wound on the core together to give the and c, and 110 volts are connected to be, the primary, 
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the secondary voltage will be-

800 
110 X 

200 
= 440 volts 

This is a one-to-four step-up transformer, and if we 
should reverse the primary and secondary connections, 
we would have a four-to-one step-down transformer. 

E z 

A B 

Flo. 241. THE AUTo-TRANSPoaia:a 

Figure 241-B shows a step-down autotransformer 
with a voltage E connected to its primary and a load 
of impedance Z connected to its secondary. Since 
the winding be is shunted by the load Z, it will be ap­
parent that only part of the current in Z will flow 
through the secondary winding. The remainder will 
flow through the portion of the primary winding repre­
sented by ab and cd, and the generator. In other 
words, the primary current will flow through only a 
portion of the primary winding, and only a portion of 
the load current will flow through the secondary wind­
ing. In an ordinary transformer having entirely 
separate primary and secondary windings, on the other 
hand, all of the load current flows in the secondary 
winding, and all of the generator current flows in the 
primary winding. In a practical transformer the cur­
rents cause 12 R losses in the windings in which they 
flow in any case. But because of the fact noted above, 
the / 2 R losses in the autotransformer are lower than in 
a transformer of the usual type, it being understood 
that the same size wire is used on each. This means 
that an autotransformer can be designed to have the 
same losses as a regular transformer, and still have less 
copper in the windings, thereby effecting a saving. 

F!OURJII 242 

However, the direct electrical connection between wind­
ings is a disadvantage in power work since it introduces 
the hazardous possibility of obtaining the full primary 
voltage on the load side of the device if the secondary 
-winding should become open. 

In telephone work, it is sometimes desirable to use a 
transformer to change the effective impedance of a 
circuit without changing the circuit continuity for 
telegraph currents, D.C. signaling or D.C. testing. 
Figure 242 shows how this is accomplished through 
the use of an autotransformer; the condenser connected 
between the windings prevents any direct-current flow 
from one side of the circuit to the other. 

117. The Hybrid Coil 

Io telephone repeater operation, as in duplex teleg­
raphy, we must receive incoming energy and direct it 
into a receiving circuit (input) which is separate and 
distinct from the sending (output) circuit. This is 
essential inasmuch as the device used for amplifying 
voice-frequency currents can operate in one direction 

Direction of 
_______ Tr....,ansmission J,..---------

6 Output Input 

W k irect Curren 

Input 

Wea'­
Alternatin 

Current 

Direction of 
Transmission 

FIGURE 243 

Direct Current •I-~ --

Output" 

Strong 
lternatin 

only. Its limitations in this respect are analogous to 
the telegraph relay, which repeats a direct-current sig­
nal from a circuit having a small amount of energy 
into one having a greater amount of energy (see Fig­
ure 243). The use of such one-way amplifiers, without 
some device for securing transmission in both direc­
tions, would be restricted to such a layout as is shown 
in Figure 244. This would require not only twice the 
circuit facilities for each long distance connection, but 
also special telephones at each terminal. We learned 
in Chapter XI how duplex telegraphy is accomplished 
over a single wire by application of the Wheatstone 
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FIGURE 244 

bridge principle and the use of an artificial line. The 
problem in the case of the telephone repeater is some­
what more complicated, but its solution is effected by 
employing the same principle of bridge balance, using 
an artificial line called a "balancing network". 

In later chapters, we shall discuss the vacuum tube 
and its application in the telephone repeater. We 
may take up at this time the "hybrid coil", which 
makes two-way transmission over circuits equipped 
with one-way amplifying devices possible. For this 
discussion we may consider the amplifier circuit as a 
device which increases the energy of the voice current 
received at its input many times, and delivers this en­
ergy without appreciable distortion to the output. It 
would not be possible for two such devices to be con­
nected at the same point in a telephone circuit, as 
shown in Figure 245, because any energy amplified in 
one circuit would be delivered to the input of the other, 
to be again amplified and returned to the first. This 
returning energy would again reach the input of the 
first amplifier and the cycle would be repeated, with 
energy thus circulating through the two amplifiers 
and increasing in value until a condition of saturation 
was reached. The repeater would then continue to 
"howl" or "sing" indefinitely, rendering the telephone 
circuit inoperative. 

FIGURE 245 

Wheatstone bridge with proper modifications, however, 
can be operated with alternating current as well as 
direct current. To illustrate, in Figure 246 we have a 
repeating coil connected as an alternating-current 
Wheatstone bridge. Here the source of voltage is an 
A.C. generator instead of a battery, and instead of 
connecting the voltage to the points a and b as is 
usually done, the same results are accomplished by 
connecting "it to the drop winding of the coil. The 
E.M.F. is then impressed across a and b by mutual 
induction instead of by direct connection, but the re­
sult is, of course, the same. In place of a direct de­
flecting galvanometer, we have substituted a telephone 
receiver which, for alternating current of the voice­
frequency range, is even more sensitive. This circuit 
can now be used to measure the value of any resistance 
that may be connected to the X terminals. We can 

a 

FIGURE 246 

also use this circuit to measure any impedance that 
might be connected to the X terminals, provided the 
variable arm R has in series with it a variable reactance 
for balancing the reactive component of the unknown 
impedance. 

Let us now assume that an alternating-current bridge 
circuit, such as that shown in Figure 246, but arranged 
to measure impedance as well as non-inductive resis­
tance, has a transmitter substituted for its A.C. genera­
tor, and a telephone line terminating in a subset at 
the distant end, connected to the X terminals. Such 
an arrangement is illustrated by Figure 247. Here we 
have a device for terminating an ordinary telephone 
circuit so as to provide a receiving and a sending 
circuit that are independent of each other. With the 

To eliminate the possibility of repeater singing, we A 
must convert the ordinary telephone circuit into a 
receiving and a sending circuit which are independent 
of each other. That is, as in the case of the duplex 
set, the two circuits must be connected to the same 
line, yet any current flowing in one must not in any 
way affect the other. We can obtain this desired re­
sult by applying the principle of bridge balance, but 
the application is now to alternating currents. A 
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FIGURE 248 

variable arm of the bridge adjusted to give perfect 
balance, any voice current in the transmitter circuit 
at Station A cannot be heard in the receiver circuit 
at that station, for the same reason that a galvanometer 
needle is stationary in any balanced bridge. We have 
double-tracked, so to speak, the ordinary 2-way tele­
phone circuit. 

If we now take two such circuits, and introduce two 
amplifiers as shown in Figure 248, we have a device 
that may be used as a telephone repeater at some inter­
mediate point in a 2-wire telephone circuit. Here 
the energy coming from one amplifier cannot find its 
way into the input of the other and cause singing. 

FIGURE 249 

The coil that takes the place of the bridge mecha­
nism in Figures 247 and 248, is known as a hybrid coil, 
sometimes called bridge transformer, three-winding 
transformer, repeater output transformer, etc. In the 
actual coil, there are a few additional details of design 
that do not permit the identity of the simple A.C. 
bridge circuit to be so readily recognized. These are 
not difficult to follow, however, after having been once 
pointed out. In the first place, the design shown in 
Figure 247 is not the conventional arrangement for 
illustrating the hybrid coil. The conventional sche­
matic is shown in Figure 249, which, it will be observed 

Fm. 250. THE HYBRID Co1L 

shows the same circuit connections as Figure 247 but 
is less similar to the standard convention for the 
Wheatstone bridge. In the actual hybrid coil, the 
line coils are divided and connected on both sides of 
the line as shown by Figure 250, in order that perfect 
symmetry in the wiring of the talking circuit may be 
maintained. Both sets of windings, of course, are 
inductively coupled to the third winding. Figure 251 

FIG. 251. Two-WIRE TELEPHONE REPEATER CIRCUIT 

shows the revised schematic of the amplifier connec­
tions to two hybrid coils in a 2-wire telephone repeater 
circuit. 

In the hybrid coil, as in other transformers or re­
peating coils, the design must be such as to give the 
desired impedance relations. However, although a 
simple inequality ratio repeating coil must provide for 
connecting together two unequal impedances, the hy­
brid coil must provide for matching four impedances. 
This is illustrated by Figure 252, where for convenience 
the coil is shown as in Figure 249 instead of as in Fig­
ure 250. If Z1 is the impedance of the telephone line 
and Z2 the impedance of the balancing network, Z1 

is, of course, equal to Z2. In order to determine the 
relationships between Z3 and Zc, which represent the 
impedance of one amplifier input and the impedance of 
the other amplifier output, respectively, we must an­
alyze the electrical conditions. 

..,. 
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FIGURE 252 

If we represent the source of voltage in the output 
circuit by a generator connected in series with Z4, 

the energy supplied to the coil will obviously divide 
equally at the bridge, one-half going to each of the two 
equal impedances, Z1 and Z2. None will get to Z1• 

The part going to Zi, which represents the impedance 
of the network circuit, accomplishes no useful purpose 
and is lost. For this reason alone, the amplifier must 
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FIG. 253. 4-WIRJI TERMINATING SET 

be adjusted to supply twice the energy that is required 
for actual transmission. If, now, we simulate the con­
ditions for inward transmission, connecting the gen­
erator in series with Z1, the coil relations are such that 
half the energy goes to Za and half is dissipated in Z,, 
but none· reaches Zs. The voltage induced between 
c and a is equal to the voltage induced between a and 
d because the windings have the same number of turns 
and are on the same magnetic core. The turn ratio 
of the coil is fixed at such a value that the voltage 
induced in the latter winding is just equal to the volt­
age drop across Za. Consequently, points b and d 
a.re at the same potential. There is therefore no cur­
rent flow between these points, and Zs consumes no 
energy. As before, however, half the incoming energy 
is lost in the impedance Z,, so the amplifier must be 
further adjusted to compensate for this additional loss. 

Hybrid coils are used generally in connection with 
2-wire telephone repeaters to accomplish the "double­
tracking" purpose that we have been considering. The 
same three-winding coil can be used at the terminals of 
4-wire circuits to convert the 4-wire line into a 2-wire 
line, where it behaves in exactly the same way as in 
the 2-wire repeater circuit. More commonly, how­
ever, a slightly different transformer arrangement, 

known as a "4-wire terminating set", is used for this 
purpose. This consists of two ordinary repeating coils 
connected with one winding reversed, as shown in 
Figure 253. 

The principle involved here is the same as for the 
hybrid coil proper, as may be seen by analyzing the 
circuit. Thus, we may consider first the case of en­
ergy coming from the transmitting side of the 4-wire 
line for transfer to the 2-wire line. This is illustrated 
by Figure 253-A where the energy source is represented 
by V, the 2-wire line impedance by Z1, the equal 
balancing network impedance by Z2, and the impe­
dance of the receiving side of the 4-wire line by Z,. 
As indicated by the arrows, at any given instant V 
sets up equal voltages in Z1 and Z2, but because the 
winding g-h of repeating coil 2. is reversed, the 
voltage set up in this winding is opposed by the equal 
voltage set up in winding g-h of repeating coil 1. 
As a result, no current is established in z,. Similarly, 
where the energy comes from the 2-wire line, as illus­
trated in Figure 253-B, equal voltages are set up in 
Z1 and Z, and there is no current in the network, Zs. 
This is because the direction of the voltage set up in 
winding e-J of repeating coil 2 is such as to oppose 
the equal voltage set up in winding a-b. 
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CHAPTER XIX 

TRANSMISSION THEORY OF LONG TELEPHONE LINES 

118. Nature of Transmission Lines 

Thus far we have analyzed only alternating-current 
circuits having "lumped" constants. That is to say, 
whenever we have encountered one of the three proper­
ties, resistance, capacity or inductance, we .have con­
sidered it as pertaining to a specific piece of apparatus 
having a definite location in space. The only capacity 
we have known has been that which was a property of 
some device of definite size such as a condenser, and 
we have been ·able in every case to connect directly 
to the terminals of such a device. The same may be 
said of each resistance and inductance. This has sim­
plified the make-up of the networks we have considered. 
In taking up the long transmission line, however, we 
shall find a different set of conditions. Though we 
shall not encounter any properties other than capacity, 
resistance and inductance, these will not be lumped. 
They will be more or less uniformly distributed along 
the entire length of the line, in fact they will be almost 
inseparably distributed. We can ~atura!l~ expe~t, 
therefore that circuits of this type will exh1b1t certam 
peculiarities that will make more difficult the analysis 
of the current in them, which represents energy trans­
mission. 

The nature of a long transmission line to which is 
connected a source of alternating-current energy, or an 
alternating E.M.F., is fundamentally that of a medium 
for wave propagation. It is another manifestation of 
the various forms of energy we have about us in all 
nature such as sound, heat, and light, being trans­
mitted through some medium, though in ·this case we 
are dealing with electrical waves rather than sound, 
heat, or light waves. We speak of this form of trans­
mission as "propagation". In all forms of propaga­
tion, the energy is in the form of moving waves and 
encounters opposition at every point in the medium. 
This tends to dissipate or cause the energy to die out, 
and we speak of this as the "attenuation" of the energy. 
A typical illustration is the case of sound energy being 
transmitted through the atmosphere. The attenua-
tion is lower to some extent if the sound energy is 
restricted to a column of the atmosphere, as in the case 
where the voice is transmitted through a speaking 
tube. Voice-current transmission over a long tele­
phone line is simply a case of electrical wave propaga-
tion where the energy is restricted to a single channel. 

In each of these phenomena for the propagation of 
the various forms of energy, both the degree of atten-

uation and the speed at which the wave travels through 
the medium depend upon the nature of the medium. 
Furthermore, there are certain reactions that take place 
whenever the wave must pass from one medium to 
another. In the case of the speaking tube, the distance 
over which we can talk and the velocity of the sound 
wave depend to some extent on the density and humid­
ity of the air within the tube. If we could imagine 
a case where one end of the tube was filled with air of 
a different density and degree of moisture saturation 
from that at the other end, we might hear an echo at 
the speaking end, due to a part of the energy being 
reflected back at the junction of the two transmitting 
mediums. 

Perhaps a better illustration of the reflection phe­
nomenon is the case of light, which has a definite veloc­
ity through the atmosphere but when it strikes a clear 
body of water such as a still lake, travels slower in the 
water than in the atmosphere. By our own observa­
tion, we know on the one band, that this light may 
continue through the :water until it illuminates pebbles 
on the bottom of the lake, while on the other hand, we 
find a mirrorlike reflection on the surface of the still 
water and know that some light is being reflected as it 
strikes the surface, in the same way that light is re­
flected when it strikes the surface of a mirror. It is 
only reflected in part, however, as we have evidence 
that some of the light has penetrated the more difficult 
medium. In all forms of wave motion we may have 
this phenomenon of reflection, and coming back to our 
electrical transmission line, we must deal with this as 
an effect distinct from the other two previously men­
tioned. All three effects depend on the nature of the 
medium or media. Briefly, there are three general 
laws covering these phenomena: 

a. The energy is attenuated and the degree of its 
attenuation depends on the combination of dis­
tributed capacity,· distributed inductance, and 
distributed resistance (both in the series form, 
as that of the conductors and in the shunt form, 
as that of leakage). 

b. There is a definite speed at which the wave 
travels, which depends upon the electrical char­
acteristics of the transmission line as estab­
lished by the properties mentioned in a above. 

c. There is a reflection of energy whenever the wave 
passes the junction of one transmission line 
with another, if the two lines have different 
electrical characteristics. 
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To analyze alternating-current flow to the most 
accurate degree under such conditions, where we have 
wave propagation rather than simple flow through a 
localized circuit with lumped properties, and must take 
into consideration the circuit properties as they exist 
and the conditions brought about by the uniform dis­
tribution of these properties over great lengths, would 
naturally involve the higher branches of mathematics. 
For most practical purposes, however, and for the 
applications that we meet in everyday telephone work, 
we may closely simulate or approximate the electrical 
make-up of any transmission line by some form of cir­
cuit having lumped properties. 

In order that we may obtain a clear idea of the proc­
esses involved in as simple a manner as possible, we 
may profitably first consider this general problem on a 
direct-current basis. In doing this we will need to 
remember that such a treatment is largely hypothetical, 
as both telephone and telegraph transmission are essen­
tially alternating-current phenomena; but we will, 
nevertheless, be able to establish certain general prin­
ciples more easily than by handling the problem as an 
alternating current one .from the beginning. Then 
having established these principles, we may revert to 
our alternating-current transmission problem and make 
such modifications as are necessary in order that they 
may apply equally well to the alternating-current 
case. 

TABLE X 
TBE COMPARATIVE PERCENTAGES OF POWER DELIVERED TO A 

RECEIVING DEVICE FOR VARIOUS RATIOS OF hs RESISTANCE 

TO THE INTERNAL RESISTANCE OF THE SUPPLY SYSTEM, AND 

THE EFFICIENCY AT WHICH POWER Is SUPPLIED TO THE 

RECEIVING DEVICE FOR THE SAME RATIOS 

'VALOS 01' R. 

2.0 R, 
1.1 R, 
l.OR1 

.9 R, 

.5R, 

. 2 R, 

% OF MAXIMVN P, 
4RtR, 

- 100 X (R, + R,)• 

88.9 
99.8 

100 . 
99.7 
88.9 
55.6 

119. The Transmission System 

% J:l'P'ICIENCT 
100 

- ~+1 
Rs 

66.7 
52.4 
50.0 
47.4 
33.3 
16.7 

for converting electrical energy into some other useful 
form. In a long distance telephone connection, a 
transmitter may be considered as the source of energy; 
the line from the speaking party to the listening party 
with all of its associated conductors, coils, and connec­
tions, may be thought of as the transmission medium, 
and the telephone receiver at the distant end may be 
considered as the third part of the transmission system, 
or the device which converts tiny electrical currents 
into audible vibrations of air called sound waves. 
Regardless of the kind of system, we must have these 
factors. 

120. Transfer of Power 

If a transmission system is to accomplish its purpose, 
it must be so designed that the energy transmitted 
from the source to the receiving device is sufficient to 
successfully operate the receiving device. As a sec­
ondary consideration it may be designed for power 
efficiency that is, regardless of the magnitude of the 
power d ivered to the receiving device, the power lost 
in transmitting the energy from the source must be 
kept at a minimum. Although this is important in 
any transmission system, its special importance is in 
power transmission. In telephone work we probably 
think more of the primary purpose, that is, the system's 
effectiveness in transferring the maximum quantities 
of power to the receiving device, regardless of what per­
centage may be lost. 

To illustrate the principles of power transfer and 
power efficiency, let us consider a small direct-current 
power distribution system. Such a system is usually 
a complicated network, consisting of a combination of 
many series and parallel resistances. When connecting 
a lamp to the lighting mains, we are concerned pri­
marily in the transfer of power to the lamp. The lamp 
then, is the receiving device; the wiring from the lamp 
to the mains is the transmitting medium, and the mains 
are the source of energy. Looked at in this manner, 
the source of energy is no longer a simple device such 
as a battery, but is itself an energized network of com­
plex make-up. Moreover, the current and voltage dis-
tribution in this energized network are influenced by 
the presence or absence of the lamp; current and volt­
age values elsewhere in the system will change as the 

Any transmission system consists of three essential lamp is connected to or disconnected from the mains. 
parts; a source of energy, a medium over which it is We know that our receiving device has a constant 
desired to transmit energy to a receiving device, and resistance, and for a constant voltage, draws a definite 
the receiving device itself, which usually converts the current. We further know that the power that is ex-
electrical energy, into some form more useful. In a pended in the device is equal to its resistance multiplied 
power transmission line, an electrical generator may be by the current squared. This we may call the useful 
the source of energy; high voltage lines with trans- expended power. But if the current coming from the 
formers at either end may be the transmitting medium; source of electromotive force, must traverse other 
a mot.or, lamp, or heater ml,l.y be the receiving device resistances or other parts of the complicated network, 
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as is the usual case, part of the power which is actually 
delivered by the source because of the connection of the 
particular receiving device, will be lost in the dis­
tribution system. The ratio obtained by dividing the 
power received by the device by the power expended by 
the source on account of its connection, is called the 
power efficiency. This will increase with increase in 
resistance of the receiving device. Other things being 
equal, therefore, we have the most efficient operation 
when the receiving circuit is one of very high resistance. 

On the other hand, we may be interested in receiving 
all of the power possible, regardless of whether the 
operation under such circumstances is efficient or not. 
In the case of a telephone receiver at the end of a long 
transmission line, we are primarily interested in the 
receiver taking from the electrical system the maximum 
amount of power. The condition for maximum trans­
fer of power is obtained when the resistance of the 
receiving circuit is equal to the resistance of the network 
to which it is connected, as measured across the receiv­
ing terminals. The simplest application of this is 
secured by connecting to a battery a resistance equal 
in magnitude ·to the internal resistance of the battery. 
In this case the battery will transfer to the external 
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FIG. 255. EFJ,'ICIENCY AS A FUNCTION OF RESISTANCE RATIO 

circuit the maximum amount, of power, but in doing so 
will operate at an efficiency of only 50 per cent. 

Figure 254 shows a curve which represents the power 
of the external circuit for various ratios of the resistance 
of the external circuit to that of the internal circuit. 
Figure 255 shows the efficiency for the same conditions. 
Table X gives the values from which these curves are 
plotted. 

121. Pollard's Theorem 

For the purpose of simplifying electrical calculations, 
we can consider any electrical system as one network 
supplying energy to another. One or the other of these 
networks may then be replaced by an equivalent circuit 
of maximum simplicity. For every energized network 
there is an equivalent simple electrical circuit which 
consists of an E.M.F. and a resistance in series. 

This means that regardless of how complicated an 
electrical circuit may be, its effect in supplying current 
to any other circuit connected to it at two designated 
terminals, is equivalent to some source of electromotive 
force in series with a resistance. In other words, it is 
equivalent to a source of electromotive force, such as a 
battery, having an internal resistance of a definite 
value. This principle is called Pollard's Theorem and 
Figure 256 illustrates its use. E is a source of electro­
motive force connected to a complicated network; A 
and B are terminals to a particular branch of the com­
plicated network. If it is desired to connect some 
receiving_ device to these terminals, the effect of this 
dectrical system on the receiving device will be the 
same as that of the electrical system shown by Figure 
257 where E' is the electromotive force measured 
across the terminals A and B of Figure 256, and R' is 
the resistance measured or calculated from the same 
terminals with the electromotive force E short-cir­
cuited. Pollard's Theorem may be briefly stated as 
follows: 

The current supplied to an electrical device con­
nected to two terminals of any electrical system is 
equal to the potential measured across these ter­
minals before the device is connected, divided by the 
resistance measured or calculated across these ter­
minals with the source of E.M.F. short-circuited, 
plus the resistance of the receiving device. 

-t -E• -
FIGURE 256 
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122. Equivalent Networks 

Pollard's Theorem gives us a method of substituting 
an equivalent circuit for any complicated electrical 
system, but in so doing we are required to replace the 

source of electromotive force with one having another 
value. It is often desired to determine the simplest 
equivalent network for a complicated electrical system 
which will supply to some receiving device the same 
current as the electrical system and will take from the 
same source of electromotive force the same current 
as the electrical system. A network consisting of three 
resistances of proper value arranged in the form of a 
T as shown by Figure 258 can always be substituted for 
any network, regardless of how complicated, and ful­
fill these conditions. For example, the circuit in 

Figure 258 may be substituted for that shown by 
Figure 256, and the current supplied to this system by 
the electromotive force E will remain unchanged, and 
the current received by a device connected to the 
terminals A and B will be the same. As we shall see 
in a later chapter, this same result can also be effected 
by means of a simple network having three arms 
arranged in the form of a ~-

In determining values for the three resistances in an 
equivalent T-network such as is shown by Figure 258, 
the following equations may be used: 

Resistance of a = R1 - c 

b = R, - C 

c = v'(R1 - &)Ra 

(72) 

(73) 

(74) 

where R1 is the calculated (or measured) resistance of 
the complicated network at the terminals connected to 

-E : C 

'---------i~-------s 

the source of E.M.F. with the receiving device ter­
minals open; R, is the same with the receiving device 
terminals short-circuited; and Ra is the resistance of 
the complicated network calculated (or measured) 
from the receiving device terminals with the source 
terminals open. 

123. Multisection Uniform Networks 

A long transmission line can be exactly represented 
electrically by a simple three-element equivalent net­
work such as was discussed in the preceding article, but 
the determination of the values of the three arms of the 
network involves in this case the use of certain higher 
branches of ma.thematics. For most practical pur­
poses, we may deal with the transmission line by con­
sidering it as consisting of a number of separate sec­
tions. Treating at this time the direct-eurrent case, 
we shall assume an approximately equivalent network 

for a transmission system such as a grounded tele­
graph wire 50 miles in length, and having a uniform 
leakage to ground throughout. We can imagine such a 

circuit as ten uniform sections, and for our purpose, 
may consider the leak to ground in each five-mile 
section as concentrated at the middle point. With 
these assumptions, our circuit may be represented by 
the network shown in Figure 259. Such a network is 

A C 

g D 

F1G. 259. MULTISECTION UNIFORM NETWORIC 

called a multisection uniform network because it con­
sists of a number of identical units joined together. 
While a network thus constructed is not identical to the 
actual telegraph wire, we can construct one as nearly 

identical as we may desire by making our sections 

shorter in length. In this particular case, a 10-section 

uniform network would give a very small error in cal­

culations for a receiving instrument connected across 

terminals C and D. If the smooth curve of Figure 260 

represented energy values for various points along the 

actual telegraph wire, the broken line would approxi-

mately represent energy values in each section of the 

network. 
Knowing the value of each unit in the network shown 

in Figure 259, we may calculate the current that would 

be received by a resistance connected a.cross C and D, 
with a definite electromotive force applied to A and B, 
by using Ohm's Law and Kirchoff's Laws in the same 

manner that we have applied them to other networks. 

This procedure is rather laborious for long transmission 

[ 168] 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

lines, however, and may be simplified by use of an 
attenuation formula. This will be discussed after 
defining what is meant by characteristic resistance. 

124. Characteristic Resistance 

If we assume a telegraph instrument connected to 
terminals C and D of Figure 259, it would receive the 
maximum amount of power from the uniform network 
if its resistance were equal to the resistance of the net­
work as measured across these terminals. Likewise 
the network would receive the maximum amount of 
power from any energized circuit to which it n:iight be 
connected at the points A and B, if its resistance mea­
sured across A and B were equal to the resistance Qf 
the energized circuit. This we learned from the prin­
ciple of maximum power transfer. But before connect­
ing an energized circuit for sending to A and B or a 
circuit for receiving to C and D, let us measure the 
resistance of the network at A and B, and then con­
struct a simple resistance R.o of this measured value, 
and connect it to C and D. 

~ 
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~ 

a ~ - Power along equivelent network C: 
0 

~ shown in Fiq259 CJ 
'- ~ (l) 

~ ~ 0 

~ 0... 

' ~ .,,,_ 
""9..... ~ -

0 5 10 15 20 25 30 40 ,s 50 
Length of Line 
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FroURJ: 261 

minals C and D are open. Therefore, Figure 261 is 
equivalent in all respects to a 20-section network 
open at the distant end, instead of the IO-section net­
work shown by Figure 259. If the new measured 
resistance value is now substituted for the . resistance 
Ro in Figure 261, we shall have a network equivalent 
to a 30-section uniform network. If we again take 
measurements and replace R.o with the still newer value 
and continue this practice indefinitely, each time in 
effect increasing the length of the network by ten 
sections, we will eventually have the equivalent of a 
line so long that anything connected to its distant end 
will have·no effect upon the current which the sending 
element delivers to the line at the terminals A and B. 
Either short-circuiting or opening the distant end will 
not affect the equivalent resistance of the line. 

This equivalent resistance, or the resistance of a net­
work having an infinite number of sections, is called the 
characteristic resistance. Its value can be calculated 
from the relationship-

(75) 

where R1 and R, are the elements of a network as shown 
in Figure 259, and R.o is its characteristic resistance. 
If the resistance of the receiving device is made equal 
to R.o and if the sending circuit supplying energy to the 
line is so designed as to have the same resistance as 
R.o, we shall have the conditions of maximum energy 
transferred both from the sending circuit into the line 
at A and B, and from the line into the receiving tele­
graph instrument at C and-D. While in practice this 
condition may not be generally applied to telegraph 
operation, it does apply to long distance telephone 
circuit operation. Characteristic resistance bears the 
same relation to a direct-current transmission line as 
characteristic impedance bears to an alternating­
current transmission line. In both cases, the principle 

If we then take a new measurement across A and B, is the same. It is paramount in the operation of long 
we shall have a value different from that of the first distance telephone circuits from two viewpoints-first, 
measurement. The value we would obtain for this an efficiently designed system for simple voice-current 
second condition would be equal to that of a multi- transmission and second, successful 2-wire telephone 
section uniform network having exactly twice the repeater operation, which requires balancing networks. 
number of sections of that shown by Figure 259. This If it were possible in every case to connect receiving 
is evident when we consider that in connecting the devices to sources of energy without intermediate lines, 
resistance R.o to the network of Figure 259, as shown by t he receiving device could be designed with respect t o 
Figure 261, we in effect doubled the length of the multi- the source of energy, or vice versa, and maximum power 
section network, because the resistance R.o, connected transfer secured by comparatively simple methods. 
to the terminals C and D, is equal to the resistance of But, as we have seen, the intermediate transmission 
the network measured from A and B when the ter- line complicates the problem; especially when at best 
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a considerable portion of the energy must be lost in the 
line. Ordinarily the physical nature of the trans­
mission medium is more or less fixed. It is therefore 
necessary to design the apparatus connected to it with 
respect to the characteristic resistance (or impedance) 
of the line rather than to design one unit with respect 
to the other. 

125. Attenuation 

This subject, too, has little importance when applied 
to direct-current circuits such as the telegraph circuit 
previously discussed, but it likewise may be treated 
more simply from the direct-current aspect. We shall 
examine at this time, therefore, what is meant by atten­
uation, and the use of attenuation formulas in calculat­
ing current or voltage values at points along, or at the 
distant end, of a transmission line. If in Figure 261 
the multisection uniform network has an infinite num­
ber of sections or is terminated in its characteristic 
resistance, Ro, the ratio of the current leaving any one 
section to that entering the section will be the same, 
regardless of what section is considered. That is, 

(76) 

To illustrate this, let us assume that the current enter­
ing the network at A and B is decreased at the end of 
the first section to a given fractional value, forexample 
½: the remaining current will be likewise decreased one­
half to a value of one-quarter of the original at the end 
of the second section. In the same way, the current 
will be reduced to one-eighth of the original value at 

the end of the next section, to one-sixteenth at the end 
of the following section, and so on indefinitely. This 
"dying out" or attenuation is due to a part of the cur­
rent in each section returning through the shunting 
resistance instead of flowing toward the receiving end, 
and thereby becoming lost in so far as transmission from 
one end of the network to the other is concerned. If, 
for example, we desire to calculate the current value at 
the distant end of a 10-section uniform network we must 
multiply the ratio of the current entering each section 
to that leaving each section by itself 10 times, or take 
the 10th power of the fraction Id Ii. 

Such calculations are usually made by the use of 
logarithms. This permits an equation to be written 
giving the ratio of the current at the receiving end, 
In, to the current at the sending end, I 1 as follows: 

In 1 
r; = en<> 

(77) 

where n is the number of sections, e is the base of the 
Naperian logarithm system, and a is the attenuation 
constant. The value of a can be calculated from the 
following equation: 

I ½R1 + Ri + Ro 
a = og, R2 (78) 

in which R1 is the series resistance per section, Ri is 
the bridged resistance per section, and Ro is the charac­
teristic resistance. The same equation may be ex­
pressed, using common logarithms, as follows: 

a = 2.303 log ½Ri + ~,. + Ro (79) 
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CHAPTER XX 

TRANSMISSION THEORY OF LONG TELEPHONE LINES-( Continued) 

126. The Transmission Line as a Multisection Net­
work 

Now having made use of a direct-current analysis 
of the general problem of transmission over long dis­
tances to establish certain definitions and methods of 
attack, we may turn our attention to the less artificial 
but somewhat more complex problem of alternating­
current transmission. Let us assume that Figure 262 
represents a very long telephone line with alternating­
current energy (such as that coming from a telephone 
transmitter) applied at one end, and some receiving 
device of impedance Za connected at the distant end. 
We know that such a line has series resistance. By 
short-circuiting the receiving device at the distant 
end, we could determine with a Wheatstone bridge the 
actual value of the series resistance from one end to 
the other. We further know that it has series induc­
tance, because there must be the equivalent of inter­
linkages of the magnetic lines of induction from one 
coil turn to another, since in this case the lines of force 
set up by the current in one wire will cut the other wire 
as they contract and expand. This will create an 
induced E.M.F. in the same way as adjacent loops of 
a coil, though perhaps to a much less degree for the 
same length of conductor. Yet, since the line is very 
long, the overall series inductance will be appreciable. 

--------------------------, 

£ 

...... -----------------~------' 
FIGURE 262 

circuit, and also its total length. If we evaluate the 
constants of the circuit in its entirety and attempt to 
use these values directly to build a simple network that 
will simulate the line, we will find the task impossible. 
Even a T-network made up of these "nominal" values 
will fail to simulate the line if the latter be of any great 
length; and the greater the length, the greater will be 
the electrical dissimilarity between line and network. 
We could, of cour.se, construct an equivalent T-net­
work, using constants determined by measurements as 
explained in the preceding chapter, which would 
exactly simulate the line, but we should find this T 
quite unlike the nominal T. The relationship between 
the two networks would not be a simple one and would 
necessitate the use of "hyperbolic trigonometry" for 
its determination. However, by taking shorter sec­
tions of line to simulate, we find a closer agreement 

FIGURE 263 

between the line and the nominal T, so that by con­
sidering the line as made up of a large number of ex­
tremely short sections, and constructing a multisection 
uniform network as illustrated in Figure 263, we can 
approximately simulate the line. 

The degree of accuracy to which we approximate the 
line is going to depend on how far we go in breaking up 
the quantities into smaller parts. To begin with, 

We further know that the line has some leakage which we shall take an extreme case. Let us assume, for 
in any practical case will depend upon atmospheric instance, that we have a circuit 1,000 miles long and 
conditions, but the insulation will never be so perfect are going to construct a network section for each foot, 
that some leakage cannot be detected with a sufficiently giving more than 5,000,000 sections for the network. 
sensitive instrument. There is one other property of Certainly we could not question the accuracy with 
the line. If it is open at the distant end, it will be which such a multisection uniform network would 
found to act very much like a condenser. When a approximate the actual line. Assuming, therefore, that 
battery in series with a sensitive meter is connected we have succeeded in so breaking up our distributed 
to it, there will be a throw of the needle showing that properties into tiny lumped properties which can be 
the line temporarily is taking current to charge the connected into a form of network, let us now accept 
two wires as though they were plates of a condenser. this network, as illustrated by Figure 263, as equivalent 

Now let us assume that we know the resistance, for all practical purposes to the actual transmission line 
inductance, leakage, and capacity of each mile of the illustrated by Figure 262. 
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Now our interest in this network lies in-
a. The current that will leave the generator a.t the 

sending end and flow into the network. This 
will be determined solely by the impedance the 
network presents at the "voltaged" end, when 
connected to the generator. If V0 js the ter­
minal voltage of the sending device, and I 0 

the entering current, then Io = V 0/ Zo where 
Zo is called the "sending end impede.nee" of 
the line (when the line is infinitely long it is the 
"characteristic impede.nee" of the line). Since 
our line is 1,000 miles long and will for all prac­
tical purposes draw the same sending current 
from the genera.tor as an infinite line, we can 
consider Zo in this case as the characteristic 
impedance. 

b. We are next interested in what pa.rt of the energy 
leaving the generator will eventually reach the 
receiving device at the distant end. Or, since 
energy depends on both voltage and current, 
we are interested in what part of the generator's 
voltage will be impressed across the termin~ls 
of ZR or what pa.rt of the generator's current will 
flow through Za. 

c. For many transmission considerations we a.re also 
interested in the time required · for the energy 
leaving the generator to reach the receiving 
device. In other words, we are interested in 
the speed of wave propagation from one end 
of the line to the other. 

Theoretically, it is not altogether impossible to treat 
Figure 263 as any complicated network and step-by­
step to calculate the impedance Zo, as long ~ the mun­

her of sections is finite. In this case we are dealing with 
5,000,000 sections, and it would be possible to calculate 
the current in each branch of the network or even 

farads. Now, the series impedance contains Rand L 
and is given by the equation-

z = R + jwL (80) 

where z, R and L are as defined above, w is equal to 
21rf, and j is an opera.tor indicating 90° rotation as dis­
cussed in Article 109. 

In the same manner, since G and C are bridged 
properties, we may write 

y = G + jwC (81) 

An inspection of the make-up of ea.ch section would 
lead us to expect the characteristic impedance, Zo, to 
become greater as z becomes greater, for the series 
impedance is tending to decrease the current which the 
genera.tor attempts to establish. We should also expect 
an increase in the impedance of the shunt across ea.ch 
tiny section, the admittance of which we have desig­
nated as y, to permit less current to be shunted at each 
section and returned to the genera.tor, thereby in its 

overall effect decreasing the amount of current that the 
generator would feed into the network. In other 
words, we should expect the quantity Zo to become 
greater as z, becomes greater, or as y, which is the 
reciprocal of z., becomes smaller. 

The value of Zo will tell us something of the nature 
of our transmitting medium, and since it is called 
characteristic impedance, it corresponds to the term 
"characteristic resistance" of the D.C. line, as dis­

cussed in Article 124. It can be shown that the value 
of Zo for an infinite line may be determined from a 

relatively simple equation, as follows: 

Zo = . ~ = , / R + jwL 
,Y y ,Y G +iwC 

(82) 

through the distant receiving device, but certainly such Having determined the characteristic impedance of 

extended computations would be impracticable and the line and knowing the terminal voltage of the gen-

almost endless. The calculations for uniform multi- ~re.tor, we can easily determine the current or energy 

section networks are never made in t his laborious man- supplied to the line. 

ner. By a certain mathematical analysis, we derive Our next interest, as stated by b in the foregoing, 

short-cuts, based upon the following: is the part of this current or energy which will even-

Knowing the make-up of the network sections, we tually reach the receiving device. Clearly it would be 

might describe each as a series impedance z representing endless to proceed with ordinary network calculations, 

the series resistance and inductance of one foot of line but again the calculations are simplified if we know 

and a bridged impedance z.' representing the bridged the degree to which each section of the network causes 

leakage and capacity of one foot; or instead of using the current wave propagated along the line to die out. 
Knowing this, we may say that the same attenuation 

z., we may for convenience use its reciprocal, which is when the line is treated as infinite applies to the volt-
called admittance and designated by the symbol y. age, because the impedance of an infinite line is always 

We may express z and y in terms of the resistance, the same when looking away from the sending end 

inductance, conductance (or leakage) and capacity regardless of what junction of sections may be con-

for one foot of line. Let us represent these latter four sidered. To illustrate, if we should open the multi-

quantities by R, L, G and C respectively. Here it section network of Figure 263 and measure the im-

ehould be noted that C is in farads and not micro- peda.nce looking a.way from the generator at point 3, 
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we would get the same result as if we measured the 
impedance connected to the generator. We would get 
the value Zo, which is the characteristic impedance of 
the line. Since Z0 always remains the same and must 
always be equal to V /I at any point along the net­
work, V and I must be attenuated in the same ratio. 
If I becomes one-half of its value at some point along 
the line, then V must become one-half of its value, 
etc. 

Now as we noted in Article 125, inasmuch as all 
sections are identical in their make-up, it can be seen 
that the loss or attenuation in each section will be the 
same, so that if the ratio of entering current to leaving 
current for the first section is nine-tenths, the ratio of 
currents for the second section and any succeeding 
section will be nine-tenths. Thus if we know the ratio 
of the current at point 2 to the current supplied the 
section by the generator, which we may represent by 
Ii/Io, and wish to find the current at some point along 
the line, we can multiply this ratio l'.>y the succeeding 
ratios for each section as follows: 

or since 

~=Yi=~ etc. 

I,. [I .. ]" 
Io = l,.-1 

(83) 

This is sometimes written k" where k is the value of any 
one of these ratios, but for convenience in computation, 
the ratio is usually expressed by logarithms-

1 
J,. 

og. Io= - n-y or 2.303 log~: = - n-y (84) 

where 

'Y = vzy = V(R + jwL)(G + jwC) (85) 

and n denotes the number of sections traversed by I,.. 
Here we have a. mathematical short-cut for our network 
calculations, which expressed in words, is as follows: 
If we wish to know the relation between the current at 
any point along a transmission line and that delivered 
by the generator at the sending end, we can multiply 
the propagation constant of one section, 'Y, by the num-
ber of sections traversed, and the product taken nega­
tively is 2.303 times the logarithm of the current ratio. 

But the quantity 'Y is more than a constant that gives 
the mere dying out effect of the current. The ratio of 
current I,. to Io is a relation of both effective values and 
phase difference, as both I,. and Io are vectors and are 
not· necessarily in phase. This must be taken care of 
by treating 'Y as we treat all vectors; and 'Y is a. vector 

quantity because it is equal to ,vzy and both z and 71 
are vectors. We must, therefore, separate the constant 
'Y into two components, one of which applies to atten­
uation alone, and the other of which has to do with 
speed of propagation. We may write then, that-

'Y = a+ j{J (86) 

where a is the symbol for the attentuation constant and 
fJ is the symbol for the wave length constant. Al­
though it is practjcally always easier to evaluate ex 

and {J by making use of Equations (85) and (86), it is 
possible to write equations giving their values directly 
in terms of the primary constants - R, L, G and C. 
These equations are as follows: 

a= V½v(R2+w2V)(G2 +w202)+½(GR-w2LC) (87) 

fJ = V½v'(R2 +w2V)(G2+w202)-½(GR-w2LC) (88) 

In the foregoing discussions of Figure 263, we have 
in each case designated some point along the line such 
as point n, at which we wish to determine the current. 
This applies to an infinite line. If, however, Z11 is 
equal to Zo, or in other words, if the line at the distant 
end is terminated in a receiving device having an im­
pedance equal to the characteristic impedance of the 
line, or if an inequality ratio repeating coil is inserted 
between the receiving device and the line so as to 
properly match these impedances, we could take the 
point n as the distant terminal and apply Equation 
(84) for calculating the current at the distant end. 

Where we a.re dealing with attenuation alone, we 
may express (84) as follows: 

- na = 2.303 log t (89) 

where I ,./Io is the ratio of cuhent magnitudes only. 
In other words, the ratio is now an arithmetic com­
parison between current delivered and current sent, 
ignoring the fact that there may be some phase differ­
ence between the two currents. To convert this to 
power, we can use the expressions-

Po= Eolo COS 0 

and 

P.,. = E.,.l,. cos8 

Now, for the infinite line-

Eo and E.,. = Zo - = Zo 
Io I,. 

whence 

Eo E,. E.,. [,. 

Io= I,. 
or Eo =lo' 
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so that 

P,. E,.l,.cos e E,.l,. [J,.] 1 

Po = Eolo cos e = Eolo = Io 
(90) 

Now Equation (89) can be squared to give-

2.303 log [tr= -2na (91) 

and combining this with (90), we have-

2.303 log ~: = - 2na (92) 

also since 

and E .. 

therefore 

P,. = E,.l,. cos e = Eoloe-2"" cos e (93) 

The power, therefore, is seen to die out or attenuate 
in a ratio which is the square of the current ratio. 

In the foregoing we find for the most part a mathe­
matical significance of a and fj. Let us now analyze 
the physical circuit to determine what actually hap­
pens as the current is sent from point to point. In 
order to simplify the analysis, we shall start with an 
actual cycle of E.M.F. impressed on the sending end 
of a multisection network, and consider separately 
the effects of inductance and capacity on the propa­
gation of this wave. 

F 10. 264. VOLTAGES AND CURRENT l!'< AN I NDUCTIVE CIRCUIT 

From our previous study, we know that inductance 
acts to cause the current to lag behind the impressed 
voltage, so that in a circuit made up of resistance and 
inductance we would expect a lagging current. Figure 
264 shows the time relationship between voltage and 
current in such a circuit, where E is the voltage curve, 
and I the current curve. This current sets up a back 

or induced E.M.F. E1, which is the sum of the IR drop 
across the resistance and the IX drop across the in­
ductance. It combines with the original voltage E 
to give the resultant voltage Ea on the load side of the 
inductance. The curve Ea is obtained by adding E 
and E1 and it will be observed that the resulting curve 
lags E, the original voltage. A circuit containing re­
sistance and capacity, on the other hand, produces a 
leading current as shown by Figure 265, and this cur­
rent produces an IR drop which is opposite in phase 
with the current. Now if we combine the IR drop 
and the voltage, we obtain the resultant voltage Ea, 
which exists across the condenser and the load. This 
voltage likewise lags E, the original voltage. 

I 
I 

I 
I 

I 
I 

I ,._ / 

---

FIG. 265. VOLTAGES AND CURRENT IN A CAPACITIVE CIRCUIT 

In both cases we have obtained a resultant voltage 
which lags behind the impressed voltage. Bridged 
capacity assists series inductance in the phase retard­
ing effect. Due to the presence of reactance, there­
fore, the voltage has been "held back", so that the 
maximum voltages act later than they would if the 
reactance were removed. In other words, the voltage 
wave has been slowed down. Here, then, we have an 
explanation of the significance of the wave-length 
constant; it is merely an index figure to show how much 
the wave is retarded. Let us now apply our knowledge 
to the further study of the transmission line which we 
have represented by a series of T-sections. Each sec­
tion, due to resistance and leakage, absorbs energy 
and therefore reduces the voltage which can act on the 
next section. Further, the voltage available at the 
next section lags behind the voltage impressed on the 
section, so that as we move away from the generator, 
the acting voltages are lagging farther and farther be­
hind the generator voltage. Here we have a connect­
ing link between geographical distance travelled along 
the line and time. 

To bring this out clearly, let us assume that we take 
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FIG. 266. TRANSMITTED CURRENTS AND VOLTAGES AT JUNCTIONS OF A MULTI SECTION UNIFORM NETWORK 

our sections of such a length that, for a frequency of we refer all the current vectors to a common reference 
1000 cycles, the time lag between voltages can be repre- point, we will obtain a broken curve such as that of 
sented by 30 degrees per section on the time-voltage Figure 267-A, which shows graphically how t he cur-
diagram; if we simulate by each section fourteen and rents at various points are related. In this figure the 
three-quarters miles of 104 open wire circuit, we will vector 10 = G-0 is the current entering the first sec-
obtain such a relationship. In order to make the story tion and 11 = G-1, the current leaving that section. 
complete, we will also assume the reduction in voltage Then the vector 1-0 must be the current that passes 
magnitude due to resistance and leakage loss to be through the shunt in the first section, because the sum 
0.895 per section. If we assume the original voltage of the current through the shunt and the current going 
Eo to be 10 volts, the voltage at the end of the first ahead gives 1-0 as the resultant of the vector diagram. 
section, E1, will be 8.95 volts, lagging 30° behind Eo. This is perhaps more clearly illustrated by Figure 
E2, at the end of the second section, will be 0.895 X 267-B. For the same reason 2-1 will be the current 
8.95 or 8.01 volts, lagging 30° behind E1 or 60° behind passing through the second shunt, etc. 
Eo. If we represent the voltages at various points by We may, therefore, conceive of the total entering 
vectors, we will obtain a system of vectors as shown in current as the resultant of a number of component 
Figure 266-B, where the multisection network is shown currents which flow from the generator through the 
a>S Figure 266-A and the voltage acting at each junc- . various shunt paths and back to the generator, each 
tion is directly below. component of a different magnitude and phase. The 

Since the ratio of current to voltage is constantf it effect of these components can be observed, since at 
follows that the chart representing currents will have certain junctions the line current is flowing in the 
the same form, with each vector proportional and opposite direction to that taken by the entering cur-
removed by an angle 8 from the corresponding voltage rent; at other points there is a 90° phase difference be-
vector, where 8 is the angle of the characteristic im- tween the two; and at still other points there is no 
pedance Zo. Thus we may treat a similar figure such phase difference. In other words, the current vector 
as 266-C as a "distance-current diagram" where the may be considered as moving about G, rotating through 
vectors, 10, Ii, 12, etc., show the magnitude and relative 30° for every section traversed and diminishing in 
phase of the currents at the network junctions. If now value about 10% in each section. 
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FIG. 267. Pou,R DIAGRAM OF THE VECTORS OF FIG. 266-C 

Figures· 266 and 267 show the effective values of the 
current a.t certain points along the line and their rela­
tive phase positions. These diagrams are independent 
of time, i.e., they a.re applicable at any and all times. 
If on the other hand, we select a given instant of time 
and plot the instantaneous values of the current at 
the same points along the line, we obtain the curve 
shown in Figure 268 which shows clearly how the cur­
rent reverses in direction as it passes through the vari­
ous sections. A little study of this curve suggests 
that it is related to the sine curve, and such is actually 
the case. Due to the decay of current from section to 
section, the sirle wave is somewhat distorted, but if the 
decay were eliminated, the curve would be a pure sine 
wave. A comparison of the method used to obtain 
Figure 268 with the method of deriving the sine curve 
will show this clearly. 

Figure 268 shows graphically both ways in which 
the line has affected the propagation of the wave. The 
decrease in the height of each successive cycle illus­
trates the attenuation of the current. The fact that 
we have a succession of cycles plotted against distance 
instead of time also shows how there has been estab­
lished by the medium a definite speed of propagation. 
For the particular frequency there is a definite length, 
viz., 12, which as expressed here is the number of sec­
tions for one complete wave. We may call this wave­
length >., and indicate a definite relation between >,. and 
fJ as follows: 

(94) 

since f3 is a constant for the line at a given frequency 
and is a measure of the amount of phase shift per 
section, and when obtained from Equation (86) or 
(88), is on the basis of radian measure. In other 
words, there are 360 degrees or 21r radians in one wave­
length (or one cycle) >.. For the particular network 

+ 

we a.re discussing, then, this becomes-

>. = 
2
; = 12 X 14.75 = 177 miles 

or 

{3 = ~-:: = 0.0355 radian per mile. 

Now, we know that if a.n E.M.F. has a frequency of 
f cycles per second, it sends out f waves in a second, and 
since we can determine the length of ea.ch wave, we 
'can compute the speed with which these electric waves 
travel by the relationship--

Velocity = Frequency X Wave-length 

or 

w =f>. (95) 

It ca.n thus be seen that the speed of electric propaga­
tion depends upon the properties of the circuit con­
sidered and also upon the frequency, since the wave­
length depends on {3, the wave-length constant, and 
the value of this in tum depends upon the circuit 
constants and the frequency. 

Summarizing a.11 the foregoing facts in this article, 
we have for our transmission line-

s.. Both current and voltage a.re retarded. 
b. Both current and voltage a.re attenuated. 
c. The amount of attenuation and the a.mount of 

"slowing down" are determined by the physical 
properties of the circuit and by the frequency 
of the applied voltage. 

• 
FIG. 268. STANDING WAVE OF CURRENT ALONG UNIFORM 

TRANSMISSION LINE 

Example: Assuming a 50-mile, 19-gage H-44 side 
circuit terminated in its characteristic impedance 
and with an input power at the sending end of 10 
milliwatts, calculate at 1000 cycles per second 
(1) the characteristic impedance, (2) the magni­
tude of the received current at the distant end and 
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(3) its phase relation with the sent current, (4) 
the power received, (5) the wave-length, and (6) 
the velocity of propagation. 

The distributed constants per loop mile of this 
particular circuit are as follows: 

R = 89.7 ohms 

L = .040 henry 

C = .062 mf. 

G = 1.5 m. mhos. 

Solution: 

w = 2-irf = 2 X 3.1416 X 1000 = 6283 

From Equation (80), 

z = R + jwL 

= 89.7 + j6283 X .040 

= 89.7 + j251.3 

= 266.8 /70°21' 

From Equation (81), 

y = G + jwC 

= 1.5 X lQ-t + j6283 X .062 X 10-t 

= (1.5 + i389.5) 10-t 

= 389.5 X 10-e /89°47' 

From Equation (82), 

. /z . I 266.8 L70°21 I 
Zo = ,Y y = ,Y 389.5 X 10-t /89°47' 

= v'684,98o L-19°26' 

= 827.5 ;'.-9°43' Ans. (1). 

The input power, Po, is 

Po= Eolo cos 8 

Substituting 

or 

Io = Eo/ Zo in the above, 

Po= E: cos 8 
Zo 

E~ = PoZo 
cos8 

(Note: When Zo is a pure resistance, 8 is zero 
and its cosine is one. Therefore, when 8 is 
small in value it may, for all practical purposes, 
be disregarded.) 

El= .010 X 827.5 = 8 396 
0 .9856 . 

E = 2.90 volts 

[ 177] 

Then 
Eo 

Io= Zo 

290 . 
= 

827
_
5 

= .0035 ampere 

or 3.5 milliamperes 

From Equation (85) 

'Y = yzy 
·= V 266.8 ~ X 389.5 X 104 /8,,471 

= V 103,920 X 10-t /160°8' 

= .3222 /80°41 

From Equation (86), 

'Y = a+ j{J 

= .3222 cos 80°41 + j.3222 sin 80"41 

= .0556 + j .3174 

From Equation (89), 

2.303 log t = - na 

or 
Io 

2.303 log I,. = na 

1 · 3.50 _ 50 X .0556 _ I 
207 og-- 303 - · I,. 2. 

3.50 = 16.11 
I,. 

I 3.50 22 "Iii ,. = -
6
- =. m1 ampere 1 .11 

Phase shift per mile = {J 

{J = .3174 radian or 18.2° 

Total phase shift for 50-mile circuit is 

50 X 18.2 = 910° Ans. (3). 

Then I,. = .22 /910° milliampere 

From Equation (89), 

Eo 
2.303 log E,. = na 

l 2.90 = 50 X .0556 = l 207 og E,. 2.303 . 

2.90 = 16.11 
E,. 

E,. = ;/~1 = .18 volt 

Ans. (2) 
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From Equation (93), 

P .. = Enln cos(} 

.18 X .00022 X .9856 

.000039 watt 

or .039 milliwatt. 

From Equation (94), 

}, = 2,r 
13 

= ~~! = 19.79 miles. Ans. (5) 

From Equation (95), 

w = j}, 

= 1000 X 19.79 

Ans. (4) 

= 19,790 miles per second. Ans. (6) 

The conditions along the line are graphically 
illustrated by Figure 269. The ordinates of the 
dashed curves in B and C represent the magnitudes 
of effective voltage and current at all points 
throughout the length of the circuit. The voltage 
and current vectors represent both magnitude 
and phase relation at the end of each 2-mile sec­
tion. The standing voltage wave on the line is 
shown in D. This curve represents the ·instan­
taneous voltage values at all points on the line, 
i.e., the sine of the voltage vectors in B. The 
power at all points along the line is shown by E. 
As the power is proportional to the product of 
EI cos fJ, it decreases faster than either the effec­
tive voltage or current values illustrated by the 
dashed curves in B and C. 

127. Reflection and Transition Loss 

We have noted that it is a characteristic of wave 
motion that in passing from one medium to another, a 
certain amount of the energy propagated by the wave 
is lost. For instance, light waves striking a pane of 
glass, water, or some denser medium are in part trans­
mitted and in part reflected. The amount of energy 
reflected depends on the physical properties of the 
media through which the wave passes, the greater the 
dissimilarity, the greater the reflection. We may con­
sider that such reflection is due to the different veloci­
ties with which the dissimilar media propagate energy, 
so that at the junction some interaction takes place, 
the result of which produces reflection, i.e., a change 
in the amount of energy propagated. 

nomenon is frequently met with, and it causes a "re­
flection loss" . The amount of loss can actually be 
computed or measured, and if we take the case of two 
unequal impedances Z1 and Z2, the ratio of power 
received to the power that would be received on a 
smooth circuit (Z1 = Z2) is given by-

(96) 

where Z1 is one vector impedance with an angle fJ1, 
Z2 is the other vector impedance with an angle fJ2, 
and the direction of propagation is from Z1 to Z2. 

. cos fJ2 • 
In practical telephone work the factor - -

9 
1s usually 

COS l 

neglected, due to the fact that in the ordinary connec­
tion, substation to substation, this factor cancels out 
when considering the total reflection loss on the circuit. 
If it is remembered that reflection loss is a reduction 
in energy which is met with in all forms of wave propa­
gation, a clearer conception of this phenomenon is 
obtained. 

There is another so-called loss met with in transmis­
sion work which is known as "transition loss". In the 
preceding chapter we learned that if the load resis­
tance was not equal to the resistance of the system to 
which it was connected, the power received by the load 
would not be a maximum. Similarly, in A.C. circuits, 
certain conditions must be met in order that the load 
may receive maximum power. Briefly stated, these 
conditions are that the resistance of the load must 
equal the resistance of the generator and the reactance 
of the load must be of the same magnitude as the 
reactance of the generator but of opposite sign. When 
these conditions prevail the two reactance components 
will cancel one another so that the circuit will behave 
as a D.C. circuit. It naturally follows that the resis­
tance components roust follow the D.C. law given in 
Chapter XIX. The transition loss, so-called, is in 
effect a comparison of the power that is received by a 
load under any given circuit conditions with the power 
that could be received if conditions permitted the 
maximum transfer of power. Usually this reduction 
in power is given in the form of a ratio in the same way 
that reflection loss is given by a ratio. If we designate 
by P 2 the power that is actually received by the load 
and by P 1 the maximum power that could be received, 
the ratio of the two is given by-

A 4R1Rz 
P1 = (Z1 + Z2)2 

(97) 

Transition loss is not a true physical loss, nor is it a 
measure of the efficiency of the circuit; it is merely 
an indication of what percentage of the maximum 

In transmitting electric waves, this reflection phe- power possible of utilization is being utilized. 
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128. Units for the Measurement of Transmission 
Losses and Gains 

As in dealing with any other quantity, we require 
some unit of measurement when dealing with the energy 

losses due to attenuation in the transmission of human 
speech, or in the transmission of any alternating cur­
rent from a sending device to a receiving device over 
a long line or through complicated circuits. Without 
some such unit we would be handicapped in giving any 
scientific expression to the grade of telephone trans­
mission under various conditions. It would be natural 
for us to say that sufficient energy had been transmitted 
from the speaking station to the listening station for 
the listener to hear distinctly every spoken word, or 
to say that the sound coming from the receiver at the 

receiving station was so faint as not to be intelligible, 
but this would be a crude method of comparison. For 
the same reason that we n.!ed some adopted standard 
as a unit of length, such as the foot or the meter to 
measure distance, we require some standard for the 
measurement of transmission loss or transmission gain 
in telephone work. 

For many years the unit used for this purpose was 
the "standard cable mile" . This represented the loss 
due to one mile of an old type of standard 19-gage 
cable, having a resistance of 88 ohms per loop mile and 
a capacity of .054 mf. per mile. In this cable the series 
inductance and the shunt leakage were negligible, while 
the bridged capacity of .054 mf. was appreciable. It 
therefore attenuated the various frequencies that make 
up the band for telephone transmission unequally, at­
tenuating the higher frequencies more than the lower 
frequencies. To illustrate, the attenuation constant a 

was equal to .109 for 800-cycle frequency and .122 for 
1000-cycle frequency, etc. 

This meant that the percentage reduction in power 
caused by inserting a mile of standard cable between 
a sending and receiving element was different for differ­
ent frequencies. Under these conditions, to say that a 
telephone circuit had an equivalent of a certain num­
ber of miles of standard cable was largely meaningless 

unless the frequency at which the equivalent was 
computed or measured was stated at the same time. 
This rather confusing situation led to the dropping of 
the mile of standard cable altogether as a unit of mea­
surement and the substitution of an arbitrarily selected 
unit not differing greatly in magnitude from the stand-

TABLE XI 

RELATION BETWEEN DECIBELS AND POWER RATIOS 

FOR GAINS AND LOSSES 

A..PPBOXJ..M.ATS PO~ L&.flO 

D&CIB&IA Fort- For Cain• 

Fractional Decimal Decimal 

I 4/5 .8 1.25 
2 2/3 .63 1.6 
3 1/ 2 .5 "2 .0 
4 2/5 .4 2.5 
5 1/3 .32 3 .2 
6 1/ 4 .25 4 .0 
7 1/ 5 .2 5.0 
8 1/6 .16 6.0 
9 1/8 .125 8.0 

10 1/ 10 .1 10.0 
20 1/ 100 .01 100.0 
30 1/ 1000 .001 1000.0 

power. Mathematically, the power ratio for one db 
may be expressed as-

(98) 

where P1 is input power and P0 is output power. This 
corresponds to a current ratio of 10·0' and to an at­
tenuation constant value of a = .115. Table XI 

showing the power ratios for several values of decibels 
will aid in forming a clear conception of the magnitude 
of the unit. 

For any given power ratio the number of db corre­
sponding can be determined by the following simple 
formula-

p 
No. of db = N = IO log p: (99) 

or, if the current ratio rather than the power ratio is 
known-

N = 20 log 11 
lo 

or from Equation (77)-

N = 20 log ~: = 20 loge" = 20 X a X loge 

= 20 X .434 X a = 8.68a 

(100) 

(101) 

ard cable mile through the voice range, but having Although in the above we have been considering the 

exactly the same significance at any and all frequencies. decibel in connection with measurements of "loss" or 

That is to say, the new unit, called the decibel (abbre- attenuation, it is equally useful in the measurement of 

viated "db"), represents always a fixed percentage "gain" such as that given by a telephone repeater. 

reduction in power no matter what frequency is in- A telephone repeater would be said to have a gain of 

volved. Its magnitude may perhaps be best grasped so many db if the circuit in connection with which it 

by remembering that in a circuit equating to ten db were used was effectively shortened or had its net at-

the output power will always be one-tenth of the input tenuation reduced to that extent. 
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CHAPTER XXI 

LOADING 

129. The Effect of Line Characteristics on Attenuation 

In our branch of telephone service, we are ever 
concerned with the most practicable manner of satis­
factorily transmitting voice currents over great dis­
tances. Due to the very length of the circuits, un­
desirable attenuation and distortion effects, which 
might not be serious in short circuits, become deciding 
factors in determining whether or not intelligible con­
versation is possible. 

The total attenuation at a given frequency from a 
talking subscriber's station to a listening subscriber's 
station (where no telephone repeaters are used) depends 
upon the length of the circuit, the attenuation per unit 
length, the energy transfer at the two ends of the cir­
cuit or at any junctions of dissimilar sections, and the 
energy losses due to apparatus that may be associated 
with the circuit. If a circuit of any given type were 
long enough, we would naturally expect that the total 
loss would tend to become so great that the energy 
reaching the distant end would be insufficient to oper­
ate the telephone receiver. This is a transmission 
limitation from the energy standpoint which is pecu­
liar to long circuits. 

the circuit's efficiency as a transmitting medium, we 
are concerned from the standpoint of power transfer, 
telephone repeater operation, etc., with its characteris­
tic impedance as given by Equation (82), that is-

Z = , ~ = . / R + jwL 
. 

0 ,Y y ,Y G + jwC (82) 

One practice that has been helpful in solving the 
problem of long distance telephone transmission is the 
application of line loading. By such application we 
make certain improvements in the circuit's transmis­
sion efficiency through one or more of the following 
effects: 

a. A reduction of the circuit's attenuation per unit 
length. 

b. A more even _attenuation of the various frequen­
cies within the band of frequencies to be trans­
mitted, thereby reducing distortion. 

c. A more nearly constant characteristic impedance 
for the frequencies within the band to be trans­
mitted, a consideration which is most important 
in the satisfactory operation of telephone re­
peaters, but of some importance in con­
siderations having to do with the circuit's 
termination. 

130. Loading as a Means of Reducing Attenuation 

The theory of loading is by no means simple and 
loading results are somewhat difficult to analyze 
through any physical portrayal. Perhaps the best 
conception that can be had of loading is a more or less 
mathematical one that can be gained from studying 
the effect of line c.haracteristics on attenuation. 

The equation given below is the general attenuation 
constant equation given in the preceding chapter. 

a = -V½v(R1 + w2L')((Jt + ,.,,tCI) + ½ (GR - w2 LC) (87) 

Moreover, it should be remembered that while trans­
mission of the required volume of energy is essential, 
it is not the only consideration. Referring to Equa­
tion (87), it may be noted that a varies with the fre­
quency /. In other words, currents of different fre­
quencies may be attenuated unequally as they pass 
along the circuit. Thus we may easily imagine a long 
circuit on which a frequency of 500 cycles is transmitted 
satisfactorily while a frequency of 1500 cycles is not. 
Under such conditions we would have a distortion 
effect, and the longer the circuit the more serious this 
distortion would become. Taking all such factors into 
consideration we find that there is a very complex re­
lation between the physical characteristics of a tele­
phone line, which determines its efficiency for satis-
factory telephone transmission. First of all, the length Here a is the attenuation constant per unit length and 
of the line is an important factor, as the overall at- R, G, L, and C are likewise for one unit length. The 
tenuation varies directly with length. Second, the practice of loading is merely a means of increasing the 
actual attenuation constant per unit length at any given inductance, or factor L per unit length of circuit, and 
frequency is a controlling factor in determining the was first used in the long distance plan~ to reduce the 
extent of the loss. Third, the extent to which this attenuation. To appreciate fully this particular appli-
attenuation varies with changes in frequency has a cation let us analyze Equation (87), assuming that we 
direct bearing upon the distortion of the voice currents, have a non-loaded cable circuit. The distance over 
or the circuit's "quality". And fourth, apart from which satisfactory transmission is possible with such a 
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circuit is limited in practice to a few miles. If we de­
sire to talk greater distances, the first solution that 
might suggest itself is the reduction of R in Equa­
tion (87). This means we must increase the size of 
the wires, thereby reducing the 12 R losses in the cir­
cuit. But certainly this would be an expensive way 
of obtaining our objective since it would necessitate 
the use of more copper per circuit and hence permit 
fewer circuits per cable. 

If we next consider some change in the value of the 
leakage, G, we find that keeping the leakage to a 
minimum is advantageous because the lower the value 
of G, the lower the value of a, even with other line 
constants remaining unchanged. But with the value 
of G reduced to zero, or with a condition of perfect 
insulation, we still have too large a value for a due to 
the other constants of the line. Let us next consider 
the capacity per unit length appearing in the foregoing 
equation. Here we find that a reduction of C means 
a reduction of a, but on the other band, a reduction in 
capacity can be secured only by a wider separation of 
the wires. This would greatly reduce the number of 
circuits that might be carried in a single cable and 
thereby increase the cost per circuit. As in the case of 
reduced resistance, we might find any tangible results 
prohibitive on account of this increased cost. 

There remains only to consider what effect will be 
obtained by changing the inductance, L, at the same 
time not ignoring the influence of R, G, and C upon the 
attenuation. That is to say, we know that it is good 
maintenance practice to keep the insulation of our 
circuits as high as possible, and we know that other 
things being equal, large gage conductors permit us 
to talk over greater distances than small gage conduc­
tors because of their lower resistance. We know also 
that non-loaded cable, due to its high capacity, is a 
relatively poor talking medium. But in the ca"50 of 
both R and C we have already found practical limita­
tions, while in the special case of the value, G, it may 
be so reduced through proper maintenance that it can 
be neglected in Equation (87). 

With the leakage so low as to be neglected, or with 
G = 0, the attenuation equation becomes: 

a = v½wC[vR•+w•L• - wL] (102) 

in the circuit. However, inasmuch as any inductance 
we may add has resistance, we will by loading increase 
R, thus to some degree neutralizing our efforts to im­
prove conditions. But with properly designed induc­
tance units, the increase in L more than offsets the 
increase in R so that the attenuation constant is re­
duced. 

Before proceeding further with our analysis, it will 
be well to consider the practicability of increasing the 
circuit inductance soasto obtain this desired reduction 
in energy loss. It may be remembered that Equations 
(82) and (87) were developed on the assumption that 
the circuit properties, resistance, inductance, capacity, 
and leakage, were uniformly distributed. Theoreti­
cally, therefore, in order to increase L we should find it 
necessary to increase the distributed inductance of the 
circuit. We could accomplish this by winding each 
conductor of the circuit with a spiral wrapping of 
magnetic (iron or permalloy) wire or tape, but ,the 
expense involved would be so great that only in special 
cases could this method be used practically. 

In practice a solution is effected by supplying the 
loading inductance in the form of coils inserted in the 
circuit at regularly spaced intervals. We learned 
earlier that we may approximately simulate a circuit 
of distributed constants with a series of T-networks 
of lumped constants, and similarly the addition of in­
ductance in "lumps" will produce the effect of increas­
ing the distributed inductance, provided that the lumps 
are sufficiently close together. Thus it is that a loaded 
circuit usually has load coils, which are nothing more 
or less than lumps of inductance, inserted at periodic 
intervals along the circuit, the interval depending on a 
number of factors, but always being small enough to 
obtain the effect of increased distributed inductance 
with its accompanying reduction in attenuation. 

131. Loading to Re.duce Distortion. 

Although we have succeeded in finding a means to 
reduce the energy loss in the circuit, we still have to 
consider the distortion effects. At least, we must be 
sure that the distortion effects have not been so ex­
aggerated by loading as to counteract its beneficial 
effects on the attenuation. As a matter of fact, we 

A study of this expression shows that, within certain shall find that we can employ loading to reduce dis-
limits, an increase in L will result in a reduced a. tortion as well as attenuation. To demonstrate this, 
The improvement that can be obtained by increasing we may set up certain simplified equations for the im-
L depends on the value of R. If R is small, but little pedance and attenuation of a non-loaded circuit, and 
decrease in a can be effected by increasing L; on the then compare them with similar expressions for the 
other hand, if R is relatively large, as it necessarily is same circuit when loaded. 
in practical circuits, a substantial decrease in a can The leakage G, of cable circuits is so small that it 
be effected. In other words, by "loading" the circuit may be assumed negligible and due to the very small 
with inductance we can reduce a, or expressing the separation between the wires, the inductance is like-
same thing physically, we can reduce the energy loss wise small enough to be neglected. For non-loaded 
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cable, therefore, where L = 0, and G = 0, the expres­
sions for impedance and attenuation become-

Zo = · /!f (1 03) ,y,;c 
a = ~ = ~ (104) 

From these two equations we see that both the attenua­
tion and the impedance vary with frequency, and con­
sequently there will be distortion effects, as mentioned 
earlier. 

~ow assume that we load this cable circuit. As be­
fore, G may be neglected but by increasing L we have 
made the reactance w L very large, so large in fact that 
we may now consider R insignificant as compared with 
wL. If we develop the impedance and attenuation 
equations on this basis, we will obtain-

Zo = ~ (approximately} (105) 

a = ~ (approximately) ( 106) 

Herc we 1,cc that Z0, since it contains neither inductive 
nor capacity reactance, has no angle, ~r what amounts 
to the same thing, the impedance is perfectly constant 
and independent of the frequency. Likewise a, the 
attenuation constant, is independent of frequency. 
Thus by loading the circuit we have not only reduced 
the energy loss but have further improved conditions 
by eliminating distortion effects through the frequency 
range in which we are interested. 

The above expresses mathematically 
the results of loading. It will be more 
difficult to obtain a physical picture of 
these results, but let us first consider 
the effect of the increased inductance 
on the characteristic impedance. The 
load coils connected in series with the 
line wires naturally increase the im­
pedance. At the same time they 
neutralize the effect of the capac­
ity inherent to the circuit, but not 
so simply as in the case of a sin-
gle inductance in series with a con-

,, " ousr 

less and the total energy loss must inevitably be less. 
This is a means of higher voltaged energy transmis­
sion for the reduction of power losses, and is ap­
plicable to high-frequency transmission where the 
employment of step-up and step-down transformers, 
as described in Article 113, is not practicable. Viewed 
from an energy standpoint, it is obvious that if a 
loaded circuit receives the same amount of energy as 
a non-loaded circuit, the energy transmitted over the 
loaded circuit will be greater because its losses are less. 
Actually, the losses are so much reduced that not­
withstanding the fact that the entering current may be 
less (due to I = E/ Zo), the received current on a 
loaded circuit is greater than that on a non-loaded 
circuit of the same length, providing that this length 
is of appreciable magnitude. 

The next important aspect of loading which we might 
discuss is the spa.cing of the coils. It was stated above 
that these coils must be close enough together so that 
the effect of distributed inductance will be obtained. 
For a proper appreciation of this condition let us simu­
late a uniformly loaded line with a multisection uniform 
network. Now it must be remembered that the circuit 
properties, inductance and capacity, produce reactions 
which vary with frequency; capacity reactance de­
creases and inductive reactance increases as the fre­
quency becomes greater While it is equally true that 
this same frequency effect takes place on the simulating 
network, the lumping of the inductance and capacity 
exaggerates the effect. 

On the uniform line, current passes continuously 
from the positive voltaged wire to the negative voltaged 

DEVELOPMENT OF THE LOADl~G COIL 

denser. Nevertheless, we may consider the loaded wire through the small capacity elements distributed 
circuit as made up of a number of sections consisting along the circuit, whereas in the network this passage 
of series inductance and capacity, each section acted of current can take place only at the middle of the 
upon by the voltages set up across the capacity of the T-sections. Thus, the inductive effect in the network 
preceding section. This results in an increased voltage will be somew~at greater than that in the uniform line 
and a decreased current, as well as practically eliminat- due to the larger currents traversing the inductances, 
ing the phase angle of the characteristic impedance. while the capacity effect will be correspondingly less . 
.Now due to the increase in the impedance of the cir- Now, of course, the greater the number of sections in 
cuit,' or due to the power transmitted being in the form the network, the less will be the difference in behavior 
of higher voltage and less current, the I' R losses are of the uniform line and the network. But since any 
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difference is increased with higher frequency, any net­
work analysis of a uniform line really resolves itself 
into a determination of how many sections shall be 
taken in order that the simulation of the line by the 
multisection network may be satisfactory over a given 
frequency range. Similarly, on loaded circuits, the coil 
spacing (which in effect merely defines the length of 
each section of the multisection network), is so chosen 
that the change produced by frequency, over a given 
range, does not differ greatly from the effect that would 
be produced on a continuously loaded circuit of about 
the same average constants, R, L, G, and C. It should 
be noted, however, that either the value of the loading 
inductance will be a factor in determining the spacing 
since its inductance will be a part of the simulating 
network, or any chosen standard spacing will be a 
factor in determining the inductance values the coils 
may have. 

PHANTOM LOADING COILS FOR TOLL ENTRANCE CABLE 
ASSEMBLED IN SHIELDED CASE TO PREVENT 

CARRIER CROSSTALK 

132. The Cut-Off or Critical Frequency 

We have learned that the band of frequencies be­
tween about 200 and 2700 cycles will transmit telephone 
conversations without any considerable distortion, and 
loaded circuits accordingly are designed with a view to 
transmitting at least this band. The lump loaded 
circuit simulates a smooth circuit, having a corre­
spondingly larger series inductance, very closely over a 
considerable portion of the normal transmission band, 
but towards the upper range the simulation becomes 
less exact. In other words, whereas a uniformly 
loaded circuit would have an impedance and an atten­
uation constant which might vary but little with change 
in frequency, the network, i.e., the loaded circuit, has 
an impedance and an attenuation constant which 
generally increase with frequencies near the upper 
limit of the ordinary voice-frequency band. When 

tration of what can be accomplished in this way. In 
any case, the circuit design is such that only the essen­
tial frequencies are transmitted, and a marked increase 
in both impedance and attenuation takes place above 
the desired transmission band. In fact, the attenua­
tion rises so rapidly that only a few hundred cycles 
above the upper limit of the band, the amount of cur­
rent that oan be sent through is practically negligible 
and the circuit is said to "cut-off". This critical fre­
quency at which cut-off occurs is dependent only on 
the inductance and capacity per loading section and is 
determined from the expression-

f, _ 1000 
0 

- 1rvLoCo 
(107) 

where Lo and Co are the inductance and capacity values 
of the equivalent network sections, and are approx­
imately the actual inductance and capacity values of 
the loading section. They are expressed in henrys 
and microfarads, respectively. 

133. The Effect of Loading Upon the Wave-Length 
Constant 

Up to this time we have said little about the wave­
length constant of a loaded circuit, but knowing from 
our anal~is in the preceding chapter that increased 
inductance introduces a retarding effect on voltage and 
current, we would expect the wave-length, >., to be 
decreased. That is, since-

Velocity = W = J>. (95) 

we can see that, with f constant, any reduction in W 
must be due to a decrease in >.. Now in a loaded cir­
cuit where we may assume R and G negligible, the value 
of (3 obtained by simplifying Equation (88) is-

/3 = w vLC (108) 

and since 

(94) 

we have-

21rf 1 w =J>. = - = --
(3 vW (109) 

Here C is in farads and W is in miles or "loads" per 
second accordingly as L and C are the values for one 
mile of circuit or one loading section. A casual glance 
at Equations (107) and (109) suggests that they are 
related, and such is actually the case. 

134. Mechanical Analogy of Loading 

necessary, however, it is quite possible to extend this Though the physical concept of loading apart from 
range by changing the design of the loading, and the the mathematical analysis of the various formulas may 
16-gage B-22 loaded c~rcuit is a roost interesting illus- be a difficult one, there is a mechanical analogy which 
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FtG. 271. WINDINO or StNOLE LoADING Co11. 

several coils are passed over in each wave-length (in 
practice, about nine coils). If the proper number is 
not encountered, the losses increase rapidly and "<'ut­
off" follows. 

135. Features in Loading Coil Design 

In the design and manufacture of the various types of 
loading coils used on long distance lines, there are a 
number of requirements other than merely providing a 
specified inductance value. As stated previously, 
loading is effective in reducing attenuation only when 
the increase in the alternating-<:urrent resistance of the 
circuit is held within certain limits. A loading coil 
should, therefore, have minimum resistance in the 
winding and minimum losses in its core. Ea.ch coil's 
inductance must be accurately divided into two parts 
so that one-half of the inductance is inserted in one 
wire of the talking circuit and the other half is inserted 
in the other wire, thereby maintaining circuit balance. 
This requirement is a very exacting one and unless the 
two windings of each coil a.re identical in every respect, 
crosstalk or noise will result. Figure 271 illustrates 
the method of winding coils to give a hlgh degree of 
balance. 

Loading coil cores consist of toroids of permalloy or 
molybdenum-permalloy, the latter being standard for 
practically all new loading. In the manufacture of 
both types of cores, the magnetic material is first 
powdered, then mixed with shellac to insulate ea.ch 
particle, and finally pressed into solid rings. This 
process gives the coils a high degree of magnetic sta­
bility. Because of the remarkable magnetic properties 
of the permalloy cores, modern loading coils are very 
smaH. For field installation, they are usually installed 
in welded steel pots which are standardized in several 
sizes to hold from a few to a large number of coils. 
Where only a few circuits are to be lightly loaded, as in 
program circuit loading, however, the small coils may 
be placed in the sleeve of the loading splice. 

Coils for phantom loading usually have lower in­
ductance values than side-<:ircuit coils hut must, of 
course, have four windings. Figure 272-A illustrates 

the windings of a phantom loading coil and Figure 
272-B shows the connections of a. single loading point 
in a phantom group, where both the side circuits and 
the phantom are loaded. 

136. Important Considerations in Loading Practices 

There is a great deal to be said about the proper use, 
installation, and maintenance of loading coils in the 
plant which cannot be covered here but will be found in 
standard instructions. A few important considera­
tions, however, arc fundamental and should be re­
membered. 

a. In connecting a loading coil, care must be exer­
cised to prevent a reversal of one winding, 
thereby neutralizing the coil's inductance. 

b. The inductance values of loading coils should be 
kept within 2% where the circuit is used in 
connection with telephone repeaters. 

c. The loading coil spacing should be accurate to 
within 2% where the circuit is used in connec­
tion with telephone repeaters. 

d. To prevent loading coil magnetization, the line 
current used for telegraph operation should not 
exceed the specified limits for the particular 
type of loading. 

- -
Side1 Sidet 
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e. It is practicable to load the side circuits of a 
phantom group without loading the phantom 
or to load the phantom without loading the 
side circuits, but one side circuit cannot be 
loaded without the other. 

f. The sending or receiving end impedance of a 
loaded circuit depends upon the termination of 
the circuit, i.e., whether terminated at a half­
section point, .2 section point, mid-coil point, 
etc., and will not ordinarily be the same as the 
characteristic impedance. (This is covered 
more thoroughly in Chapter XX.VIII.) 

137. Building-out Short Loading Sections 

On account of the actual conditions encountered in 
the field, it is not always feasible to effect uniform 
spacing of loading coils. Due to line changes, inter­
mediate submarine cable, loops into stations, ete., 
loading sections may sometimes be too long or too 
short. This is usually corrected by "building-out" 
each short section by adding capacity at a convenient 
point in the section. In the case of a long section, it is 
necessary to create an additional loading point, and add 
capacity in the remaining short section. 

The capacity value to be added is not exactly that 
obtained by multiplying the length of circuit by which 

AERIAL CABLE LOADING SuowINC NEW AND OLD STYLE POTs­
PROGRAM LOADING IN SMALL CASE ON POLE AT LEFT 

4----------------~ 
Fto. 273. PHANTOM GROUP ButLDINO-OUT CONDENSER 

the section is short by the capacity per mile, but is 
given by the formula-

(110) 

where Cb is the building-out capacity, l is the length of 
the short section, c is the capacity per mile, and Co is 
the average equivalent capacity per loading section or, 
in effect, the "lumped" capacity that would simulate 
the•distributed capacity of a section. 

One method of building-out is to use six condensers 
connected as shown in Figure 273. Their values can 
be calculated from the equations-

A = ¼ Cb,, (111) 
and 

B = C,,. - A (112) 

where c,,. is the building-out capacity of the side cir­
cuit and c.,, is the building-out capacity of the phan­
tom. 

Because of difficulties in securing the precise values 
required for such building-out condensers, and certain 
maintenance problems, however, this method is gener­
ally less satisfactory than the use of "stub cables". 
These are short sections of cable, usually manufactured 
in such a manner as to have abnormally high capacity, 
which may be bridged across or connected in series 
with the cable section that needs to be built out. The 
exact capacity needed, as determined from Equation 
(110), is obtained by cutting the stub cable to the 
proper length. When the stub cable is bridged on the 
main cable, several pairs may be connected in parallel 
to give the required capacity, thus reducing the length 
of stub that must be used. In certain cases, where 
great precision of building-out is demanded, it is de­
sirable to build-out the resistance of the short section 
as well as its capacity, and in such cases the stub 
cable may be connected in series with the main cable 
instead of being bridged. In either case, the conduc­
tors of the stub cable are carefully balanced against 
crosstalk in the same way as the conductors of the 
main cable. 

( 187] 
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CHAPTER XXII 

CHARACTERISTICS OF CIRCUIT FACILITIES 

138. Classification of Wire Facilities 

So far in this text, we have been primarily concerned 

with the study of basic electrical theory and the work­

ing principles of common types of apparatus used gen­

erally in telephone and teaegraph work. Beginning 

with this chapter, our attention will be directed mONl 

to the application of some of the principles that we 

have been considering to specific problems of long dis­
tance telephone transmi88N>n. 

In this connection, we will naturally be interested at 

the beginning in the electrical characteristics d the 

various types of wire C.Cilities used for carrying the 

telephone messages. Saeh facilities may be classified 

in several ways aocordiag to their uses, or on the basis 

of their physical or electrical peculiarities. 

It is customary fin& to make a general dialinction 

between facilities usecl for toll (long distan~) and for 

exchangoe area tranwossion. The latter facilities in­

clude the greatest part of the total telep'b_cme plant 

since local or shon haul service is naturally used much 

more frequently than long distance eemce. Accord­

ingly, it is economical to design these faoili.ties pri­

marily on the ha.sis of providing satislaomry trans­

mission within ,the exchange area. For toll or long 

distance CCllmeetions, of which local faolitiea·necessarily 

form a part in eve\'Y case, more costly~ of facilities 

are used foT ;tbe long distance links in omer that the 

tnmsrnissirm 'Shall remain satisfactory~ '1JJbis arrange­

ment is in tbe interest of overall eoonoll!Y because the 

long dis'bmce iaoilities are relatively ie.w ms compared 

wit.h the Jooal:facilities. It mea;ns in igeneral that the 

those of the shorter toll circuits. Loading is frequently 

applied to such trunks and in extreme cases it may even 

be necessary to use telephone repeaters. 

The usual principal classification of toll or long dis­

tance facilities is as open wire or cable plant, although 

several other classifications are possible. Thus, such 

facilities might be classified according to the way in 

which they are used, as between those transmitting at 

voice frequencies and t.hoee transmitting at carrier 

frequencies. In the following articles_ the character­

istics of these facilities are considered under the three 

headings of "open wire", "toll cable" and "toll en­

trance cable". 

PtlantomGrOQP 
l •4 

'Ftlantom Group 
5 -6, 15-16 

G 

Ptlantom Group 
7-10 

F10. JZ',/4... Waz 'CoNl'1Gt1BA'ftOH E"oR OP■N' Wua lLnm 
CA-~ V 01e11..FJlllQ'mNCT Sm11 ~ 

PHiliTo11 ~ 

139. Open Wire "Facilities 

latter facilities do not have to meet.asrexacting require- ln both open-wire and cabl'e<l:ircuits, the develQpm.ent 

ments :ae do the !toll facilities witb irespect to attenua- of tbe 'telephone art has mwolved the ue of •many 

tion per unit length, impedmce '1'8iJUltriity, or balance different types.:ohircuit f&.'CilJt.ies in the pasfj, •anlitthese 

against noi:tJe·antl crosstalk. In .exchange area ca.bl~ .cibanges cotitinue.a.s new mlllthods come mouae. At 

for example, wire conductors -as fine all 22, 24, or ~ IOfY ,given time, .according]r, the workq rplant will 

gage &Te 'Widely used, whereas the minimum gage in .include facilities ranging 1mm types which :ale' on the 

long ..ull cablesiis 19. Moxeovei;,:ltus1not necessary lo verge-of •inaaequacy to D8llfly developei ~ which 

use tbe quadded construction eJllployed in toll cables :are l>aTely out of the rugaimental staee. JBefore the 

because the short.er distanlJes involved in exchange a.aea. <develQpment (Of the tell)lttone repeater t{ilee ,Chapter 

transmission make crosstalk 1)roblems relatively on- XXVI), the great majcmty of long dmtmree•facilities 

important. Generally similar•distinctions a.a betWllfeD were open wire and, in corder to keep lthe,attenuation 

local and toll ttransmission apply in the case of qpen down, prutically all of this open wire IWa.8-loa.ded with 

wire ,facilities. However, it1mf!,y be noted that taJnoe relaiiuly high inductance coils spacea lttimtervals of 

is a certain miadle grounli where exclni.nge area trunks about 8 miles. Th-e eonductors used vwere almost 

arerof such gffll.t lengthiin some cases that their tams- direly 165, 128, "Or '104=gage and eahi:gr,oup of four 

mirllion requirements are ,not widely different from wires was vranged,to car:ry a phantam~circuit. 

i(.1188] 
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The wima were carried: ODJ croasarms iiL the ma.n.uer 
indicated inl Figure 274. Here each crOS11&rm ca.ma 
10 wires which are numbered cooaeemi.vely-~ 
with the left.-hand pin of. the top crossarm when look­
ing in the direction of the pole numbering or. t1ie fine. 
The standard wire layout on two crossarms, sliown in 
the figure, proviaes ten "side" and five phantom cir­
cmits. Phantoms a.re deriNed from wires 1..-4,, 7.-1.0i, 
11- 14, 17- 20,, and 5-6, 15-16. The last is called, a 
"vertical" or "Pole-pair" phant.om; and bas som-ewliat 
different characteristics from the other phantoms be-­
cause of the different spacing. and configuration.of the 
wires. Similarly ttie• char.aot.eristics of the "non-pole­
pa.ir" side circuits such as- fl-2' or 9-10, wiut• 12! ii:roli, 
spacing between wire.,-, are slightly different from those 
of the pole-pair circuit.a like 15-16, where the distance 
between wires is 18 inches; Many open wire lines, 
with an arrangement ofiwires0on poles as shown in this 
figure, are still in use in ttie> lbng distance plant: 

Loading, however, is no lbnger used on OP.en wire 
facilities. This is a result or:the fact that the charac-
teristics of open wire circuits..-particularly the leakage 
and capacity-change markedly with varying weather 
conditions. In dry weather,, open wire loading is 
effective in reducing the attenuation of the circuits 
considerably. But due principally to the increased 
leakage, loading may actuallyincrease the attenuation 
of open wire circuits in wet'weather. In order to in­
crease the overall transroission"8tability of such circuits, 
accordingly, all loading was. removed after the tele­
phone repeater came into general 'use, and the resulting 
increase in attenuation was compensated f01: by the 
employment of additional repeaters. 

The application of carrier SYJ!tems-both telephone 
and telegraph- to open wire lines has led to further 
changes in pole line design. On account of the higher 
frequencies employed in carrier systems, the prob­
ability of crosstalk is greatly increased. Since the 
greatest crosstalk hazard (see Chapter X-XXI) is 
between the side and phantom circuits of a phantom 
group, it has been found desirable in maniy 'cases to 
dispense with the phantom circuit altogether. Further 
reduction in crosstalk possibilities is effected by spacing 
the two wires of each pair closer together on the cross­
arm, and increasing the sep,aration between pairs. 
Thus, Figure 275 shows a wire configuration widely 
used on lines carrying telegra.ph or Type-C telephone 

spacinir; toom 12 inches to 8 inches, rediices the linear 
induc.ta.nUJJ> of the pair and increases its linear capacity 
&y about. $Yo. The mristance and leakage. are nc,t 
changed an<fthe attenuation i&sllgiltly-inureased. The 
<Jharacteriatab impedance is reducedloy,about 50 ohms. 
Open wire facilities arranged for carrier operation are 
usually suspended on a.. special tyye of, high dielectric 

Phantom Group , 
5 -6, 15- 16, 

6 

E) 

FIG. 275. WIRE CONFlOURATION FOR OPEN WIRE LINE ON 
WHlCH TTPE-C CABJUER STSTE~S AB.I: SUPERUIPOSED 

glass insulator coded CS, which gives somewhat more 
stable transmission characteristics than the ordinary 
glass (DP) insulator. Steel pins instead of wood for 
carrying the insulitors are also used for the same 
reason. 

Where open wir& line facilities are designed to carry 
broad-band carrier systems (Type-J) 8 inch spacing 
between wires of a pair is employed, and the pole-pair 

'V"\. 

Fio. 276. WIKE COID'rnuRA'l'ION FOB OPJCN Wnu: L1NJ1 oN 
WBICII 'f"rpg-J G.lRBJJ:R.l'.8:rSTDlS AJl.ll 8UPJ:llJllPOSJ:D 

carrier systems, in which the non-pole-pairs have eight groups are dispeneed with entirely. Each crossarm 
inch spacing between wires and the separation between then carries 8'wireaj with ,the spacing and configuration 
the nearest wires of adjacent·~ is 16 inches. indicated-·in Figure 276, and no phantom circuits are 

This configuration includes a pole-pair phantom provided for. In certailr cases, also, wires carrying 
group which ordinarily would., be used only,• for voice high-frequency-~s may be spaced as closely as six 
frequencies or camiertelegraP.h-circuits. Th~changein inches, where averag,e weather conditions are such that 

[ 1~) 
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FIG, 'l:l'l. ATTENUATION-FREQUENCY CHARACTERISTICS OF 
OPEN WIRE SroE CIRCUITS OVER THE VOICE RANGE 

this close spacing will not result in excessive swinging 
together of the wires of the pair. 

Table XII gives thE' more important physical and 
electrical constants of the commonly used types of 
open wire circuits. The values given are calculated for 
the single frequency of 1000 cycles and they apply only 
under more or less ideal conditions. Caution must 
therefore be used in applying them to practical prob­
lems. For example, the leakage of open wire conduc­
tors depends upon weather conditions. In wet weather 
the values for G given in the table may be very con­
siderably increased, and the various constants depen­
dent to a greater or lesser extent on this value, such as 
attenuation, wave-length, and characteristic impe­
dance, would change accordingly. 

The table of course does not give information regard­
ing any variations of the circuit constants through the 
voice-frequency range. In practically all cases, how­
ever, the attenuation, as well as certain of the other 
circuit constants, changes somewhat with changing 
frequency. The magnitude of this attenuation change 
can be determined from curves in which attenuation is 
plotted against frequency through the working range. 
Figures 277 and 278 give representative attenuation­
frequency curves for 104, 128, and 165 open wire, side 
and phantom circuits, having the wire spacing and 
configuration shown in Figure 274, over the frequency 
range from O to 5000 cycles. Separate curves are given 
for dry and wet weather conditions but the latter curves 
naturally represent merely an average situation since 
the "degree of wetness" of the weather is a rather 
variable quantity. From these curves, it will be noted 
that, in general, there is an increase of attenuation 
between 500 and 5000 cycles of somewhere in the order 
of 50%. 

As would be expected, when open wire circuits are 
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FIG. 278. ATTENUATION-FREQUENCY CHARACTERISTICS OF 
OPEN WIRE PHANTOM CIRCUITS OVER THE VOICE RANGE 

used as conductors for carrier systems, the variation 
in attenuation from the low- to the high-frequency end 
of the transmission band is much greater. Thus, 
Figure 279 gives curves for 8 inch spaced, physical 
circuits, transposed for Type-C carrier and equipped 
with CS insulators, through the frequency range up to 
50,000 cycles. Here, in the band between 5000 and 
50,000 cycles, it will be seen that the attenuation more 
than doubles. Similarly as shown in Figure 280, the 
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losses over the open wire broad-band carrier range 
(Type-J) increase by almost 300% in the range from 
20 to 140 kc. Moreover, in the higher carrier ranges, 
the loss of open wire circuits may be increased to values 
very much larger than those indicated in this latter 
figure by unusual weather conditions, such as ice, sleet 
or snow accumulating on the wires. Thus, Figure 281 
gives a representative example of the measured effect of 
melting glaze of an estimated diameter of ½ inch on 

TOLL CABLE IN BACKGROUND- 12-INCB SPACED OPEN WIRE 
LINE IN FOREGROUND 

an 8 inch spaced pair of 165-gage wires. Here, the 
attenuation at 140 kc. is some four times the normal 
wet weather attenuation. 

140. Toll Cable Facilities 

The use of cable conductors for long distance tele­
phone transmission presented very considerable diffi­
culties in the early days of the art. For obvious 
economic reasons, these conductors are of considerably 
finer gage than open wire conductors, which of course 
increases their attenuation per unit length. The much 
higher capacity, caused by the ne.cessary close spacing 
of the conductors within the cable sheath, also adds to 
their losses. In general, accordingly, cable conductors 
used for long distance voice-frequency transmission 
have always been loaded. 

Before the development of the telephone repeater, 
toll cables were built with the largest gage conductors 
practicable-10, 13, and 16-and the loading was 
"heavy". That is to say, loading coils having in­
ductances as high as .245 henry were inserted at inter­
vals of 6000 to 9000 feet. AB we noted in our discussion 
of loading in Chapter XXI, however, such heavy load­
ing, while effective in reducing the attenuation, has two 
undesirable effects. In the first place, it reduces the 
velocity of propagation to relatively low values which 
may seriously interfere with effective transmission 
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over the longer circuits. Also, such a loaded circuit 
acts as a low-pass filter with a relatively low cut-off 
frequency- in the neighborhood of 2500 cycles. Re­
quirements for high quality transmission at the present 
time demand that cut-off points be much higher than 
this. 

Thus, it is now desirable that the ordinary cable 
telephone circuit transmit frequencies up to at least 
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TTPII OP W'lllll GAG■ TTPII or 
CIBCUIT A.W'.G. LOADING 

Side 19 N.L.S. 

" 19 H-31-S 

" 19 H-44-S 

" 19 H-88-S 

" 19 H-172-S 

" 19 H-174-S 

"" 19 H-245-S 

" 19 B-88-S 

" 16 N.L.S. 

" 16 H-31-S 

" 16 H-44-S 

" 16 H-88-S 

" 16 H-172-S 

" 16 H-174-S 

" 16 H-245-S 

" 16 B-88-S 

Phantom 19 N.L.P. 

" 19 H-18-P 

" 19 H-25-P 

" 19 H-50-P 

" 19 H-63-P 

" 19 H-106-P 

" 19 H-155-P 

" 19 B-50-P 

" 16 N.L.P 

" 16 H-18-P 

" 16 H-25-P 

" 16 H-50-P 

" 16 H-63-P 

" 16 H-106-P 

" 16 H-155-P 

" 16 B-50-P 

Physical 16 B-22 

TABLE XIII 
CHARACTERISTICS OJ' STANDARD TYPES OJ' PAPER CABLE TELEPHONE CIRCUITS AT 1000 CYCLES PER SECOND 

LOAD COIL COJfllTAllTII COM8TA11TS ..... u,nm TO BIi DllJ'l'lUBUTIID PIIB 
PBOPAGA'NON CONnANT LIN■ IMPIIDAMC& P &B LOAD a KTION LOOP MIL■ 

WA.Va- COILIPIIB 
Y&LOClTT IPACING o r Polar Rectangular Polar Rectangular LOADaPBB COD■ NO. o r 

LIINO'l'R W'AYII-LOADING COILI 
LOAD COILI 

aSCOMl) MJLU R L R L C G MILU Lll!IOTII ,. 
Ohm, llenrya Ohma H enrya Mf. M.Mho. Angle Angle R X Maanitude Degrees a fJ Magnitude Degrees Ohme Ohma + -

- - - - 85.8 .001 .062 1.5 .1830 46.98 .1249 .1338 470 .1 42.80 344.9 319.37 46 .93 - -
M-4 1.135 2.7 .031 88.2 .028 .062 1.5 .2769 76.58 .0643 .2693 710 .0 13.20 691.2 162.17 23 .33 20 .55 20555 

M-2 & M-3 1.135 4.1 .043 89.4 .039 .062 1.5 .3188 79 .87 .0561 .3138 818.0 9.91 805.8 140.80 20 .02 17.64 17638 

M-11 1.135 7.3 .088 92.2 .078 .062 1.5 .4408 84.56 .0418 .4388 1131.0 5.22 1126.3 102.83 14.32 12.61 12615 

M-1 1.135 13 .0 .170 97 .3 .151 .062 1.5 .6095 86.96 .0323 .6085 1564.7 2.82 1562.8 76.90 10 33 9 .10 9098 

D-99318 1.135 16.1 .171 100.0 .152 .062 1.5 .6116 86 .90 .0331 .6107 1570.0 2.84 1568.0 78.83 10.29 9.59 9586 

M-7 1. 135 24 .5 .247 107.4 .219 .062 1.5 .7332 87.66 .0300 .7236 1882.0 2.12 1880.7 69 .65 8.58 7.56 7556 

M-9 0.568 7 .3 .088 98.7 .156 .062 1.5 .6195 87.01 .0322 .6186 1590.2 2.76 1588.3 76 .70 10.16 17.88 17882 

- - - - 42.1 .001 .062 1.5 .1288 49.13 .0842 .0974 330.7 40 .65 250 .9 215.39 64 .51 - -
M-4 1. 135 2.7 .031 44.5 .028 .062 1.5 .2659 82.79 .0334 .2638 682.5 6.99 677.4 83.02 23.82 20 .99 20985 

M-2 & M-3 1.135 4.1 .043 45 .7 .039 .062 1.5 .3148 84.61 .0296 .3134 808.0 5.17 804.7 72 .83 20 .05 17.66 17663 

M-11 1. 135 7.3 .088 48.5 .078 .062 1.5 .4380 87.64 .0224 .4374 1124.0 2.71 1122.8 53 .09 14.36 12.66 12656 

M-1 1. 135 13.0 .170 53 .6 .151 .062 1.5 .6084 88.27 .0183 .6082 1562.0 1.51 1561.5 41.06 10.33 9.10 9102 

D-99318 1. 135 16.1 .171 56.3 .152 .062 1.5 .6105 88..20 .019l .6102 1567.0 1.58 1566.4 43. 11 10.30 9.06 9062 

M-7 1.135 24 .5 .247 63.7 .219 .062 1.5 .7325 88 .56 .0184 .7323 1880.0 1.22 1879.6 39.87 8.58 7.56 7559 

M-9 0.568 7.3 .088 54.9 .156 .062 1.5 .6184 88.29 .0185 .6181 1587.4 1.49 1586.9 41.35 10.17 17.90 17897 

- - - - 42.9 .0007 .100 2.4 .1646 47.78 .1106 .1219 262.1 41.97 194.8 175-.23 51.53 - -
M-4 1.135 1.4 .018 44. 1, .017 .100 2.4 .2695 78.67 .0529 .2642 428.8 11.11 420.8 82 .61 23 .78 20.95 20952 

M-2 & M-3 1.135 2.1 .025 44.7 .023 .100 2.4 .3082 81.30 .0466 .3047 490.7 8.48 485.3 72.39 20 .62 18.16 18158 

M-11 1.135 3.7 .050 46.2 .()45 .100 2.4 .4243 85.25 .0351 .4228 675.2 4.53 673.1 53 .33 14.86 13.09 13093 

M-1 1.135 6.1 .063 48.3 .056 .100 2.4 .4724 85.98 .0331 .4712 751 .8 3.80 750 .1 49 .81 13.33 11.75 11748 

D-99318 1.135 8.2 .107 50.1 .095 .100 2.4 .6135 87.49 .0269 .6129 976.4 2.29 975.6 38.98 10.25 9.03 9033 

M-7 1.135 12.5 .155 53.9 .137 .100 2.4 .7361 88.10 .0244 .7357 1171.6 1.68 1171.1 34.40 8.54 7.49 7492 

M-9 0.568 3.7 .050 49.4 .089 .100 2.4 .5939 87.37 .0273 .5933 945.2 2.41 944.4 39.83 10.59 18.64 18645 

- - - - 21.0 .0007 .100 2.4 .1161 50.02 .0746 .0890 184.8 38.98 143.7 116.29 70.60 - -
M-4 1.135 1.4 .018 22.2 .017 .100 2.4 .2618 84.02 .0273 .2604 416 .7 5.76 414.6 41.83 24 .13 21.26 21259 

M-2 & M-3 1.135 2.1 .025 22.8 .023 .100 2.4 .3032 85.41 .0243 .3022 482.5 4.37 481.1 36.80 20 .79 18.32 18319 

M-11 1.135 3.7 .050 24.3 .045 .100 2.4 .4223 87.43 .0189 .4218 672.1 2.35 671,.5 27.52 14.90 13.12 13124 

M-1 1.135 6.1 .063 26.4 .056 .100 2.4 .4709 87.74 .0185 .4705 749.4 2.04 748.9 26.63 13.35 11 .77 11766 

D-ll9318 1.135 8.2 .107 28.2 .095 .100 2.4 .6128 88.54 .0156 .6126 975.2 1.24 975.0 21.13 10.26 9.04 9037 

M-7 1.135 12.5 .155 32.0 . 137 .100 2.4 .7357 88 .83 .0151 .7355 1170.9 0.95 1170.7 19.52 8.54 7.53 7527 

M-9 0.568 3.7 .050 27.5 .089 .100 2.4 .5931 88.48 .0157 .5929 943.9 1.30 943.7 21.39 10.60 18.66 18657 

616 0.568 1.25 .022 43.l .040 .062 1.5 .3150 85.02 .0273 .3139 809.1 4.76 806.3 67.10 20.01 35.26 35260 

NOTE. The values for cut-off frequency and transmiesion equivalent per mile, as given in the last two columns, are calculated from the primary constants which are assumed as uniformly distributed. 
These values accordingly may not be identical with the measured values given in standard formal instructions. The values given in Bell System Practices should ·therefore be used for engineering work. 

TILUCIIMI&-
Yll:LOCITT ~rr IUOK SQUl'I'• 

MIL .. PIIB l'BIIQUIINCT ALIIKTDII 
a■coND J •. PIIII MILII ,. 

( APPBOX.) (cw.cu-
LA.T &D) 

46930 - 1.08 

23331 6700 .56 

20022 5705 .49 

14319 3997 .36 

10326 2878 .28 

10288 2870 .29 

8577 2389 .26 

10157 5655 .28 

64506 - .73 

23818 6700 .29 

20048 5705 .26 

14365 3997 .19 

10331 2878 .16 

10297 2870 .17 

8580 2389 .16 

10165 5655 .16 

51525 - .96 

23781 6959 .46 

20621 5916 .40 

14861 4193 .30 

13334 3738 .29 

1~2 2871 .23 

8540 2386 .21 

10590 5936 .24 

70604 - .65 

24129 6959 .24 

20792 5916 .21 

14896 4193 .16 

13354 3738 .16 

10257 2871 .14 
-

8543 2386 .13 

10597 5936 .14 

20010 11276 .24 
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3000 cy-cles without appreci­
able distortion, and circuits 
used for program transmission 
work must handle frequencies 
much higher than this. There 
has been a continuing ten­
dency, therefore, to use lighter 
and lighter loading in cable 
circuits- that is, to employ 
lower inductance coils and 
closer spacing between coils. 
At the same time, the general 
application of the telephone 
repeater has ma.de it possible 
to use finer gage wire in toll 
cables, so that practically all conductors in , modem 
cables are of either 16 or 19-gage. 

The computed constants a.t 1000 cycles of the types 
of circuits extensively used in toll cables are given in 
Table XIII. This ta.hie is similar in make-up to 
Table XII and the general comments made in the pre­
ceding article regarding the former ta.hie apply likewise 
to this. As Table XIII includes loading constants, 
however, it should be noted that the secondary con­
stants in this case a.re computed on the assumption that 
the loading coil inductance and resistance a.re added 
directly to the corresponding basic wire constants and 
uniformly distributed. Certain of the resulting sec­
ondary constants, particularly the characteristic im­
pedance, may therefore be expected to differ somewhat 
from values computed on the basis of "lumped" 
loading. 

TABLE XIV 
LOADING COIL SPACING CODE 

CODII DDIOIUTIOlf LOA.D COIL RACING DI' rurr 

A 
B 
C 
D 
E 
F 
H 
X 
y 

700 
3000 
929 

4500 
5575 
'n87 
6000 
680 

2130 

The loading designations given in the third column 
of the ta.hie make use of a standardized code. The 
first letter in the code indicates the spacing between 
coils as shown in Table XIV. In general, only the H 
and B spacings are. used in toll cables proper. The 
other spacings listed in the table apply either to ex­
change area cables or to toll entrance cables, which a.re 
discussed in the next article. The number following 

the first letter in the code gives the inductance in 
milhenrys and the letter S, P or N following this indi­
cates whether the circuit is side, phantom or physical 
(non-phantom), respectively. For example, H-25-P 
indicates a phantom circuit equipped with 25 milhenry 
coils spaced a.t intervals of 6000 feet. For convenience 
this code system is further extended so that phantom 
group loading may be indicated by a letter followed by 
two numbers. Thus, for example, B-88-50 indicates a 
phantom group in which the phantom circuit is loaded 
with coils of 50 milhenry inductance and the side 
circuits are loaded with coils of 88 milhenry induc­
tance, both spaced at 3000-foot intervals. In phantom 
groups, loading is usually applied to the side and 
phantom circuits a.t the same paint, but this is not 
always true. Where the spacing is different for the 
side and phantom loading, two letters a.re used in the 
first symbol of the code. Thus, BH-15-15 indicates a 
loaded phantom group where both side and phantom 
coils have an inductance of 15 milhenrys, but the side 
circuit coils are spaced at 3000-foot intervals and the 
phantom circuit coils at 6000-foot intervals. 

In loaded cable cirCl~its, the a.mount of variation of 
attenuation with frequency up to frequency values 
fairly close to the cut-off point is relatively small. 
This may be seen by referring to the curves of Figure 
282. These curves also show how the cut-off frequency 
takes higher and higher values as lighter loading is 
employed. The lightest toll cable circuit loading is 
used for program circuits. As shown in Figure 282, 
such facilities (16-ga. B-22) are capable of transmitting 
frequencies up to some 8000 cycles without serious 
distortion. Where cable circuits are used for high­
frequency carrier transmission- up to a maximum of 
60 kc. in the case of Type-K carrier-loading is not 
practicable. The attenuation of the non-loaded con­
ductors is of course very much higher, as shown by the 
curves of Figure 283, but this is compensated for by 
the use of closely spaced high-gain amplifiers. 
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F'IG. 283. ATTENUATION-FREQU&NCY CHARACTERISTICS OF 
NON-LOADED CABLE CIRCUITS OVER THE 

TTPE-K CARRIER RAN011 

In addition to the usual open wire and cable circuits 
that we have been considering, there is another im­
portant type of toll line facility which is usually classi­
fied under cable. This is the coaxial type of conductor. 
Here the conducting pair consists of a small central 
wire and a surrounding concentric tube insulated from 
the central wire by rubber or fiber discs. The trans-

mission properties of such a conducting structure de­
pend upon the gage of the central wire and the diameter 
of the tube which surrounds it, the loss per unit length 
naturally being smaller with larger structures. The 
chief virtue of the coaxial conductor as a transmission 
medium lies in the fact that the outer cylindrical con­
ductor acts as a shield against crosstalk or external 
electrical interference. For this reason such a medium 
can be used effectively to transmit a frequency band of 
tremendous width- up to two million or more cycles 
per second. By employing carrier methods, accord­
ingly, a single coaxial conductor may be used to trans­
mit hundreds of separate telephone channels, or to 
transmit the very wide band of frequencies comprising 
a standard television signal. 
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F10. 284. ATTENUATION-FREQUENCY CHARACTERISTIC OP 
COAXIAL CIRCUIT 

As might be expected the attenuation losses of any 
practicable conductor of this type are extremely large 
at the high frequencies with which the conductor is 
used. This is illustrated in Figure 284 which gives the 
attenuation per mile of the experimental coaxial cable 
installed between New York and Philadelphia in 1936. 
This conductor consists of a 13-gage central wire and a 
concentric tube slightly larger than ¼ inch in inside 
diameter, with insulation consisting of hard rubber 
discs spaced at ¾ inch intervals. Because of its high 
attenuation losses, the application of the coaxial type of 
line facility in practice necessarily involves the use of 
high-gain amplifiers spaced at very frequent intervals 
along the line. 

141. Toll Entrance Cable Facilities 

COAXIAL CABLE 

It is seldom practicable to extend open wire line 
facilities into the central sections of the larger towns 
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STANDARD TOLL CABLES AND COAXIAL CABLE (SECOND J'ROM 

LErr) INSTALLED ON BRIDGE 

and cities. Instead, the open wires are usually ter­
minated at a pole somewhere on the outskirts where the 
wires a.re connected to cable conductors extending from 
the terminal pole to the toll central office in the city. 
These terminating cables are called toll entrance 
cables. Depending upon the size of the city, the loca­
tion of the central office, and other conditions peculiar 
to each particular situation, such toll entrance cables 
may vary in length from a few hundred feet to several 
miles. 

In order to meet the overall transmission require­
ments of the long distance circuits, it is of course 
desirable to keep the attenuation of the toll entrance 
cable conductors to as low a value as practicable. 
It is even more important in most cases that the cable 
conductors should be so designed that their impe­
dance matches the impedance.of the open wire facilities 
to which they are connected. Loading of the proper 
weight is used to obtain both of these results. Toll 
entrance cables usually contain three gages of wire-­
namely, 13, 16, and 19, and the larger gages are con­
nected to the larger gages of open wire. That is, 165-
gage open wire will be connected to a 13-gage pair in 
the toll entrance cable while 104-gage will be con­
nected to a 19-gage pair. For voice-frequency open 
wire circuits, the standard loading for toll entrance 
cables is H-31-18. Loading may be applied to cable 
lengths as short as 2000 feet, but short or irregular 
lengths (end sections) of cable may require artificial 
building-out in order that the loading section shall be 
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Flo. 285. ATTENUATION-Flu:QUENCY CHARA<n'ERISTIC8 OJ' 

D1sc-lNsuLATED TOLL ENTRANCE CABLE C1RCtJ1TS 

COMPARED WITH NON-LOADED PAPER 
INSULATED Cmcurrs 

of the proper length to give the desired characteristic 
impedance. 

Where open wire lines carry Type-C carrier systems, 
the toll entrance cable loading must be very light in 
order to transmit frequencies up to 30,000 cycles. For 
12 inch spaced open wires, the corresponding entrance 
cable loading generally used is C-4.1 and C-4.8, the 
former being used for the larger gage wires and the 
latter for the smaller. This loading may be modified 
by means of capacitance and resistance building-out 
to be satisfactory with 8 inch spaced open wire. How-

SPIRAL-FOUR, Dt~INSULAT:&D TOLL ENTRANCE CABL:& J'O& 

TYPE-J CANU:&B SYSTEMS 
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ever, in new installations A-2.7 and A-3.0 loading is 
usually provided for cable facilities connected to 8 inch 
spaced non-phantomed open wire conductors. For 
very short lengths of toll entrance cable and for long 
lengths of office cable used with Type-C carrier sys­
tems, X-2.5 loading is frequently employed. 

In the case of open wire lines carrying Type-J carrier 
systems, the top frequencies are so high that it is im­
practicable to load toll entrance cable of the usual 
type properly. Non.:.loaded conductors are therefore 
used, and the resulting higher attenuation is compen­
sated for by additional repeater gain. In certain cases, 
however, a special type of conductor is used to handle 
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these high frequencies. This consists of a cable made 
up of individually shielded 16-gage disc-insulated 
("spiral-four") quads. Each such quad consists of 
four wires placed at the corners of a square, the two 
wires at the diagonals of the square forming a pair 
and having a separation of .302 inch. The capacity of 
each pair is about .025 microfarad per mile and the 
attenuation (non-loaded} is about 2 db per mile at 140 
kc. This may be compared with the attenuation of 
ordinary non-loaded cable pairs at comparable fre­
quencies by referring to Figure 285. These disc­
insulated quads may also be loaded to improve still 
further their attenuation and impedance characteristics. 
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CHAPTER XXIII 

ATTENUATING, EQUALIZING AND TIME-DELAY CORRECTING NETWORKS 

1"2. Pads or Attenuators 

In the operation of various telephone circuits, it is, 
frequently necessary artificially to reduce the currents 
and voltages at various points within the circuits. To 
accomplish this result, attenuating networks are in­
serted at the required points. To attenuate all cur­
rents of the different frequencies the same amount, the 
attenuating network obviously must be made up of 

1,/4 R 1 

2 o--- --- -- 4 
"T"Pad .. Balanced r-or .. WPad 

ELECTRICALLY EQUAL "T"TYPE PADS 

R1 t/2 R1 
3 3 

2R2 2R2 2R2 
tp R1 

4 2 4 2-------.. lr"Pad .. Balanced 1T"'or•'Square-Pad 

ELECTRICALLY EQUAL"T"TYPE PADS 

FIGURE 286 

resistances. By arranging appropriate resistances in 
a network of series and shunt paths, any specified value 
of attenuation may be obtained without introducing 
any impedance irregularities in the circuit in which the 
network is connected. Such resistance networks are 
usually called pads and the most common of these are 
the "T" and "?,;" types illustrated in Figure 286. 

These same pads may be made up in "H" and 
"Square" networks where the series resistances in 

.. : ~ ~---· ___,,-R
2

__.~ T: 
2 4 

1/2 R1 + R2 + Ror 
R2 

FloVRS 'JlfT 

wires 1- 3 and 2-4 are equal. This balances the two 
sides of the circuit without changing the electrical 
characteristics of the pad. Thus, in Figure 286, the 
T- and H-pads are electrically identical; that is, both 
pads have the same impedance (resistance) and provide 
exactly the same attenuation. The same applies to 
the ?,; and Square pads illustrated. 

In most cases pads are symmetrical; that is, their 
impedance, as seen from either terminals 1-2 or 3--4, 
is the same. This is the case for the four pads illus­
trated in Figure 286. It is possible, however, for a 
pad to have a different impedance as seen from either 
terminal. Under these conditions the pad may be 
used to match two unequal impedances and at the 
same time produce the desired attenuation. 

The two basic facts required for designing a pad are, 
first, the impedance of the circuit in which the pad is to 
operate because this must match the impedance of the 
pad to prevent reflection loss; second, the amount of 
attenuation the pad is to· produce. The characteristic 
impedance of most circuits in which pads are con­
nected in practice is approximately a pure resistance. 
It is this resistance the pad is designed to match in order 
to pre.vent reflection loss . 

When a symmetrical pad is terminated in its charac­
teristic resistance, the resistance it presents at the other 
terminal is still, of course, its characteristic resistance. 
In view of this it is a simple matter to solve for the 
characteristic resistance of the pad in terms of its series 
and shunt resistances. The loss, or attenuation, of a 
pad is measured by the relation of the received current, 
I,, to the sent current, I.. This loss expressed-in db 

1• l f hi t· I. is 20 log10 - • The va ue o t s current ra 10, y , can 
I, , 

also be obtained in terms of the series, shunt, and char­
acteristic resistances of the pad. These relations for 

..h_ _ I + Roir + _!lJ_ + Rt Ro1r 
I, - R2 2R2 ~ 

FloURJ: 288 
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both the characteristic resistance and the current ratio 
are given for the T and ?I: type pads in Figures 287 and 
288, respectively. 

If the same values of series (R1) and shunt (R2) 
resistances are used in T- and ,:-pads, their character­
istic resistances and db losses will be different. How­
ever, by using proper resistances of different values, 
two such pads can be made electrically identical. In 
Article 122 of Chapter XIX, Equations (72), (73) and 
(74), show how any network can be replaced by a 
simple T-network, after measuring or calculating three 
specific resistance values. By applying these equations 
to the ?1:-pad in Figure 289, the equivalent T-pad can 

R, 
1 3 

Ry R, 

2 4 2-------4 
""U--Pad 

FIGURE 289 

be calculated. The resistances R1, R2, and R3 in 
Chapter XIX are as follows: 

R 1 = Resistance across terminals 1- 2 with terminals 
3-4 open. 

R2 = Resistance across terminals 1-2 with terminals 
3-4 shorted. 

Rs = Resistance across terminals 3- 4 with terminals 
1- 2 open. 

In terms of R", R11 , and R. in Figure 289, these resis­
tances now become: 

Ri = (R:z: + R,)R11 = R,,R11 + R11 R, (l13) 
R,, + R11 + R. R,, + R11 + R. 

R2 = RrR11 . (114) 
R,.+R11 

Ra = (R,. + R 11)R, _ R,,R. + R 11R. (ll5) 
R,. + R11 + R. - R,. + R11 + R. 

By substituting these values in Equations (72), (73) 
and (74), and solving for the resistances of the T-net­
work, we get-

Ra= RrR11 
R:r+ R11 + R, 

(116) 

Rb= RrR, 
R"+R11 +R. 

(ll7) 

R. = R,,R, 
R,.+R11 +R. 

(118) 

Where the ?1:-pad is symmetrical (R11 = R,), the values 
of R. and Rb will, of course, be equal. 

To convert a T-pad to a ?1: type, we can make use of 
three similar equations which can be developed from 

Equations (ll6), (ll7) and · (US) above. This in­
volves obtaining values of R", R11 , and R, in terms of 
R., Rb, and R •. • This can be done by first obtaining 
the sum of the products of Equations (116) and (117), 
(116) and (ll8}, and (ll7) and (118) which gives-

R ~+RR+~ R = ~R,,& + &~& + &~~ 
•-'"& " • '"& • (R" + R,, + R,)2 

This becomes-

R R R R R 
R,.R11 R, 

.,Rb+ a e + • • = R., + R,, + R, 

Then by dividing this equation by each of Equations 
(118), (117), and (116), we get-

R" = R .. Rb +R.R.+ RbR. 
R. 

R. = RaRb + RaR, + RbRe 
Rb 

(119) 

(120) 

When the T-pad is symmetrical (Ra = Rb), the values 
of R 11 and R, will be equal. 

In designing a pad, it is only necessary to calculate 
the resistance values for either· a T or ?I: type and from 
these values, each of the types illustrated in Figure 286 
can be obtained. Probably the simplest method is to 
first calculate the T-pad, and if any of the other types 
are desired, they can be obtained from the T. 

Example : Determine the resistance values for a 
symmetrical 600-obm, 10 db H-pad. 

Solution: From Figure 287, 600 = ✓~~ + R,R2 

or 

R2 

4
1 + R1 /l-i = 360,000 

20 logio t = 10 db. 

log,o ~~ = !~ = .50 

¥, = 3.16 

Also from Figure 287 

I, 
i. -

R, + & + R. 
2 & = 3.16 

~l + & + 60() = 3.16 & 
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&+600 
~= 2 = .zu &. + 277.8 2.16 

Substituting & in the .first equation a.hove-

!+ Ri(.231 R1 + 'J:17.8) - 360,000 = 0 

.481 Kt + 277.8 R1 - 360,000 = 0 

( This may be solved by the formula for a quadratic 

equation where a:t
1 + bx + c = 0, in which 

X = -b ± -v'b2 - 4ac) 
2a 

From this 

and 

R1 = -277.8 + V77,170 + 692,640 
.962 

= -277._~1877.3 = 623.2 ohms 

Rs = .231 R1 + 277.8 

= 144 + 277.8 = 421.8 ohms. 

The H-pad will have a shunt resistance (Rt) of 
421.8 ohms, and each of the four series ann resis-

tances ( !1
) will be 155.8 ohms. 

A common use of pads is as an auxili&ry method to 
control the net gain of 22-type telephone repeaters. 
As may be seen from Figure 336, these pads are of the 
square type and, of course, designed to match the 
300-ohm impedance seen in both directions at this 
point in the circuit. Table XV gives the series and 
shunt resistance values for such 300-ohm Square pads 
in the range from 2.5 db to 25.0 db. Similar tables can 
be prepared for other types of pads used for various 
purposes in the telephone plant. 

In making certain tests, it is of ten desirable to use a 
variable pad which has a fairly wide range of loss 
values. Such a pad is called a variable attenuator and 
usually consisto of both fixed and variable H type 
units. The variable units are adjusted by dials while 
the fixed H units can be cut in or out of the attenuating 
circuit by a switching key. This provides a loss that 
can be varied over the entire range of the attenuator. 

143. Attenuation Equalizers 

One of the factors tending to decrease the intelli­
gibility of telephone conversations is unequal attenua­
tion of the currents of different frequencies as they pass 

over the circuits. For example, the -attenuation of a 
non-loaded open wire circuit is great.er for the higher 
frequencies than for the lower, and this difference in 
attenuation is directly proportional to the length of 
line. Therefore, when long circuits are employed it is 
frequently necessary to make use of attenuation 
equalizers to correct for the unequal attenuation of the 
line. These equaliurs are usually associated with the 
repeaters which must be included in the circuit to 
assure a satisfactory volume of sound at the receiving 
end. 

TABLE XV 
SERIES (X) AND SHUNT (Y) RESISTANCE VALUES OF B.ALANCED 

,.. OR SQUARE PADS Us:11» IN ~YPE RzPEATEBS 

Ro - 300 ohms 

X 

y y -Ro 

Resi8tance Value8 for Square Pad 

BS819T AJtfCJ: V ALUa 
DBLOM 

Seriea, X Shunt , Y 

0 0 Infinite 

2.5 44 2099 

5.0 91 1071 

7.5 146 738 

10.0 213 577 

12.5 298 487 

15.0 408 430 

17.5 553 392 

20.0 742 367 

25.0 1330 336 

Attenuation equa.lirers are networks consisting of 
retardation coils, condensers, and resistances, which a.re 
so proportioned and arranged that their attenuation­
frequency characteristics are complementary to the 
line characteristics that produce the distortion. In 
brief, the total loss of the line plus that produced by the 
equalizer will be substantially the same for all fre­
quencies in the transmitted band. This principle is 
shown in Figure 290. 

One of the simplest types of equalizers, shown 
schematically in Figure 291, is bridged directly across 
the circuit to be corrected. Obviously, the impedance 
of such a bridged equalizer must be low enough at 
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certain frequencies to allow sufficient current to flow 
through it to produce the required losses at these fre­
quencies. Accordingly, the equalizer circuit naturally 
changes the circuit impedance, particularly at the 
frequencies where the equalizer is to provide a sub­
stantial loss. This introduces an impedance irregu­
larity into the circuit of a sizeable value. The use of 
bridged equalizers of this type therefore has definite 
limitations in practice. 

C 

~ ., 
:::, 
C 

i 

0 

Total Loss of Line and Equalizer 

.......... ..... _ ----------->--Equalizer Loss '-..., 
..... 

Frequency 

FIG. 290. PRINCIPLJC OJ' A'l"I'JCNUATION EQUALIZJCR 

In long circuits equipped with telephone repeaters, 
the desired equalizing effects can be obtained without 
introducing an appreciable impedance irregularity by 
inserting equalizing networks at the mid-point of the 
pJ'in:lary sides of the repeater input transformers. 
Such applications are illustrated in Figures 336 and 337. 
Instead of changing the net loss of the line, however, 

Line Equalizer 

FIG. 291. S1MPLJC BRIDGJCD EQUAL?ZJCR 

this arrangement changes the overall gain-frequency 
characteristic of the repeater to match reasonably 
closely the loss-frequency characteristic of the line. 
That is, for the frequencies where the line loss is high 
the repeater gain is also high and vice versa. The 
overall loss-frequency characteristic of the line and 
repeater together is then reasonably uniform over the 
transmitted frequency band. 

144. Bridged T-Equalizer 

Both of the above methods of equalization give 
satisfactory results where the amount of attenuation 
distortion to be corrected is relatively small. To use 
either of these methods to correct a large attenuation 
distortion, might result in an impedance irregularity of 
such a magnitude as to more than offset the benefits 
obtained by equalizing. To equalize for these rela4 

tively large amounts of attenuation distortion. a some­
what more complex equalizing network, in the form of 
a bridged T-structure, may be used. This equalizer is 
designed to have a constant impedance over the entire 
frequency band transmitted. 

As its name implies, the bridged T-equalizer is built 
in the general form of a T-network, but it has an ad­
ditional impedance path bridged across its series 
elements. This latter path controls the loss of the 
equalizer. The elements of the bridged T-equalizer are 
connected in a. Wheatstone bridge arrangement, and the 
principle of its operation may be best grasped by first 
referring to the ordinary Wheatstone bridge circuit 
illustrated in Figure 292-A. Here a. generator is con­
nected to the two opposite points of the bridge through 
the impedance R, and a galvanometer, G, is connected 
across the other two points through an impedance P. 
The bridge is balanced and no current flows through the 
impedance P when the following proportion holds true: 

R 

A S ii = X or SB = XA 

A. WHEATSTONE BRIDGE CIRCUIT 

3 

Input 

2 4 

B. WHEATSTONE BRIDGE IN THE FORM OF ATNETWORK 

F'IGOBII 292 

X 
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Now let us rearrange this bridge circuit in 'the form 
of a T-network where the series elements are bridged 
by the impedance S, as illustrated in Figure 292-B. 
The T-network proper is formed by A, P, and B, with 
S as the bridging impedance while R and X now be­
come the input and output impedances, respectively. 
Next, let us change the impedances R, A, P, and X 
to resistances of equal value, which may then all be 
designated as R. For reasons to be explained later, 
we shall also redesignate the impedances S and B as 
Zu and Zu, respectively. Then, as illustrated in 
Figure 293, we still have the same bridge which was 

3 

2 4 

CONSTANT RESISTANCETNETWORK WHEN 2 11 Z 21=R2 

FIG. 293. BRIDGED T-EQUALIZEll 

R 

balanced when SB= XA, and isnow balanced when-

Z11Z21 = R X R or R2 (122) 

When the bridge is balanced no current flows in the 
impedance, P (Figure 292-A), and for purposes of 
analysis we may therefore simplify the network by 
removing the R resistance which replaced P in Figure 
293, giving us the network of Figure 294. Looking 
from the generator across terminals 1- 2 of this circuit, 
we now see two parallel paths which present an input 
impedance Z,,. of-

z. _ (R + Zu)(R + Z21) 
"' - R + Zu + R + Zn 

R2 + RZu + RZ21 + ZuZu 
2R + Zu + Z21 

or substituting R2 for ZuZ21, 

z,,. = R(2R + Zu + Z21) = R 
2R + Zu + Z21 

(123) 

l 3 

R 

2 4 

FIGURE 294 

the network is inserted to the current, Ia, received after 
the network is inserted. Thus, the current, lb, in the 
output before the network is inserted will be-

E E 
lb= R + R or 2R 

After inserting the network, the output of the generator 
will remain the same because the impedance of the 
network as seen at terminals 1- 2 is still R. As the 
input current divides into the two parallel paths (Figure 
294), the current flowing in the output (terminals 3-4), 
Ia I is-

l R + Z21 
I,. = b X R + Z21 + R + Z 

Then 
I,._ R + Z21 
lb - 2R + Zu + Z21 

or 

lb 2R + Zu + Zu 
Ia= R + Z21 

(124) 

Since we are considering the balanced condition where 

ZuZ21 = R2
, then Z21 = ZR2. Substituting this in 

11 

Equation (124), we get-

lb R2 + 2RZn + z:1 
Ia= R2 + RZ11 

= R + Zu = l + Zu 
R R 

(125) 

This shows that, as long as the balanced condition is 
maintained, the loss of the network is determined by 

In other words, when the bridge is balanced Z11. This is also apparent from an inspection of Fig-
(Z11Z21 = R2), the input impedance of the equalizing ure 294 because this impedance is in series with the 
network is a pure resistance, R. Moreover, since the receiving circuit, and any value of loss may be secured 
T-network is symmetrical, the same reasoning can be without affecting the input or output impedances, 
applied at the output terminals 3-4, and the impedance providing the balanced condition is maintained. 
will also be found to be a pure resistance, R, for the To summarize, the bridged T-equalizer has a constant 
balanced condition. impedance, as seen from both terminals, equal to R 

As in the case of any other circuit, the loss produeed when Z 21 is the inverse of Z11 (Z21Z11 = R2
} 1 and its 

by this network may be deter~ed by the ratio of the overall loss-frequency characteristic is determined by 
current, lb ,· received in the output impedance before the bridged series impedance network, Z11• 
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Both Zu and Z21 represent generalized impedances 
which may be resistances, capacitances, inductances, 
or any combination of them. The one and only re­
quirement is that established by the balanced condition 
(ZuZ21 = R2

), which means there must always be an 
inverse relationship between Zn and Z21. If Z11 is a 
pure inductive reactance represented by jwL, then 
Z21 must be R2/jwL or -jR2/wL, which represents 
a capacitive reactance, -j/wC, where C = L/R2

• 

On the other hand, if Z11 is a capacitance, Z21 must be 
an inductance, which is the reverse of the above case. 
If Zn is a resistance, then Z21 will also be a resistance. 
When Zu is a network, Zn is a network with the same 
number of elements but each element is the inverse of 
the corresponding element of Z 11 as illustrated by the 
following table: 

When Z 11 is: 

Inductive reactancc. 
Capacitive reactance. 
Resistance. 
Series inductance. 
Series capacitance. 
Parallel resonance. 
Series resonance. 

Ztt becomes: 

Capacitive reactance. 
Inductive reactance. 
Resistance. 
Parallel capacitance. 
Parallel inductance. 
Series resonance. 
Parallel resonance. 

This inverse relationship is further illustrated in 
Figure 295 where the series network, Z11, and its in­
verse shunt network, Z21, are shown at theleftandright, 
respectively. Here the advantages of using the two­
digit subscript for Z become more evident. The first 
digit of the subscript indicates whether the element 
belongs to the series or shunt impedance, while the 
second digit designates the corresponding inverse 
elements of the two networks. Therefore, in Figure 
295, C21 is the inverse of Lu; C22 is the inverse of L12; 
Lu is the inverse of Cu; and Rz1 is the inverse of Ru. 

SERIES NETWORK 
IMPEDANCE, Zu 

'if... T°" 
~ 

SHUNT NETWORK 
IMPEDANCE, z21 

F10. 295. INVERSE SERIES AND SHUNT NETWORKS 

In designing a bridged T-equalizer for a specific use, 
the attenuation-frequency characteristic of the Zn 
network must be complementary to the attenuation­
frequency characteristic of the circuit to be corrected. 
This is true because, as we have seen, the loss-frequency 
characteristic of the bridged T-equalizer is controlled by 
the series impedance network, Zn. 

As an example of the general problem involved in the 
design of the Zn network, let us consider a representa­
tive application of its use in a Type-C carriersystem. 
In this, as in other carrier systems, separate frequency 
bands are employed for transmission in the two direc­
tions. For example, in the Type-CS system, trans­
mission in the East to West direction occupies the 
frequency range from about 6 to 16 kc., while trans­
mission in the West to East direction is in the range 
from about 18 to 28 kc. At the terminals and inter­
mediate repeater points, the entire frequency band used 
in transmitting in each direction, which in the C systems 
includes three separate voice channels, is amplified by 
a single amplifier. The frequency bands transmitting 
in opposite directions are separated by means of so­
called "directional filters". 

The attenuation of the line facilities varies very con­
siderably over the wide band of frequencies used. The 
directional filters also introduce appreciable distortion 
near their cut-off frequencies. In order to main­
tain uniform transmission, therefore, it is necPA'>­
sary to employ equalizers to counteract both of these 
attenuation distortion factors. This situation is illus­
trated in Figure 296. Here the loss produced by the 
line, filters, and their combined total, arc indicated by 
the heavy lines so designated. (The frequency posi­
tions of the three voice channels in each direction of 
transmission are indicated by the vertical dashed lines.) 
The required loss-frequency characteristic of the equal­
izers is shown by the two upper curves A and B, each 
of which is made complementary (inverse) to the total 
line and filter loss over the frequency band for its 
direction of transmission. By adding the losses of the 
line, filters, and equalizer for each direction of trans­
mission, the resultant loss-frequency characteristic 
becomes a straight horizontal line in each case. Be­
cause of the rising characteristic of the line, however, 
the total loss for the three lower voice channels, L1, 

is less than that of the three higher voice channels, L2• 

This difference is readily corrected by making the 
amplifier gains different for the two directions of 
transmission. 

Now that we have noted the factors which give these 
equalization curves (A and B) their particular charac­
teristics, let us analyze in a general way the equalizer 
design considerations for one curve-say curve A. 
Clearly, the loss-frequency characteristic of the series 
impedance, Z11, should conform as closely as prac­
ticable with the curve A of Figure 296, or with the solid 
line curve of Figure 297, which is the same. As a 
first approach, a Z11 circuit made up of a single series 
condenser, as in B, will give the general loss-frequency 
characteristic indicated by curve b. This, of course, 
is due to the fact that the current through a condenser 
increases with frequency; consequently, its loss de-
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creases. However, it will be noted that curve b di­

verges widely from the desired characteristic at the 

higher frequencies. To reduce the loss at Ji, and thus 

bring the curves closer together, we can add in series 

with the condenser an inductance, Lu, of such a value 

that series resonance occurs at approximately the fre­

quency Ji. This fails to solve the problem, however, 

because below the resonant frequency this series circuit 

produces a loss that increases with decreasing fre­

quency, as indicated by curve c. Because of the 

inductance, the curve has now become too low over 

most of the frequency range but yet fairly close to the 

desired value at the two extremities. 
Apparently what is needed is an inductance that is 

considerably smaller than that of Lu over most of the 

frequency range but equal to it at f 1• This can be 

simulated by a parallel resonant circuit which has a 

,Q 
"O 

.5 

12r-----.:------------ -~ 

0 .___ __ ____..;._....____._...L.--1.---1.-L...:._.!......J _ _i___j 

30r--- ----.-~-.-.--.-h--r---T-..---,-.,....--, 

201----+-

I I I _., 

I 
I 
I 

I I I 
Lin~ Loss I 

I I I 
I 

30 

Flo. 296. ATTIINVATION EQoALtliTION l'OB Tns-C 
CABIUml 8Tl'RM 

L2 

resonant frequency somewhat above /i, as indicated at 

D, because up to the anti-resonant frequency the in­

ductive reactance of a parallel resonant circuit in­
creases with frequency. On this basis, Lu can be 

selected so that it is small enough to approximate the 

desired loss at the lower and mid frequencies. Then 
by shunting a condenser around it, forming a parallel 

resonant circuit, the effective inductance of the parallel 

combination at Ii can be made equal to that of the 

former Lu. In this way the low impedance, and hence 

low loss, is preserved at f I and the loss is still increased 

at lower frequencies. The net effect is the character­

istic shown by curve d. This comes very close to the 

desired characteristic, but even greater precision can 

be obtained by adding the shunt resistance Ru, as 

shown by E. This introduces a small increase in the 

loss over most of the frequency range and modifies the 

curve as shown by e. 

Cu 8. 211 = - -•-1111• -•--

_rt:-1_~11 
D. Z11 =W7~ ~ z., - ~ 

~ ... 
• !:! 
-.;; 
::, 
<r .., 
0 
"' ~ _, 
,Q 

"O 

Lu Lu 
12r----~-,,,,...-----.---- -.-=-::......-~ 

8 
b 

4 

0 
f 1 

0 5 10 15 20 

Frequency in Kilocycles 

FIGORJ: 297 

The final series network, Z11, and its inverse, Zu, 

then take the form illustrated in Figure 298. In the 

inverse network, Zu, the shunting resistance Ru be­

comes a series resistance R21; the series condenser C 11 

becomes a shunt inductance L21; while the parallel 

resonant circuit Cu and Lu becomes a series resonant 

circuit Lu and Cu. The degree of perfection with 

which a given loss-frequency characteristic can be 

matched by such an equalizer depends upon the number 

of coils, condensers, or resistances it is considered 

economical to use. 
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Another general application of the bridged T-equal­
izer is in equalizing lines for program transmission, 
which use 16-gage B-22 loaded cable circuits. The 
loss on these facilities varies with frequency as may be 
noted from Figure 282, and in view of the wide voice­
frequency band transmitted, it is apparent that atten­
uation equalizers must be used to provide a uniform 
loss-frequency characteristic over the frequency band 
transmitted. The principles involved a.re, of course, 
the same as those we have just been considering al­
though the details of design may be somewhat different. 

146. Time-Delay or Phase Equalizers . 

The equalizers discussed in the preceding article 
take care of the variation of line attenuation. Un­
fortunately, this is not the only way in which the trans­
mission characteristics of long telephone lines vary 
with frequency. The velocity of propagation, W, over 
these lines may also be different at different frequencies. 

A pair of wires of zero resistance in free space, 
separated from all other conductors and without leak­
age, would transmit electrical waves at the speed of 
light, which is 186,000 miles per second. In an open 
wire circuit, what retardation exists comes largely from 
the increased capacity effect produced by the glass in­
sulators, and the resistance of the wires. In cable 
circuits, there is a still further retardation due in part 
to the greater capacity between the wires, and even 
more to the inductance of the loading coils which are 
inserted to decrease the attenuation. In any case 
there is a finite time interval, or time-delay, between 
the sending end of any circuit and its receiving end. 

This delay is greater with some types of facilities 
than others and, of course, increases in direct propor-
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tion with the length of circuit in every case. More­
over, the delay is not the same for all frequencies in 
the transmitted band because the line res.eta.nee com­
ponents which determine the wave-length constant, fJ, 
and thereby the velocity of propagation, W, vary 
with frequency. This difference in velocity at the 
various frequencies means that the phase relationships 
of the currents at the receiving end are not the same as 
at the sending end. In long circuits of certain types, 
this produces a form of distortion sometimes called 
"phase distortion". This phase or time-delay distor­
tion may be equalized by inserting in series with the 
circuit a network having the inverse time-delay=fre­
quency cha.ractetj,stic. The total time-delay produced 
by the circuit, added to that of the time-delay equal­
izer, will then be approximately the same over the 
frequency band transmitted. These time-delay equal­
izers are sometimea referred to as "phase correctors". 

The time-delay (phase shift) in a. circuit is determined 
by the electrical characteristics of the circuit, and varies 
in proportion to the circuit's length. When all the fre­
quencies in the band transmitted are delayed the same 
amount, there is obviously no delay distortion because 
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it is the differences in the time-delays of the different 
frequencies that produce the time-delay, or phase 
distortion. The allowable time-delay (phase shift) on a 
circuit depends, of course, upon the quality of trans­
mission desired. The higher the quality the lower the 
allowable time-delay, and vice versa. For most tele­
phone circuits, designed to transmit a voice band of 
about 2500 cycles, it is not necessary to equalize for 
time-delay distortion unless the circuit is exceptionally 
long. 

A representative illustration of a situation where it 
may be necessary to equalize for this delay distortion 
is in the use of cable circuits for program transmission, 
where a frequency band of approximately 35 to 8000 
cycles is transmitted. B-22, 16-gage cable pairs are 
used for this service. The time-delay=frequency 
characteristic for a 50-mile section (average length of 
a repeater section) of such facili~ies is shown in Fig­
ure 299. Here it may be noted that the maximum 
difference in the time-delay is about 0.9 millisecond 
for the 50-mile section. For a very long circuit-

say 2000 miles- this difference in. time-delay becomes 
approximately 36 milliseconds. Tests have indicated 
that for the quality of transmission desired, the higher 
frequencies (in the range of 5000 to 8000 cycles) should 
not be delayed in transmission more than 5 to 10 milli­
seconds more than the delay suffered by frequencies in 
the neighborhood of 1000 cycles. 

Time-delay equalizers, designed to provide an in­
verse time-delay=frequency characteristic from that 
of the line, as illustrated in Figure 299, are inserted at 
the input of the program amplifiers as indicated in 
Figure 338. These time-delay equalizers are built in 
the form of a series of bridged T-networks as schemati­
cally illustrated in Figure 300. It will be noted that 
eleven of these sections, seven of one kind, three of 
another, and one of a third, are needed to make up the 
network normally used with each 50-mile section of a 
program cable circuit. The detailed analysis of the 
problems involved in the- design of such time-delay 
correcting networks is somewhat involved and is ac­
cordingly left to the more technical literature. 
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CHAPTER XXIV 

FILTERS 

146. Filter Requirements 

In telephone and telegraph work, it is often desirable 
to suppress or eliminate currents of certain undesired 
frequencies and at the same time to pass currents of 
other frequencies. This is accomplished by means of 
electrical filters. As would be expected from our study 
of resonance in Article 111, these filters arc essentially 
networks of inductances and capacities. While the 
details of design of some of the more elaborate types 
of filters are somewhat beyond the scope of this text, 
we may consider here the general principles of the three 
major types commonly used. These are known re­
spectively as (1) "low-pass" filters which transmit, with 
very little attenuation, currents of all frequencies from 
zero up to some designated cut-off frequency and offer 
very high attenuation to all higher frequencies; (2) 
"high-pass" filters which perform the reverse of this 
action and attenuate up to the cut-off value but 
readily trarrsmit currents of all higher frequencies; 
(3) "band-pass" filters which have both an upper and a 
lower cut-off point, and which permit \he transmission 
of only those frequencies lying between the two cut­
off frequencies. 

At the beginning it is convenient to consider the 
requirements of an ideal filter, even though the ideal 
cannot be fully obtained in practice. In such a filter, 
(1) frequencies lying within the pass bands would be 
transmitted without hindrance; in other words. over 
these bands the attenuation would be zero and no 
power would be dissipated by the filter; (2) the fre­
quencies outside of the pass bands would be completely 
suppressed and the attenuation would be infinite; (3) 
the frequency intervals between the transmitted and 
attenuated frequency bands would be very small; in 
other words, the change from passing to suppressing 
or vice versa, would occur in a very narrow transition 
band; (4) throughout the transmitted bands, the char­
acteristic impedance at the filter terminals would 
match the impedance of the terminating apparatus to 
prevent reflection losses. 

From our study of resonance and the effect of re­
sistance on the attenuation-frequency curves of res­
onant circuits, it is apparent that an ideal filter must 
be constructed entirely of pure reactances because the 
presence of resistance would produce attenuation in 
the transmitted bands. If there are no limitations as 
to the complexity of the reactance arms used in form-

ing filters, or in the configuration iri which these arms 
may be arranged, then there are an in.finite number of 
possible types of filters. Naturally, however, filters 
are designed to meet the technical requirements using 
the simplest networks practicable. 

147. Low-and High-Pass Filter Sections 

The simplest arrangements of elementary filter net­
works are the "T" and 11

?t" sections shown in Figure 
301, where Z1 and Z2 represent the series and shunt 
impedances, respectively. (Note: the values of Z1 
and Z2 are not necessarily the same in the two draw­
ings.) For simplicity our discussion will be confined 
to the T type of network, but as we learned in the 
preceding chapter, these two networks may be inter­
changed if certain definite electrical relations are main­
tained. These simple networks are called prototype 
filter sections, and are the basic structures from which 
practical filters are developed. 

222 

.. r Section "1T -Section 

FIGURl!I 301 

AB covered in Article 124, when a network is ter­
minated in its characteristic impedance, Zo, the im­
pedance presented at the input terminals is still Zo. 
Its value may be determined by taking the square 
root of the product of the impedances (geometric mean) 
from one end with the other end open-circuited, Z"", 
and then short-circuited, Z«, (Zo = VZ°'Z.0 ). Since· 
we are now considering an ideal filter made up of 
pure reactances in the form of a T-network, these open­
and short-circuited impedances must be either positive 
(inductance), or negative (capacity) reactance. Ac­
cordingly, the characteristic impedan6e must have an 
angle of 0° or ±90°. When the open- and short­
circuited impedances (reactances) have opposite 
signs-

Zo = y1 ( ±iXoc)( + jX,c) 

= v-j2(X.,,X,c) 
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or 

Zo = v'XocX •• (126) 

This is an impedance with a zero angle,· or effectively a 
pure resistance. If, however, the signs are alike--

Zo = V(±jXoc}(±jX.,} 

= Vi"(XocX,.) 

or 

Zo = ±iv'XocX,. (127) 

and the impedance has an angle of ± 90° which, of 
course, represents a pure reactance. 

When, as in the first ca.se, the characteristic impe­
dance is a resistance equal to the impedance of the 
terminating device, the network (consisting of filter 
and termination) is capable of absorbing power (en­
ergy) from any source connected to the input. Since 
none of this power can be dissipated in the reactances 
of the filter, it must be passed on to the receiving de­
vice (termination). In other words, the termination 
absorbs all the power and the attenuation in the filter 
itself is zero. On the other hand, when the characteris­
tic impedance is a pure reactance, no power can be 
absorbed by the network. Under this condition the 
filter network would merely take energy from the 
source during part of a cycle, store it in the electro­
magnetic and electrostatic fields, and return it during 
a later part of the cycle. In other words, the filter 
behaves essentially like an open circuit, or may be 
said to have infinite attenuation. 

Over the range of frequencies, the open- and short-­
circuited impedances of the filter change from positive 
to negative and vice versa, as may be noted from Figure 
302-B for the three prototype filter sections illustrated. 
At the same time, the characteristic impedance changes 
from resistance to reactance and vice versa. When 
the characteristic impedance is a resistance, the filter 
transmits; when the characteristic impedance is a 
reactance, the filter attenuates. This is also shown by 
the solid line curve of Figure 302-D. 

As we have already seen, the characteristic impe­
dance, Zo is 

Zo = v'ZocZ.. (128) 

but from inspection of the T-section of Figure 301, it is 
evident that-

and 

which, simplified, is-

Then by substituting these values in Equation (128) we 
get-

Zo = ,y~i + Z1Z2 = ,y z1 (~1 + z,) (129) 

When the reactance represented by Z1 is opposite in 
sign to the reactance represented by the quantity 

( !1 + Z2), their product is positive and the charac­

teristic impedance is a. resistance. This can be seen by 
substituting reactances in Equation (129) as follows: 

Zo = ,Y ±iX1 (±~1 
±jx,) 

+·x 
Next, let the combined value of ==1___! ± j X2 be 

4 
designated j X 3 which will be either negative or posi­
tive depending upon the relative values of X1 and X2• 

In the case when the sign of j X3 is opposite to' tha.t of 
jX,-

Zo = V ±iX1( + jXs) = V -j2 X1Xa = v'X1Xa 

In this case the characteristic impedance, Zo, has a. 
zero angle, which means it is effectively a pure resis­
tance. In the other case, when the sign of j Xa is 
the same as that of j X1, the characteristic impedance 
will be-

Zo = v' ±iX1(±jX,) = v'/X1Xa = jvXi,Xa 

which is a pure reacts.nee. Ii:i the first case, the filter 
transmits; in the second case, the filter attenuates. 

The passed and attenuated frequencies may also be 
determined from the reactance curves for Z1 and 

(!1 + z1) which are shown in Figure 302-C. When 

these two curves have opposite signs, the characteris­
tic impedance of the filter is a. resistance and the filter 
transmits, but when the signs are alike, the characteris­
tic impedance is a reactance and the filter attenuates. 
This is illustrated by the solid curve of Figure 302-D. 

At the critical point where the (!1 + z,) curve crosses 

the zero axis, the characteristic impedance, Z0, be­
comes zero as is evi9ent from Equation (129). This 
is the frequency at which the filter is said to cut off. 
On one side of this point is the pass band and on the 
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other side the filter attenuates. This cut-off frequency, 
J,, may be determined from the equation 

Zi + Z2 = O 
4 

(130) 

In the low-pass prototype filter section of Figure 
302-A-

-3 
Z1 = 3'27rf. L and Z2 = 21rf,C 

at the critical frequency, f,. Substituting these values 
in Equation (130), we get-

1 
f, = 1ryLC (131) 

Similarly, in the high-pass prototype filter section of 
Figure 302-A-

r. -j L Z 1 = 21rf.C and Z, = j211'f, 

Then the cut-off frequency is-

l 
f. = 47rv'LC 

(132) 

148. M-Derived Filter Sections 

Now at this point it will be noted that although we 
have used the elementary, or prototype, filter struc­
tures of Figure 302-A to derive equations for the cut­
off frequency and to determine the pass and stop bands, 
as a practical matter these simple structures do not 
even approach the ideal filter requirements set up in 
Article 146. This will be apparent from a glance at 
the loss-frequency curves shown by the dashed lines 
in Figure 302-D, which illustrate the actual losses 
produced by each structure when insertE:d in a circuit 
of constant impedance (resistance). Because the im­
pedances of the prototype sections do not remain 
constant over the frequency band, the "inserted" 
losses they produce depart rather widely from the 
theoretical losses of the ideal structures (as indicated 
by the solid lines) and obviously do not meet the ideal 
requirements. The attenuation in the stop band is 
much too low, and the cut-off frequency is anything 
but critical. 

Some improvement could be obtained by connecting 
several of these structures in tandem, but the cut-off 
point would still be not clearly defined and there would 
be altogether too much attenuation in the pass band. 
To improve the sharpness of cut off, what we need is 
a structure which will produce very much higher losses 
at frequencies just beyond the cut-off frequency. This 
objective can be approached by making the shunt 
impedance of the structure resonant at a frequency a 
few cycles beyond the cut-off frequency. Such a 

structure would, of course, have to contain aerie!' 
capacity and inductance in its shunt arm. More 
complex structures containing the desired shunt res­
onant paths may be derived from the simple prototype 
structures which we have considered up to now. These 
derived filter sections are called ~erived types or 
just m-types, where the term m is a constant factor 
used to maintain certain relationships between the 
prototype and its derived type. 

Let us consider~ T-section as shown in Figure 303-A 
where- \. 

. /Zi · 
Zo = V 4 + Z1Z2 (129) 

We wish to obtain a similar derived structure having 
the desired resonance characteristic in the shunt arm 
and whose characteristic impedance, Z~, is equal to . 
the Z 0 of the prototype. (The pass and stop bands of 
the derived structure must, of course, be the same a!' 

those of the prototype.) Such a structure can be 
obtained if the impedance of the series arm Z~ is made 
equal to the series arm impedance, Z1, of the proto­
type, multiplied by a constant factor m. In other 
words- · 

Z~ = Zo (133) 
and 

Z~ = mZ1 (134) 

Then using Equations (129), (133) and (134), we can 
solve for the shunt arm impedance, Z~, of the derived 
structure in terms of Z1, Z2, and m to get-

Z~ = z2 + Z1 (1 - m
2

) (135) 
m 4m 

The m-type section then takes the general form 
shown in Figure 303-B. This applies to both low- and 
high-pass types but Figures 303-C and 303-D show the 
respective values in terms of m, L and C for low-pass 
and high-pass T-secti<?ns. By using different values of 
m, any number of m-type sections having the same char­
acteristic impedance may be derived. It is only neces­
sary to determine the particular value of m that must 
be used in order to provide an infinite loss a few cycles 
above or below the desired cut-off frequency, depending 
upon whether it is a low- or high-pass filter. The loss 
in either case will be infinity at the resonant frequency 
of the shunt arm, f,; in other words, when the reactances 
in the shunt arm are equal in magnitude but opposite 
in sign. In this case-

Z2 + Z1 (1 - m2\ = 0 (136) 
m 4m) 

In the low-pass filter, we have already noted that-

-j 
Z1 = j21rf,L and Z2 = 211'!,C 
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By substituting these values in Equation (136) and 
solving for the frequency of infinite attenuation, f,, 
we get-

1 I 1 
~= -~=====---X~=== 1ryW(l - m 2) 1r,yLC yl - m2 

(137) 

Since, as shown in Equation (131), the cut-off fre­
quency in the low-pass filter is-

l 
f, = 1ryLC 

m,,, (for the low-pass filter) can be determined in terms 
off, and f, as-

m,,,=F(U (138) 

ln a similar manner, mhv (for the high-pass filter) can 
be determined by substituting the proper values for 
Z1 and Z, in Equation (136), and its value found to 
be-

(139) 

The closer the values of the two frequencies, f, and f ,, 
are to each other the lower the value of m. In any 
case, the value of m will be between O and + 1. 

Curve B of Figure 304 is an attenuation-frequency 
characteristic of a representative m-derived low-pass 
filter section designed for a resonant frequency of 
3100 cycles (m = .252). This may be compared with 
the curve for the corresponding prototype section 
shown as A in the same figure. 

149. Composite Filters 

the prototype. Unfortunately, however, the char­
acteristic impedance of T-prototypes and their m-type 
sections is not constant for all frequencies in the pass 
band. Instead, thls impedance decreases rapidly and 
becomes zero at the cut-off value as we have seen 
(Figure 302). Such an impedance characteristic is, 
of course, unsatisfactory since it would cause large 
reflection losses when the filter was connected into _a 
circuit of constant impedance. It therefore is highly 
desirable to improve the terminal impedance of the 
complete filter over the pass band. This can be ef­
fected by adding a "half T-section" at each end of the 
filter structure. 
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FIG. 304. CHAKACTliRISTICS OF S&CTIONS OJ' COMPOSITII 
A complete practical filter, frequently called a "com- Low-PAss FILTER S&owN IN Fio. 306 

posite" filter, consists of a prototype section connected 
in tandem with sufficient m-type sections to produce By splitting a T-section through its shunt arm, we 
the desired narrow transition bands and the required obtain two "half T-sections", each having a shunt 
1068 in the stop bands. All of these sections have the impedance of twice that of the original T-section, 
same characteristic impedance since this was one of the while the series arm of each of the half sections con-
basic factors on which the ~type was derived from ta.ins one half of the original total series impedance. 
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This splitting arrangement is illustrated in Figure 
305-B. We may then rearrange the series and shunt 
arms so that the network takes the form of a ~ as in 
Figure 305-C. It should be noted, however, that we 
are not converting the T-section into an electrically 
equivalent ~-section, but simply rearranging the po­
sitions of the series and shunt arms without changing 
their respective values. The new structure will have 
the same loss as it had in its original T form but its 
impedance will be changed because we are now viewing 
the network "mid-shunt" instead of "mid-series". 

Now, it can be shown that the impedance of such a 
structure is practically uniform over the major portion 
of the pass band, if m is made equal to 0.6. We can 
ta.ke advantage of this fact by breaking this ~-section 
into two equal parts and using each half as an end 
section of the composite filter as shown in Figure 
305-D. The terminal impedances of the complete 
filter will then be practically constant over the major 
portion of the pass band. However, the terminal 
impedance is slightly different from the characteristic 
impedance of the original T-prototype because of the 
differences in the characteristic impedances of T- and 
-networks, as covered in Article 142. The slight dif­
ference between the terminal impedance of the filter 
and the characteristic impedance of the line (which is 
the same as that of the main T-sections, prototype and 
m-type) produces a small reflection loss. However, 
the advantages obtained by the improved end sections 
more than offset the small reflection losses they cause. 

In designing a filter we must know the frequency 
band to be passed, the cut-off frequencies, and the 
impedance of the circuit in which the filter is to work. 
In practically all cases this impedance will have a zero 
angle, and it may therefore be considered as a pure 
resistance, R. It can be shown that in such a case the 
matching impedance of the filter is-

R = t1 (140) 

for both the low- and high-pass filters. Combining 

this relation with the value of the cut-off frequencies 
as given in Equations (131) and (132), we have for the 
low-pass filter-

and 

R 
L= -

1rf. 

1 
C= -

1rJ.R 

(141) 

(142) 

and for the high-pass filter-

L = _!!,_ 
4rrfc 

(143) 

and 

C= _1_ 
41rf.R 

(144) 

These are the values of the inductance and capacity in 
the prototype sections. Constants of the other sec­
tions are developed from these prototype constants. 

Example: Design a low-pass filter with a. cut-off 
frequency of 3000 cycles to work into an impe­
dance of 600LO". To provide a sharp cut-off, J. 
should be 3100 cycles. The end sections should 
be designed for m = 0.6. 

Solutions: From Equations (141) and (142), the 
inductance and capacity for the prototype will 
be- . 

L = !. = 1r:O = .06366 henry or 63.66 mil hen. 

C= - 1- = 1 
1rf.R 1r3000 X 600 

= .1768 X 10➔ farad or .1768 mf. 

From Equation (138) and Figure 303-C, the m­
type section for J. = 3100 will be-

~P = /1 - (J,)2 = /1 -(::y = 0.252 
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19.10 mh. 

33.96 mh. 

I .053 mt. 

End Section 
m=0.6 

31.83 mh. 31.83 mh. 

~ I .1768 ml. 

Prototype fr •3100~ 
m•.252 

19.10 mh. 

33.96 mh. 

1
.053 ml. 

End Section 
m • 0.6 

50.93 mh. 39.85 mh. 27.12 mh. 

-r=:-~..___1-~--------1-59.16mh. ~~133.96mh. 

1 :~·:o~~"'· I .1768 ml. 1 1 J .053 ml. _ J .0446 mt. J .053 mf. 

Composite Low • Pass Filter 

Fm. 306. MAKE•UP OP TYPICAL COMPOSITE Low-PASS FlLTBB 

mL = .252 X 63.66 = 8 02 .1 h 
2 2 . DU en. 

L (1 - m2) = 63.66 (1 - (.252)1) 
4m 4 X .252 

= 59.16 mil hen. 

mC = .252 X .1768 = .04455 mf. 

In a similar manner the end sections, where m = 
0.6, will be---

mL - ·6 X 63·66 - 19 10 ·1 h 
2 - 2 - . DU en. 

(
1 - m') (1 - (.6)2\ . L ~ = 63.66 4 X .6 / = 16.98 mil hen. 

mC = .6 X .1768 = .106 mf. 

The composite filter thus takes the form illustrated 
in Figure 306. The attenuation-frequency char­
acteristics for this composite filter and ea.ch of. its 
component structures a.re illustrated in Figure 304. 

150. Band-Pass Filters 

' Band-pass filters may be obtained by connecting a. 
low-pass and a high-pass filter in series, with their cut­
off frequencies so arranged as to pass the desired band. 
In practice, however, these filters are designed and 
built as a single structure having two cut-off frequen­
cies, using the same principles as already discussed for 
the low- and high-pass types. The band-pass filter 
shown in Figure 302 is one of several prototype forms. 
AD. m-type section can be derived for each of the vari­
ous prototypes, and the one in question is illustrated 
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in Figure 307. This m-type is derived in the same 
general manner as those for the low- and high-pass 
filters. In the band-pass filter, just as with low-pass 
and high-pass filters, it is desirable to use an m-derived 
type T-seetion, where m = 0.6, and to split this to form 
half T-sections for the end terminations, thm providing 
uniform terminal impedances over the major portion 
of the pass band. 

.!:!. 
2 2C1 

'--------""llilllllr'------lf---

Pn,totype 

2C1 ml1 mL1 2C1 
'"in 2 2' m 

~ 

(~ L1 4m . 

C ( 4m ~ I 1-m2 . 

mC2 
L2 
m 

m • Type 

Flo. aQI. BAN»-PAss FILTER 8:£CrIONs 
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If Ii is the lower cut-off frequency, and/,. the upper 
cut-off frequency of the band-pass filter, the constants 
of the prototype are-

L1= 
R 

(145) 
1r(f,. - /1) 

C1 = (f .. - J,) 
41rfd .. R 

(146) 

L2 = R(f,. - /1) (147) 
4-efi/ .. 

C2 = 
1 

1r(f., - f,)R 
(148) 

where R is the characteristic impedance at zero angle 
of the circuit in which the filter is to be connected. 
The value of m for the m-type section is obtained from 
the for\owing: 

m = I 1 - ['·u .. - ,,)JI r. - J .. J, 
(149) 

where /, is the resonant frequency of infinite attenua­
tion. 

Since there are two cut-off frequencies,/,. and/,, there 
should be two resonant frequencies to provide infinite 
attenuation both above the upper cut-off frequency, 
/,., and below the lower cut-off frequency, !,. It may 
be noted, however, from an inspection of the. m-type 
section of Figure 307, that for each value of m there will 
be two resonant frequencies in the overall network of 

the shunt arm. Therefore, when one resonant fre­
quency, /,, is selected, which determines the value of 
m, the other resonant frequency is also established. 
Both of these resonant frequencies, which result from 
one value of m, will occur at points having approx­
imately the same percentage deviation from their 
respective cut-off frequencies. For example, in a band­
pass filter designed to pass the frequency band between 
20,000 and 23,000 cycles, if f , is 2% above the upper 
cut-off frequency of 23,000 cycles, its value will be 
23,460 cycles. By substituting these values in Equa­
tion (149), the value of m will be found to be 0.627. 
This same m (0.627) also establishes an f, for the lower 
cut-off frequency, which is 19,608 cycles or approx­
imately 2% below 20,000 cycles. 

161. Crystal Filters 

transition band is increased by this resistance. In 

telephone and telegraph carrier systems, the number 
of channels which can be used in a given frequency 
range depends on the width of the pass band plus the 
transition bands on each side of it. Obviously, the 
shorter the transition bands, the greater the number 
of channels that can be obtained in a given frequency 
range. 

Other things being equal, the sharpness with which 
a properlj designed filter cuts off, or the width of the 
transition band, is determined by the ratio of the re­
actance to the resistance of the coils used in the filter. 
This ratio of reactance to resistance is generally re­
ferred to as "Q". The reactance of a coil of given 
inductance increases directly with an increase in fre­
quency while its resistance remains fairly constant over 
the lower frequency range. At the higher frequencies, 
however, this resistance also increases with an increase 
in frequency, due to "skin effect" and other causes. 
As a result the Q of a coil seldom exceeds 400 in prac­
tice. In the frequency range up to about 30 kc., 
this value of Q has been found high enough to provide 
satisfactory filters for carrier operation, but for fre­
quencies above this value filter clements having higher 
Q's arc desirable. 

QUARTZ CRYSTAL.', 

One of the most practicable ways to obtain such high 
Q elements is by the use of mechanical vibrating sys­
tems, such as the "piezo-electric crystal", which pos­

sesses a natural mechanical-electrical relationship. Of 
· the many substances that exhibit this piezo-electric 

effect, the one that has been found most satisfactory 

In our discussion thus far, we have considered filters for these purposes is crystalline quartz. When a 

built with ideal inductances having no resistance. piece of this crystalline quartz is strained mechanically, 

This, of course, does not hold true in actual practice. it sets up an electric field in its neighborhood, intro-

The presence of resistance in the inductances used in ducing electric potentials on conductors in the field. 

filter sections introduces additional losses in the trans- Conversely, when a piece of crystal is placed in an elec-

mitting bands, and reduces the sharpness with which tric field, its shape changes very slightly. This not 

the filter cuts off. In other words, the width of the ' only applies to a crystal in its natural form, but thin 
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slabs of the crystalline material cut in certain ways will 
exhibit the same characteristics even more markedly. 
When the frequency of an applied alternating voltage 
is the same as the natural period of mechanical vibra­
tion of the crystal, the intensity of vibration of the 
crystal will reach a sharp "resonant" maximum. The 
natural frequency, or period of vibration, of the crys­
tal depends on its dimensions, its density, and its 
elasticity. 

In an electrical circuit such as a filter, a crystal pre­
sents an impedance which can be represented elec­
trically as shown in Figure 308, where the inductance, 
L, represents the mass reaction of the crystal against 
motion (inertia); the i:esistance, R, represents the en­
ergy dissipating action in the crystal as it vibrates; 
Co represents the natural capacitance of the crystal 
when at rest (static characteristic); and C1 represents 
the elasticity determining the storage of mechanical 
energy in the crystal (dynamic characteristic). 

"' E 
~ 
0 

.~ ., 
0 
C . ., 

EQUIVALENT ELECTRICAL CIRCUIT OF A QUARTZ CRYSTAL 
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REACTANCE CHARACTERISTIC OF A QUARTZ CRYSTAL 

FIGURE 308 

~ 

The ratio of C0 to C1 is a constant for any given 
crystal material. For quartz it is 125 to 1. The Q 
for quartz crystals is of the order of 20,000 or more. 
The general reactance characteristics of"such a crystal 
are also shown in Figure 308 where the resonant fre • 
quency is I,, and the anti-resonant frequency is la• 
Since there is a fixed ratio of C0 to C1 (125 to 1) for 
quartz, the anti-resonant frequency, la, is always 0.4 
per cent higher than the resonant frequency, I,. This 
may be more easily understood if we keep in mind that 

resonance -occurs when the mass reaction represented 
by L and the elastic reaction represented by C1 are 
equal in magnitude but opposite in sign. For anti­
resonance, however, C0 must be taken into considera­
tion and the effective capacity in the looped circuit 

becomes ~;! of that for the resonant cor~dition, thereby 

making the anti-resonant frequency higher by almost 
exactly 0.4 per cent. This means that the general 
form of the reactance characteristic of such a crystal 
is fixed. Of course the natural period of vibration of 
the crystal determines its position in the frequency 
scale, and this can be varied at will by cutting crystals 
of different dimensions. 
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U an a.uxiliary condensa- is placed in parieBel with 
the crystal, however, the effective capacity "' C0 is 
increased, and as a result the anti-resonant frequency 
can be made less than 0.4 pet cent above the rellOnant 
fnquency. This can be done without detracting from 
the favorable characteristics: of the crystal because: the 
Q of the added condenser wiII normally compare fa.7or­
abJ:y with the Q of the crystal. 

.Aa we have seen, the simplest form of a filter ciMllit 
is tie T-network.. Now if crystals are placed in,. 11he 
series; and shi.mt arms of such a network, we have tile 
circuui shown in Figure 309, where condensers are all!D 
addedi. in parallel with the crystals to permit control a{ 

the band width. The cha.racter.istics of such a filtes 
circuit cum be 8IDII.Lyxd by drawing the reacta.nce curvEfSI 
for the, series adl munt arms, as, illustrated in thiiJ 
same figure, wh.et!e tl:rea.uxiliary condensers-a.re assumedl 
for the moment to, hve zero vmlue. If the crystall 
elements are • selemied that th<e resonant frequenc}Y 
of the series- a.rm (,l4m0l reacts.nee}; coincides with the· 
anti-resonann, frequem::w of the shunt arm (infinite re-­
actance), the;T-netw.orllrwill have points of maximum 
attenuation at the anti'...resonant freq_uency of the series 
arm (infinite reactaince), and the reoonant frequency of 
the shunt arm (zel!O reaotance). The pass band must 
therefore lie betw.een tliese two points of maximum 
attenuation, as.. indicated in the lower drawing. Be­
cause of the limitation a£ the ratio oil the frequency of 
anti-resonance fu that ofi resonance, the peaks of max­
imum attentioro cannot be separated by more than 0.8 
per cent of the:frequency scale:;, and with the shunting 1 

condensers, the:separation will lJe less than this amount, 
depending upon the condensen values. 

162. Lattice Networks 

A more general type of filum is obttained by using a 
bridge type (lattice) network-as illustrated in Figure 
310, where the two series arms are alike as are the two 
shunt arms, but the series and shunt arms- still differ 
from each other. This type of network is equivalent 
to a bridge circuit where no current flows in the output 
when the bridge is balanced, whicfu occurs at the fre­
quencies when the reactances (impedances) of the shunt 
and series arms are equal. 

To better understand this balanced condition; let us 
consider the circuit of Figure 310 where 1- 2 and 3-4 are 
the input and output temninals, respectively. At a. 
frequency where the series and sb.unt reactances are 
equal, there is the same voltage drop across 1- 3 as 

between the output terminals 3-f is equal to the input 
Vllltage across 1-2, and current o£ thia frequency is 
paaed with zero attenuation (coI18Mlering :ao enev 
diiwit>-W in the crysa]s). 
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3 

4 

10 .6 

-

' 

101.6 

across 1-4. This means that the voltage difference This may be more easily seen from examination of 
between 3 and 4 is zero, and the filiie• network has an this network rearranged in the •more conventional bal-
infinite loss. When the frequency is such that the a.need bridge form of Figure• 311. Here the series 
reactances in the series and shunt al!Ins are of oppo- arms, A and A', and the shunt' arms, ff,and B'1; may 
site sign, on the other hand, th& -voltage difference be eitherr positive (inductiv.e)) or negative (ca.p_acity) 

[ 216] 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

reacts.nee, depending upon the frequency of the input. 
For example, if an input of 5 volts produces a voltage 
drop across A and A' of + 7 volts and across B and 
B' of - 2 volts, there will be the same voltage in the 
output (3-4) as at the input. On the other hand, 
when the frequency is such that the rea.ctances in 
these two arms are of the same sign, the voltage 
across the output terminals 3-4 becomes less than that 
across the input. The loss of the network then takes 
some definite value between zero and infinity. 

l 
Input 3 4 Output 

5 Volts 5 Volts 

2 

FIG. 311. PluNCIPLE OF UTTIC& N ETWORK 

At both the resonant frequency for the shunt a.rm 
(zero reacts.nee or short circuit) and the anti-resonant 
freqency for the series a.rm (mfini4ie reacts.nee or open 
ci.roait), the voltage a.cross the 'CNtput terminals will 
be ib'lae same as that across the input terminals (ae­
suniing no energy dissipated in the network elements). 
These two frequencies are the c ut-off values. 'Ibis 
type of lattice filter network therefore passes the fuB 
-0.'8 tper cent band, and the pass band (and the cm:ne­
~nding peaks of infinite 'atteauation) 
m~ be placed in any po.gtion 111.}r vary­
ing lthe ratio of th.e impedances of the 
,crystals in the series and :sb.unt arms. 
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If a. coil is p~ in series with a crystal, the reac­
tance charactemics of the combination are as illus­
trated in Figuxe 312, where there a.re now two resonant 
frequencies ~ of one. This cliaracteristic curve 
is obtained by adding the curve for the inductive reac­
ts.nee of the eoil to the reacts.nee curve for the crystal. 
The resonant frequencies occur at the two points where 
the COlnbined reacts.nee curve crosses the zero axis. 

:JI w.e are working in the .h equency 
.range of 100 kc. (100.000 ,cyoles), how­
..ever,, the 0.8 pereent pass band is only 
;soo cycles, which is iU>G •Wllll'OW for a 
\Voice channel. In praetieffl, \Wider pass 
J>ands a.re reqlired. They 'lll.ay be ob­
ttained by a.d~mdtrdtancetcoils in the 
metwork of c;pstals. .!l\.s ':We have -seen 
ti!UCh coils ha.Ye :a T.elatively low Q, and 
tthey will be satisf-sctocy,, itlmrefore, only 
iif they can 8e \llSed oo ::au:rih a manner 
· that the lose ((en:ergw loissipated) they 
introduce des mdt ,ovm:come the bene­
ficial effect G'ftthe'lowJ.ossof.the crystals. 
As a practiClitl m.attei:,iit:has been found 
that within tcertain limits ,the Q of the 
crystals has 11ufficient muqgin to make 
i.he use of l!troh ~oils ,possible without 
serious denimetital effeets. 0BANNIIL FII,TIIR POR BROAD-BARD CAJRRIER SYSTEMS 
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It can be shown that when the anti-resonant frequency 
is half-way between the two resonant frequencies, the 
anti-resonant frequency is 4.5 per cent greater than the 
first resonant frequency. This means the two res­
onant frequencies are now separated by 9.0 per cent. 

By adding inductances to the lattice network of 
Figure 310 we have the filter illustrated in Figure 313, 
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which passes the band of frequencies from the first 
resonant frequency of the series arm to the second 
resonant frequency of the shunt arm. The charac­
teristic curves show that this filter arrangement now 
has a pa.ss band of 3 x 4.5 or 13.5 per cent. In the 
frequency range of 100 kc. this means a pass band of 
13,500 cycles. The frequencies of in.finite attenuation, 
of course, occur where the impedances of the two arms 
are equal and of the same sign, which is another way 
of saying the bridge arrangement is balanced. 

By varying the size of the condensers in parallel 
with the crystals, the pass band may be made any 
width less than 13.5 per cent, although the loss caused 
by the series resistance in the inductance becomes 
rather large for widths of less than 0.5 per cent. Above 
13.5 per cent width, the ordinary coil and condenser 
filter is satisfactory, and below 0.5 per cent width, 
where the losses of the coils become serious, the all­
crystal filter may be used. The impedance of the filter 
with the coil in series with the crystal is comparatively 
low- usually under 600 ohms- but by placing the coil 
in parallel with the crystal (which will have the same 
general effect on the width of the pass band as the series 
connection), this impedance may be made as high as 
400,000 ohms for the narrower band widths. Such 
filters are suitable for connecting high impedance 
screen-grid vacuum tubes without the use of trans­
formers. 

Crystal filters have a wide field of application­
especially where "broad-band" carrier is employed. 
A representative band-pass crystal filter, such as is 
used in the high-frequency cable carrier system (Type­
K), is shown schematically in Figure 314. It may be 
noted that this filter contains two lattice sections. In 
each section, the crystal elements in the series arms are 
identical and those in the lattice (shunt) arms are 
identical. However I the elements of one section are 
not the same as those of the other section. The in­
ductances are now cut in half and placed outside of the 
lattice. The shunting resistance between the two 
sections, together with the resistance components of the 
adjacent coils, form a resistance pad to match the 
impedance of the two lattice sections. By varying 
the size of this shunting resistance, the loss may be 
adjusted over a small range to obtain the same loss in 
each filter. 

Electrically there are four crystal elements in each 
lattice section but for reasons of economy and for 
convenience in handling and adjusting the crystals, 
those in corresponding arms are "mechanically one''. 
This means actually that there are but two physical 
crystals in each lattice section, or four for the whole 
filter shown in Figure 314. This is accomplished by 
plating the surfaces of the crystals used with a thin 
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~ r a,t,nced 
1 Induction 
~ Coil 

-•n-• -Y Crystal Element 
1 Mechanically One n Electrically Two -•1111-0 

-

F t G. 314. T YPICAL BAND-PASS CRYSTAL FrL~B 

layer of aluminum which is divided along the center 
line lengthwise of the crystal to form two electrically 
independent crystal units from a single crystal. Since 
the crystals vibrate longitudinally with a node acrOSB 
the middle, they are clamped at this node in mounting 
as illustrated in Figure 315. The four crystals used in 
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the lowest frequency channel (64 kc.) of the Type-K 
carrier system range in length from about 1.65 to 1.58 
inches, while those in the highest frequency channel 
(108 kc.) range from about 0.96 to 0.94 inch. Theee 
crystals vary in thickness from about 0.0248 inch to 
0.0433 inch, while the widths are in the order of 50 to 
80 per cent of their lengths. 

Figure 316 is a representative loss-frequency char­
acteristic of a two-lattice section crystal band-pass 
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FREQUENCY IN KILOCYCLES 

CRYSTALS USED IN CHANNEL FILTERS OF BROAD-BAND CARRIER SYSTEMS-APPROXIMATJ:LY ONE-HALI' SIZB 

filter. The attenuation peaks nearest the pass band 
result from the reactance of the series and lattice arms 
being equal in one lattice section. In a similar manner, 
the second set of attenuation peaks is due to the other 

\ 

lattice section. Considering cut-off as occurring at the 
points where the losses become 10 db greater than the 
loss at 1000 cycles, the frequency band passed is about 
3600 cycles wide. 
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CHAPTER XXV 

VACUUM TUBES 

163. Thermionic Euµssion 

The vacuum tube has become so generally known in 
connection with radio receiving sets and numerous 
similar devices that it probably needs no introduction. 
However, its applications in long distance telephone 
and telegraph work are so general that it is highly 
important that the theory of its operation be thor­
oughly understood. 

In one sense the action of the vacuum tube seems to 
contradict our more elementary understanding of cir­
cuits, in that current actually flows through an open 
space, with no accompanying arc such as we llSUally 
associate with a current flowing across an apparent 
open. In the usual tube the current flow that takes 
place is from one electrode to another through a vac­
uum, and the conditions are such as to permit this flow 
without the application of extremely high potentials. 

Any fundamental conception of the tube's action is 
based on the electron theory, which was outlined briefly 
in Chapter I. But we have not heretofore dealt with 
the passage of electrons from one conducting substance 
to another, unless the two substances were actually in 
contact. Even in the case of the arc, the air or sur­
rounding gas becomes a conductor. Yet, under a cer­
tain combination of physical conditions, electrons will 
pass from a conductor into the surrounding space. 
The principal conditions are as follows: 

a. The metal which emits the electrons must have a 
high temperature, or be acted upon by some 
form of radiant energy. 

b. Practically all surrounding insulating material, 
including the air, must be removed from con-

trical characteristics which the tube is designed to 
have. This provides a logical classification of vacuum 
tubes according to the number of electrodes they con­
Wn. -

164. Two-Electrode Tubes-Diodes 

Perhaps the simplest form of device for the flow of 
a stream of electrons through an open space is the two­
electrode vacuum tube illustrated in Figure 317. This 
figure shows a glass bulb containing two electrodes, one 
in the form of a metallic filament called the cathode, 
which is so treated as to be the "emitting" electrode, 
and the other a metallic plate called the anode. All 

Cathode or 
Filament 

A 

Plate or 
Anode 

----l•l•l•1f-<>-----' 
- B + 

Fxo. 317. Two-ELECTRODE VACUUM TuBE 

tact with the metal electrodes. air and other gases are removed from the tube and 
c. There must exist some force which overcomes the the cathode is heated to a red glow. One method of 

atom's attraction for the electron; for example, heating the cathode is by a current of electricity from 
a positively charged plate brought near the a relatively low voltage battery, A, as shown in this 
substance from which the electrons are emitted figure. Another method is to supply the heat by a 
will produce this force. separate electrical heating element (unit) which is 

d. Surface conditions of the substance from which imbedded in, but electrically insulated from, the cath-
the electrons are emitted must be favorable; ode, as indicated in Figures 324 and 326. This heating 
for example, a chemical composition at the unit is supplied by either a D.C. or an A.C. low voltage 
surface that emits electrons freely is commonly source. The cathode must, of course, be in the form 
used to increase the activity. of a metallic filament which readily permits heating by 

Vacuum tubes are designed for a large number of either of these two methods. 
uses and to operate under a wide variety of conditions. In Figure 317, it should be understood that" the sole 
The number and arrangement of the electrodes in each function of battery A is to heat the cathode; certain 
type of vacuum tube is determined largely by the elec- secondary effects which may be traced to this battery 
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are explained later. Assuming that the filament is 
either of the proper chemical substance, or is coated 
with some chemical substance which will promote the 
emission of electrons, we have provided all conditions 
necessary for electron flow with the exception of (c) 
above. If now, a battery is connected between the 
cathode (filament) and the metallic plate (anode), and 
is so poled as to give the plate a positive charge, this 
charge will exert a force of attraction on any electrons 
that may be emitted into the space surrounding the 
heated cathode. Electrons escaping from the cathode 
will be drawn to the plate by the force set up by its 
positive charge, and a continuous flow of electrons from 
cathode to plate will result. The speed with which the 
electrons cross the gap is determined by the potential 
of the plate with respect to the cathode. 

This flow of electrons is simply an electrical current, 
and the battery B will sustain this current in the same 
way that a battery sustains a current when it is con­
nected to any closed electrical circuit. (It may be 
noted that the flow of electrons from cathode to plate 
is in the opposite direction from that conventionally 
assumed for the flow of electric current.) With a milli­
ammeter connected in the plate circuit as shown in 
Figure 317, the actual value of the current under these 
conditions will be indicated. We can change this 
current by changing the conditions which cause it. 
If we should adjust the rheostat in series with the A 
battery so as to decrease the heating current in the 
cathode, thereby lowering its temperature, we should 
find that the "space" current would also decrease, and 

0 '---- - ...:;:_ __________ __ _ 

Filament (Cathode) Current 

F10. 318. CATHODE CURRENT vs. PLATE CuRRgNT 
CHARACTERISTIC 

with the cathode reduced to room temperature, the 
milliammeter in the plate circuit would read zero, 
indicating zero space current. On the other hand, if 
we should increase the voltage of the A battery, thereby 
increasing the cathode heating current and in turn 
increasing its temperature, the space current would be 
increased. This general relation between cathode cur­
rent and space current for a representative vacuum tube 
is illustrated in Figure 318. 

There is a limit, however, to the increase in space 
current that can be obtained by increasing the cathode 
temperature. This is due to the fact that electrons 
repel each other because they are all negatively charged, 
and free electrons in the space tend to keep new elec­
trons from leaving the cathode. In other words, the 
electrons themselves, when emitted, tend to counteract 
further emission of other electrons, or to exert a re­
pelling force on electrons within the cathode. This is 
called the "space-charge effect". When the cathode 
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FIG. 319. CATHODE TEMPERATURE vs. PLATE CURRENT 
CHARACTERISTIC 

reaches a certain temperature, there will be so many 
electrons in the space that their repelling effect pre­
vents any further increase in the number leaving the 
cathode. The space current then becomes constant 
regardless of further increase of temperature. This 
accounts for the bending over of the curves in Figures 
318 and 319. When conditions are as shown by point 
A in Figure 319, the tube is said to have reached the 
temperature saturation point. In practice this is the 
operating temperature for the cathode, since a slight 
change in the A battery voltage or heating current will 
not appreciably affect the tube's action. 

Having disposed of the effects of _changing the tem­
perature of the cathode, let us next consider the effects 
of a change in the voltage of the plate. We have said 
that the speed of the electrons in proceeding from the 
cathode to the plate depends upon the plate potential. 
We should expect an increase in voltage to give two 
effects; first, the space current would be increased 
inasmuch as electrons are transferred more rapidly; 
second, since the number of electrons in the space sur­
rounding the cathode is reduced, the space-charge effect 
will be lessened and the saturation point will be 
reached only at a higher temperature. The curves 
shown in Figure 319 illustrate such results- V 1, V 2, 

and V 3 represent three plate voltage values and it is 
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seen that increasing the voltage increases the space 
current, extending the curve upward until a new tem­
perature saturation point is reached. We find, there­
fore, that the cathode heating current which will give 
stable tube operation, i.e., the value giving saturation, 
depends on the plate voltage, and any change in plate 
potential will affect the stability of the tube unless a 
corresponding change is made in the cathode heating 
current. There is always a practical limit, however, 
to the cathode heating current that may be used, 
because the cathode will either burn out or its life be 
greatly shortened if the current rises above a certain 
value. 

Ta 
,,,,,, ... ------

/ 
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I 
/ T2 / .,,, ... --------

/' 
I 

I 
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1
1 

Tt 
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/,, 

oi.-.=------------------Plate Voltage 

F,o. 320. PLATE VOLTAGE vs. PLATE CuRRENT 
CHARACTERISTIC 

Figure 320 is a curve showing the relation between 
space current and plate voltage for three different 
values of cathode temperature. Here we find that as 
the plate voltage is increased from zero, there is an 
increase in the space current until a saturation point 
for the given temperature is reached. The failure of 
the space current to continue its increase with increas­
ing plate voltage is now due to the flict that the cathode 
is emitting the maximum number of electrons possible 
for the particular temperature. If the cathode tem­
perature is increased, the voltage saturation point will 
increase correspondingly, as shown by T2 and T3 in 

off for that half of the cycle which gives the plate a 
negative charge instead of a positive charge will result. 
In other words there will be a series of "pulses" of 
current, always in the same direction. The original 
tube for such use was called the "Fleming" valve. 

166. Three-Electrode Tubes- Triodes 

The type of vacuum tube commonly employed in 
telephone repeaters and similar apparatus, differs from 
the two-electrode tube in that a third electrode or 
"control grid" is interposed between the cathode and 
the plate, as indicated in Figure 321. In this device, 
the electrons which leave the cathode must pass through 
the meshes of the control grid to reach the plate. Their 
passage, therefore, is influenced by any force that may 
be set up by a charge on this control grid. Due to the 
relative positions of the control grid and plate with 
respect to the cathode, a change of potential of the 
control grid has a greater effect on the space current 
than an equal change in the potential of the plate. For 
example, a change of one volt in the potential of the 
control grid of the 101-F vacuum tube used in telephone 
repeaters, would have the same effect on the space 
current as a change of approximately 6.5 volts in the 
plate potential. The ratio of the change of voltage on 
the plate to the change in control grid potential pro­
ducing an equivalent effect, is called the "voltage 
amplifying factor" of the tube, and is usually desig­
nated by the symbol, "µ,". Its value depends en­
tirely upon the mechanical design of the tube. 

the figure. In practice, the vacuum tube is operated ~~~ F--<>----<>-t ~-6-------o-1l1l1J1i------' 
with a plate voltage well below the voltage saturation 

8 
value. FIG. 321. THREE-ELECTRODE V Acuu11 TusE 

The two-electrode vacuum tube has practical use to 
some extent in radio receiving, electrical measuring, The utility of the vacuum tube in communication 
etc., on account of its rectifying property, i.e., the circuits is primarily due to the sensitive response in the 
unidirectional flow of current between the cathode and plate circuit to small impressed potentials on the con-
the plate. If an alternating E.M.F. is substituted for trol grid. In this connection the control grid in its 
the battery Bin Figure 317, a space current varying.in control over the current in another circuit, is analogous 
value for one-half cycle of voltage, but completely cut to the valve of a water faucet. It decreases or in-
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creases the current in the plate circuit, and the force 
necessary to thus regulate it is independent of the 
value of the current or the amount of energy that may 
exist in the plate circuit. To best illustrate the rela­
tion between the control grid voltage and the current 
in the plate circuit, a curve is employed which is known 
as the characteristic operating curve of the particular 
type of tube. Figure 322 illustrates such a curve. 
Here any voltage that is impressed on the control 
grid, either positive or negative, is laid off to the right 
or left of the zero point, respectively, and any vertical 
ordinate shows the corresponding plate current value. 

- ,u 0 
Control Grid Voltage 

Control 
Grid 

F1G. 322. CONTROL GRID VOLTAGE vs. PLATE CURRENT 
CHARACTERISTIC 

+ 

When the control grid is strongly negative with 
respect to the cathode, its field overpowers that due to 
the plate and electrons leaving the cathode do not 
pass to the plate; i.e., the space current is zero. If, 
now,• the negative charge on the control grid is grad­
ually decreased, a. point will be reached at which the 
effect of the control grid no longer overpowers that of 
the plate and a small current flows. No current reaches 
the control grid which is still negative with reference to 
the cathode and therefore repels the electrons. The 
plate current rises according to the upper curve of 
Figure 322. When the control grid becomes positive 
with respect to the cathode, it draws some of the 
electrons to itself, establishing a control grid · current, 
which varies as shown by the lower curve so designated. 
The sum of the control grid and plate currents is 
limited by the ability of the cathode to emit electrons; 
consequently, as the control grid becomes more and 
more positive, the plate current curve bends towards a 
horizonal direction at its upper end and may even fall 
again due to the control grid taking a larger share of 
electrons. The point at which this flattening takes 

place depends on the temperature of the cathode, as 
pointed out in connection with Figure 320. AB pre­
viously not,ed, repeater vacuum tubes are usually so 
worked that the limiting effects of cathode emission are 
not encountered, but when the activity of the cathode, 

' i.e., its ability to emit electrons, is reduced through age 
or low cathode current, the effect is manifested by 
reduced space current. 

The circuit between the control grid and cathode is 
substantially open at telephone frequencies when the 
control grid is negative since no current flows through 
the space by transfer of electrons, but a very small 
charging current flows due to the electrostatic capacity 
between these electrodes. At telephonid frequencies 
this current is usually negligible, but at high frequencies, 
such as are encountered in radio and some carrier work, 
this capacity effect becomes important. 

When the control grid has a negative potential and 
the plate voltage is varied, the space current curve 
differs from that shown in Figure 320 in that the poten­
tial of the plate must be made great enough to over­
come the effect of the control grid before any current 
will flow. This is illustrated by Figure 323. The 
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FIG. 323. PLATE VOLTAGE vs. PLATE CURRENT 
CHARACTERISTIC OF THREE-ELECTRODE TUBE 

+ 

potential at which current begins to flow is µEe, where 
E. is the voltage of the control grid or C battery. 
Above this value the current varies as shown by the 
curve in Figure 323, which is similar to the curve for 
a two-electrode tube. Some point P on this curve 
corresponds to the working plate voltage Eb as deter­
mined by the plate battery. The corresponding space 
current is lb. The direct-current resistance, i.e., the 
resistance that the tube offers to the direct current 
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from the battery, is given by the expression-

Rd.,. = f: (150) 

which is the ordinary form of Ohm's Law. It should be 
remembered that Rd.,. is not constant but varies with 
both control grid and plate voltages. 

The alternating-current output resistance of the 
tube is quite different from this direct-current resistance 
and should. not be confused with it. The alternating 
output voltage and current are superimposed on the 
direct plate voltage and current referred to above. 
Imagine that the plate voltage (Figure 323) is changed 
somewhat to a new value E;. The plate current 
will change to a new value 1;. The alternating­
current output impedance, R11, is the ratio of the added 
voltage to the increase of current, i.e.: 

E; - E6 
R11 = I' I 

b - b 
(151) 

From this it can be seen that the output impedance 
depends on the slope of the plate voltage vs. plate 
current curve with respect to the current a.xis. As the 
plate voltage rises, the curve becomes more nearly 
parallel to the current a.xis and the impedance falls. 
On the other hand, a fall of plate voltage is accom­
panied by a rise of impedance. It can be shown that 
the impedance is inversely proportional to the quan-
tity, v1 Eb + µ. E. (E. is usually negative, so the 
quantity under the radical is less than E&), From 
this fact and the value of the impedance under standard 
conditions, the value of the output impedance for any 
values of E& and E. may be estimated. The output 
impedance can also be found from the control grid 
voltage vs. plate current curve of Figure 322 by ta.king 
the slope at the point P, corresponding to the steady 
control grid potential, with respect to the current axis, 
and multiplying this by µ., because a change in the 
control grid potential has the same effect as a change µ. 
times as great in the plate voltage. 

In the foregoing the alternating-current resistance of 
the "space" and the output impedance of the tube are 
considered the same since the impedance does not 
contain a reactive component. This is permissible if 
we ignore the ca.pa.city between the plate and the 
control grid, which like the capacity between the 
cathode and control grid, is negligible at voice fre-
quencies. 

1fi6. Four-Electrode Tubes- Tetrodes 

reasonable limits, µ. can be increased by locating the 
plate closer to the cathode and decreasing the size of 
the open spaces in the control grid mesh. However, 
closer spacing naturally increases the electrostatic 
ca.pa.city between the electrodes. When tubes are used 
with higher frequencies, such as are encountered in 
radio and high-frequency carrier systems, the effect of 
this ca.pa.city becomes increasingly important. This 
is particularly true of the capacity between the plate 
and control grid circuits, where its coupling effect at 
the higher frequencies tends to limit the value of the 
amplifying factor, µ.. This plate-control grid capaci­
tance effect can be practically eliminated by the addi­
tion of an electrostatic shield between the control 
grid and plate as illustrated in Figure 324. This shield 
is in the form of an additional grid, known as a "screen 
grid", and the four-electrode tube is known as the 
screen grid tube. 

Cathode 

Heater ---, 
Unit 

!/.'- ... 
~---... l11r-o-----.------

c 
F10. 324. FouR-EncraODII V Acuuu: TUBS 

As the plate is shielded by the screen grid from the 
other electrodes, it (plate) has little effect in with­
drawing electrons from the space charge area about the 
cathode. This function is ta.ken over by the screen grid 
which is given a positive potential for this purpose. 
The flow of electrons from the cathode, and their con­
trol by the control grid, is practically the same as dis­
cussed in the case of the three-electrode tube, but in the 
screen grid tube the screen grid itself may be considered 
as acting in somewhat the same manner as did the plate 
of th~ three-electrode tube. However, the electrons 
constituting the space current, on arriving in the area 
of the screen grid have acquired such a velocity that 
most of them pass through the openings in the screen 

At relatively low frequencies the amplification factor, grid and, attracted by the still higher positive voltage 
µ, of a three-electrode vacuum tube can be made to have of the plate, continue on to the plate. A small portion 
almost any desired value by . properly spacing and of the electrons is, of course, intercepted by the screen 
proportioning the three electrodes. Thus, within grid and does not reach the plate. This is illustrated 
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by the plate voltage vs. plate and screen grid current 
curves in Figure 325 for a representative Screen-Grid 
Tetrode. 

Here it may be noted that when the plate voltage is 
decreased to values in the neighborhood of the screen 
grid potential, the plate current takes a sudden drop 
while the screen grid current shows a corresponding 
increase. The sum of these two currents is approxi­
mately conatant showing that the total number of 
electrons leaving the cathode remains fairly constant 
for a given cathode temperature. There are two 
reasons for the sudden drop in plate current and in­
crease in screen grid current. First, the screen grid, 
by virtue of its closer location to the cathode, naturally 
provides a greater attraction for the electrons than a 
similar potential on the plate, but many of the electrons 
nevertheless pass through its meshes to the plate. 
Second, these electrons that pass through the opening~ 
of the screen grid may have sufficient velocity when 
they strike the plate to "knock out secondary elec­
trons", i.e., to force certain electrons to bounce away 
from the surface of the plate. Some of these secondary 
electrons may pass over to the screen grid. This condi-
tion of secondary emission becomes pronounced if the 
screen grid is at a higher positive potential than that 
of the plate but is present to some extent in any case . 

. Thus, there is a space current from the plate to the 
screen grid which is in the opposite direction to the 
space current represented by the electrons arriving 
from the cathode. This secondary current, subtracted 
from the plate current and added to the screen grid 
current, accounts in part for the characteristics noted 
above. 

In the working range of plate voltages (150 to 200 
volts) for the screen grid tube of Figure 325, it may be 
noted that the plate current change is very small for a 
sizeable change in plate voltage. This is another way 
of saying that the direct-current resistance (Equation 
150) and the output impedance (Equation 151) of the 
tube are very high, which in fact is a desirable charac­
teristic of this type of tube. The output impedance for 
these tubes is usually in the order of several hundred 
thousand ohms. 

The plate voltage vs. plate and screen grid current 

the tube is connected to a load of 100,000 ohms and 
the instantaneous applied control grid voltage is varied 
from -4 to +2 volts is indicated by the curve marked 
"R = 100,000 ohms". This load impedance is a 
representative value for this tube, as it is the practice 
to operate screen grid tubes into load impedances which 
are considerably lower than the output impedance of 
the tube. The instantaneous potentials on the plate 
arc indicated by the points of intersection of this load 
characteristic curve with the various static curves for 
different plate potentials. It may be noted that the 
load characteristic becomes nearly horizontal for 
net values of instantaneous plate potential in the 
neighborhood of and below the potential of the screen 
grid. The output voltage must be confined to values 
which will not swing to this part of t he curve if dis­
tortion is to be avoided. 

RADIO TRANSMITTJNG TUBES 

curves also inditate the limits of the working output The amplification constant, µ, of the screen grid tube 
voltage of the tube. The alternating-current voltage is usually in the order of 100 to 600. In the screen grid 
at the plate terminal must not be so great that the tube, µ is not as constant as in the case of the three-
negative peaks will depress the net instantaneous poten- electrode tubes since its value depends upon the 
tial of the plate to a value lower than the potential of voltages applied to the plate and the two grids (control 
the screen grid, as this would cause considerable dis- grid and screen grid). It is, therefore, necessary to 
tortion. know the particular conditions under which the screen 

Figure 325 also gives for the same tube the control grid tube is to operate before the value of µ can be 
grid voltage vs. plate and screen grid current charac- determined. 
teristics for three different values of plate voltage. Another form of the four-electrode tube is that where 
The instantaneous net values of the plate current when the additional grid (screen), having a positive potential, 
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is placed between the cathode and control grid. The 
function of the screen grid in this location is to neutral­
ize partially the negative space charge about the 
cathode and so facilitate the escape of the electrons 
from the cathode to the plate. This tube offers ad­
vantages where it is desired to operate at low plate 
voltages. When the electrodes are arranged in this 
manner the tube is known as the Space-Charge Grid 
Tube. 

In still another form of the four-electrode tube, the 
two grids are so constructed that all of the grid wires 
are in the same plane, alternate wires being associated 
with each grid. One grid is used as a control grid to 
which the input is connected and is operated at a nega­
tive potential, while the other is given a positive poten­
tial. A greater output power is obtained in this tube 
for a given dissipation of D.C. power in the plate 
circuit. Only a moderate plate potential is required 
as compared with a three-electrode tube. A four­
electrode . tube of this type is known as a Coplanar 
Tub(!. 

167. Five-Electrode Tubes- Pentodes 

In the five-electrode tube, or pentode, there are two 
auxiliary grids in addition to the usual control grid, 
plate, and cathode. One of these auxiliary grids is a 
screen gnd having the same function as the screen grid 
of the tubes discussed above. There are two general 
types of pentodes, and the location of the second 
auxiliary grid with respect to the other electrodes deter­
mines the classification. 

Control Grid 

Cathode 

Heater 
Unit 

Suppressor 
Grid 

'----11i-------------
c 

MA 

auxiliary grid is known as a "suppressor grid" and its 
purpose is to prevent the low velocity secondary 
electrons from escaping from the plate. With this 
arrangement the limitation due to secondary electrons, 
encountered in the screen grid tube, is removed and 
practically the full swing of the plate potential can be 
utilized. This may be seen from the plate and screen 
grid current vs. plate voltage curves for this type of 
tube, as shown in Figure 325. This is true even when 
the plate potential is decreased so as to be equal to 
that of the screen grid. Both high amplification and 
large power outputs can be obtained. The plate and 
screen grid current vs. control grid voltage character­
istic curves for a power pentode used generally in high­
frequency carrier systems are also shown in Figure 325. 

310-A PENTODE VACUUM TUBE 

F10. 326. F1VE-ELECTRODE VACUUM Tun In the other type of pentode the second auxiliary 
grid is a space charge grid placed between the cathode 

When this second auxiliary grid is placed between the and control grid. This tube is known as a Space 
screen grid and the plate, as illustrated in Figure 326, Charge Grid Pentode and is a combination of the space 
and is given a potential at or near that of the cathode, charge grid and screen grid four-electrode tubes pre-
the tube is classified as a power pentode. The second viously discussed. 

l 228 l 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

~ 

lb 

14 

12 

::i 10 

4 

2 

1,-----
0 
-20 

2.0 

1.5 
~ 
::i 
.5 
c 
[!!1.0 
::, 

(.) 

... --
.5 

-
l---"" 0 

-4 

-,: 

80 

70 

60 

[!!40 
::, 
(.) 

~30 
a: 

20 

10 ----

I I I I 101- F 

Eb• 130 Volts I ,/ 

V ,,,; 
I I,~ V ,,--.~- -

-· t::,,te 
✓",,01> 

I/ ..... "f. ,~~ 
I,,\..()?, 

--✓ l1 
..... --v Load Impedance • ow _,,-- .... 

/ I I I I 
..... - V - / ----16 -12 -8 -4 

Control • Grid Voltage 
0 +4 

I I I I I 102-D, F & G • 

fJ ~ ,.. Eb= 130 Volts 
() ~ ..... t -~·-;'._ f ,/' 

~ .~)f 
-ss ✓, I I 60()000"'-[,Z, ,," pe<1ance =' ~- ---

L~ad ~------ -
-- -- V ,,, ,, 

.... -- V ,, ,, 
/ • Filament Currents: 

l---------- D Ty&e .970 amp. 
F 

1
& Types .485 amp. 

o I I 

-3 -2 -1 0 +l +2 
Control - Grid Voltage 

I I I I ~V 205-D&E 
(1) Eb= 350 Volts ~ u>l~ 
(2) Eb .. 130 Volts ~ ~..L'....... ,...1>✓. ?E:,,.,... lJ e ,, ..f-'. ,.~,.. .... 

!l>b.1 ,~<:l!k '7 0/ --~~,, 

I/ 
,..,.. 

Load Impedance V v ow (2) ' 
..,✓ I 

Load Impedance • V / ,, ..... V 6,000"' (2) > ... 
---- ---- ~- .... --/ 

~ 

1-6 

14 

12 

:i 10 
.5 

--

I I 
101- D 

Eb= 130 Volts 

..... ; bl 
_,,. 

/ _,.. 

/ i.--_,.. 

I / 
--..... 

/ ~~ 
..... ;~. 

/ 
II' ,,✓.,.~te 

,, ,;;,J> 
v,, \..'# 

.£-
_,.. 

---- ,,,.Y -----
4 

2 
l---,----' 

0 
-20 

.la 
:i 
.5 

40 

30 

}20 
::, 
(.) 

~ a: 
10 

----
l---"" 

0 
-50 

.5 

4.0 

3.5 

3.0 

c· 
~2.0 
::, 
(.) 

~1.5 

1.0 

.5 
.... --

r--Load Impedance • 0"' 
I I I 

-16 -12 -8 -4 
Control • Grid Voltage 

0 +4 

I I I I/ ,, ,..--
104-D ~ ,_ 

Eb=130 Volts I/ /.v~ /,, '),, 
-;_e 

I 
---~,.(:' 

".o'~ 
I/,/ \..<:JS 

//' 

..... --~ // 
,,. ..... -- V 

i,.," / ,, ,..-
J/ ._ Load Impedance • 0"' 

I I I I 

V 

-40 -30 -20 -10 
Control - Grid Voltage 

0 +10 

l I I I / 215-A ;y Eb=671/2 Volts 9 
~ 

# ,~7 
b f _...; 

-~~ VJ ... -----_.\. 
/. - rioa(lce 

----0 \((\ .... \.Oa: 

V ---
--- -------- I/ 

V 

V 
V [/-c---

---- 6:P" i...--
V 

i--0 
-50 -40 

--
- 30 - 20 -10 0 +10 

Control -Grid Voltage 

0 
-12 -10 -8 --6 -4 

Control - Grid Voltage 

FIG. 327. CHARACTERISTICS OF STANDARD TBRl:B-ELECTRODII VACUUM TUBES 

[ 229 l 

-2 0 

http://www.SteamPoweredRadio.Com


w
w

w
.S

te
a

m
P

o
w

e
re

d
R

a
d

io
.C

o
m CODI: MO. PRINCI PAL Olltl 

101-D C,M, R, T 

101-F C,M,T 

102-D 
or G C, M, P, R, S, T 

102-F C,M, T,S 

104-D C, M, T 

205-D C,P,R 
205-E p 

~ 
0 

215-A R,M 

245-A C 

246-A R 

259-A C,R 

281-A C 

285-A P,R 

310-A C, P 

311-A C 

328-A C, P 

TABLE XVI 
ELECTRICAL CONSTANTS FOR VARIOUS TYPES OF VACUUM TUBES 

CATHODE OR BEATING 
UNIT 

CLASSIFICATION 

lt or 1 A 
(Amperee) 

E{_°' EA 
( oltel 

F-3 0.97 4.4 

F-3 0.485 4.0 

F-3 0.97 2.0 

F-3 0.485 2 .0 

F-3 0 .97 4 .4 

F-3 1.60 4.5 
F-3 1.60 4.5 

F-3 0 .25 ·l.0 

H+S. 1.60 2.0 

F-4-S. 0.10 3.4 

H-4-S. 1.60 2.0 

F-4-C. 1.60 5.0 

H-5-P 1.60 2.0 

H-5-P 0 .32 10.0 

H-6-P 0 .64 10.0 

H-6-P 0.425 7.5 

Code for "Principal Use" 
C - Carrier 

Eb 
(Volte) 

130 . 

130. 

130 . 

130. 

130. 

350. 
130. 

67.5 

180. 

135. 

180. 

150. 

180. 

180. 

155. 

180. 

VOLTA.OU. C1J'RR&MT& or PL.A.Tl:. OBIDe 

µ 
E, 

(Volte) 
E, 

(Volte) 
l• 

(Mile) 
I, 

(Mile) 

- 9 .0 - 8 .0 - 5.9 

-8.0 - 7.0 - 6.5 

-1.5 - 0.75 - 30. 

-1.5 - 0.75 - 30. 

- 22 .5 - 20 .0 - 2.5 

- 22.5 - 33.0 - 7 .0 
- 9.0 - 5.0 - 6 .8 

- 6 .0 - l.0 - 6.0 

-1.5 45. 5 .1 1.4 170. 

-1.5 45. 1.5 0 .2 285. 

-1.5 75. 5.5 1.2 550. 

- 60.0 70. 35.0 0 .7 5.0 

- 12.0 150. 9.0 1.6 130 . 

- 3.0 135. 5 .4 1.2 1800 . 

- 16 .0 155. 40 .0 3 .5 85 . 

-3.0 135. 5 .4 2.2 1800 . 

Code for "Classification" 
F = Filament type cathode 
H = Heater " " 

R,, 
(OBlla) 

6,000 

6 ,000 

60,000 

60,000 

2,300 

3,500 
6, 600 

18,000 

220,000 

725,000 

400,000 

3,500 

145,000 

40,000 

30,000 

40,000 

M - Measuring apparatus 
P - Public address & Program Pickup 
R - Radio transmitters & receivers 
S ""' Signaling apparatus 

3, 4, 5 Designate number of electrodes 
S. - Screen grid tube 
C0 - Coplanar grid tube 

T - Telephone repeaters P - Pentode 

IUCBOPBOKIC 
POW&B 

MAX. 9A1'& NOIH 
Otl'l'P'OT E• ( DB BSl,OW' 
( WATl'II) IQ-< W'ATTa) 

. 06 160 . 

.06 160. 19 

.0042 160. 30 

.0042 160 . 20 

.17 160. 

.07 350. 25 

.89 350. 25 

.008 100. 27 

. 025 200 . 29 

.028 180. 

.05 200. 20 

2 .20 170. 

.65 200. 20 

.34 250. 

1.80 250 . 

.34 250. 
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168. Characteristics of Various Standard Vacuum 
Tubes 

Commercially there are many types of vacuum tubes 
designed for various uses, depending on quantities of 
energy to be handled, amount of amplification desired 
in a single stage, whether used exclusively for amplifica­
tion or for other purposes, voltage and types of battery 
supply available, etc. 

Table XVI and Figure 327 give the electrical char­
acteristics of some of the more common types of tubes 
that may be encountered in telephone and telegraph 
work. 

Needless to say, there are many practical uses that 
can be made of the vacuum tube on account of the 
singular manner in which it permits a small voltage 
value to control an appreciable current flow. How­
ever, any use requires that the particular tube have 
associated with it the proper circuit for performing some 
useful function. The practical applications, therefore, 
involve circuit theory as well as an analysis of tube 
characteristics. Bearing this in mind, the more im­
portant applications in communication work may be 
classified as follows: 

a. For amplifying alternating-current energy with­
out appreciable distortion in wave form. 

b. As a rectifying device or as a detector. 
c. As a generator for alternating currents of high 

frequency. 
d. As a modulator, i.e., a device for "molding" the 

wave form of a high-frequency alternating 
current so that it will carry, so to speak, the 
characteristics of a wave form of some other 
frequency, usually lower in value. 

e. As a demodulator, i.e., a device for a process the 
reverse of d above. 

While it is not the intent to discuss in this chapter 
all the applications of the vacuum tube mentioned 
above, we shall take up those having the most direct 
bearing on the more usual telephone operations. 

169. The Vacuum Tube as an Amplifier 

~IGURE 328 

t 
!i E q.,g -.. :, C o., 

i= E 

shown at the right of the figure and designated as the 
"output" circuit. Let us assume further that the 
operating characteristic curve for the vacuum tube 
shown in Figure 328 is that shown in Figure 329. The 
rheostat in series with t.he A battery is adjusted to such 
value as to establish a cmrent in the cathode that will 
give high stability for the particular value of the 
battery B. In order to prevent the B battery from 
shunting the output circuit, we have inserted in series 
with this battery a retardation coil, which permits the 
flow of direct current hut greatly retards the flow of 
alternating current. Likewise a condenser is con­
nected in series with the primary winding of the output 
transformer so that the current supplied to the plate 
by the B battery will not be shunted by this winding. 

Now, the potential that wc are going to impress on 
the control grid in Figure 328 will not be the steady 
one due entirely to the C battery, i.e., E,, but an 
alternating E.M.F. from the secondary of the input 
transformer superposed on the potential of the C 
battery. For one half-cycle, this alternating E.M.F. 
will add to the voltage of the C battery and for the 
other half-cycle, it will subtract from the voltage of the 
C battery. We therefore have a varying control grid 
potential equal to the value Ee plus an alternating 
potential. We may represent the total instantaneous 
value by the symbol, e.. The direct-current com­
ponent, E,, can be adjusted to any value desired by 
increasing or decreasing the voltage of the C battery. 
The alternating component can be made very large 
compared to the potential of the circuit from which it 
was taken by designing the input transformer for a 

The vacuum tube as an amplifier is employed in such high step-up ratio. This is feasible because the control 
devices as voice-frequency and carrier-telephone re- grid circuit, under the conditions in the figure, is prac-
peaters, loud speaking telephones, high impedance tically open and there is no current in the secondary of 
monitoring sets, sensitive high-frequency measuring the transformer and, consequently, but very little 
instruments, etc. A typical circuit connection in its current in the primary of the transformer. Within 
simplest form for a tube when so used, is illustrated by the limitations of the transformer design, we can 
Figure 328. Here we have on the left a circuit con- increase the alternating component of the voltage im-
taining an alternating current of low energy, which is pressed across the control grid to any desired value, in 
commonly called the "input" circuit. Let us assume spite of the fact that the energy in the input circuit is 
that this energy is a feeble voice current, and it is almost negligible. The reason for this is that we do 
desired to amplify it many times, and reproduce it with- not theoretically "draw from" this energy because 
out appreciable distortion in fl,nother circuit, which is if we did, we should require control grid current as well 
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F10. 329. V AC'CIUM TUBE AS AMPLIFIER 

as control grid voltage. But with no current, or with 
an open circuit, any value of voltage we might name 
would represent zero energy. 

Referring again to Figure 329, let us assume that 
we have an appreciable alternating E.M.F. impressed 
on the control grid, which tends to increase and de­
crease the voltage of the control grid alternately for 
each cycle. This we can represent by curve fl, 2, which 
for convenience is charted downward. Now let us 
follow this curve beginning at the point P. Here we 
have a control grid E.M.F. created by the C battery 
alone, which is 9 volts in value and which fixes the 
value of the current in the plate circuit at 8 milliam­
peres. This we find to be the case by projecting up­
ward to the characteristic curve, point M, and pr-0-
jecting across to the plate current scale. With 9 volts 
fixed control grid potential, we have 8 milliamperes 
fixed plate current, but now when the first half-cycle 
of the alternating component, beginning at point P and 
reaching a peak at point 0, is added to the C battery 
voltage and projected upward to the characteristic 
curve, we have the point Q which corresponds to a 
plate current of 4 milliamperes. Now, going from the 
point O to the point O', which is the peak of the other 
half-cycle, and projecting from the point O' to the 
characteristic curve, we have the point R which corre­
sponds to 12 milliamperes. The valuP. of the plate 
current is changing, therefore, as determined by the 
factor µe., and we have in the plate circuit an al­
ternating component of current, in the same way that 
we have in the control grid circuit an alternating com­
ponent of voltage impressed on the direct voltage of the 
C battery. In the plate circuit, this alternating com­
ponent of current is not permitted to flow through the 

battery on account of the retardation coil in series with 
the battery, but is forced to flow through the primary 
of the output transformer. 

Referring again to our characteristic curve, if the 
portion of it between the points Q and R had been a 
straight line, every point in curve 1'J 3 measured from 
a neutral axis would be proportional to corresponding 
points on curve 1'J 2 measured from its neutral axis, and 
we could say that curve 1'J 3 was identical in wave 
form to curve 1'J 2. To illustrate, if curve ;J 2 were 
a sine wave, curve 1'J 3 would be a sine wave; if curve 
fl, 2 were a complex wave representing some vowel of 
the voice, curve fl, 3 would be a complex wave repre­
senting the same vowel of the voice. 

In the above action we have accomplished consider­
able amplification of energy. The current in the input 
circuit was very feeble, being merely that required to 
maintain magnetization of the transformer. In the 
output circuit, on the other hand, we had a current of 
several milliamperes, which represents a large ampli­
fication of the energy impressed on the input circuit. 
Further, the amplified energy had the same frequency 

311-A PENTODE VACUUM 'fUBE 
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and wave form as the input energy. The amount of 
amplification for a device of this kind depends on three 
factors: first, the slope of the straight line portion of the 
characteristic curve, or the amplification constant of tµe 
tube, which is the same thing expressed in other terms; 
second, the voltage step-up ratio of the input trans­
former; and third, the losses in the circuit, which must, 
of course, be subtracted. 

There are a number of additional circuit features not 
shown in Figure 328 that are required to meet condi­
tions in pra.ctice. One of the most important of these 
is the arrangement for adjusting the amount of ampli­
fication or "gain". There are five practical methods of 
doing this, one of which is to place some form of net­
work in the output circuit to absorb some portion of 
the amplified energy. The other four are all schemes 
for regulating the potential impressed across the con­
trol grid, and these are the ones most generally used. 

Figure 330 illustrates the four devices. Figure 
330-A is the oldest scheme and employs a very high 
resistance potentiometer (600,000w) between the sec­
ondary winding of the input transformer and the 
control grid. This, of course, draws a certain amount 
of current from the secondary of the transformer, 
which represents a certain amount of energy supplied 
to the input circuit. A more common practice is to 
employ a transformer having numerous taps on the 
secondary winding. This arrangement is illustrated 
in Figure 330-B. There is also in general use a gain 
regulating device which consists of a potentiometer on 
the primary side of the input coil, as represented by 
Figure 330-C. Here the potentiometer has much 
lower resistance inasmuch as it is on the low side of 
the transformer. It requires duplicate contacts, how­
ever, in order not to throw an unbalance on the con­
necting line due to the lack of symmetry in the circuit. 
The circuit illustrated in Figure 330-D is similar to 
that of C and is the arrangement used in 22-type 
telephone repeaters. The impedance presented by the 
parallel combination of the stabilizing resistance and 
low resistance potentiometer is usually made equal to 
the characteristic impedance of the circuit to which it 
is coa.nected. 

Having a picture of the circumstances under which 
the tube operates in the ordinary circuit, we may now 
deal with certain adjustments that must be made in 
the values of Eb and E. and in the characteristic curve 
between these values, i.e., the control grid voltage vs. 
plate current curve which we discussed in a pre-ceding 
article and which is represented by Figure 322. In the 
first place, the battery A, although intended primarily to 
heat the cathode, affects the values Eb and E.. This 
can .be understood by referring again to Figure 321. 
Here we have represented the voltage between the 
plate and cathode, Eb, by the battery B, but tbis 
E.M.F. is impressed between point 1 of the cathode 
and the plate, while the E.M.F. impressed between 
point 2 of the cathode and the plate is equal to the 
voltage of the battery B plus the laR drop due to the 
current the battery A furnishes through the resistance 
of the cathode. The average value for Eb, then, is 
the voltage between the plate and the middle of the 
cathode, which is equal to the voltage of the battery 
B plus one-half of the laR drop in the cathode. 

In the same way that the l 0 R drop may slightly 
affect the voltage of the B battery, it may more appre­
ciably affect the voltage of the C battery since this is 
usually small. It should be remembered, therefore, 
that while the function of the A battery is primarily to 
heat the cathode, it tends to increase the effective value 
of both the B and C batteries when connected as 
shown in Figure 321 and would decrease their effective 
values if connected with its polarity reversed. For 
reasons of economy it should always be connected as 
shown, thereby permitting the use of B and C batteries 
of less voltage and consequently less cost. Ordinarily, 
in plotting characteristic curves of vacuum tubes, it is 
understood that the A battery is poled so as to add to a 
negative control grid and positive plate, and the char­
acteristic curves in this chapter are plotted on that 
basis. This permits the use of actual voltage values 
as ordinates, instead of C(!rrected values. 

Another very important consideration coming from 
the actual conditions under which the tube is operated, 
is the effect of external plate circuit impedance on the 
E.-1., or control grid voltage vs. plate current charac-
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teristic curve. In Figure 321 there is no impedance in 
series with the B battery other than the resistance of 
the milliammeter. In Figure 328, we show the primary 
of an output transformer bridging this circuit. If we 
should consider the plate circuit as a direct E.M.F. in 
series with a definite impedance, we would not expect 
the potential of the plate to remain constant when there 
was an alternating-current component represented in 
the plate current, because this alternating current in 
flowing through the impedance, would cause a drop 
which for the instant would seriously affect the plate 
voltage. It is, therefore, necessary to take this into 
consideration in the characteristic curve, and the effect 
of doing so is to flatten the curve as illustrated by 
Figure 331. The dotted curves in Figure 327 are cor­
rected operating characteristics for external impedance 
conditions as given. 

-C: ..... 
CV ~ - :, a.. u 

"-Series Impedance 

0 
Control Grid Voltage 

FtG. 331. EPFECJ' OF OUTPUT IMPBDANCII ON TUBIC 
CHARACJ'l:RI8TIC8 

+ 

The same general principles as discussed above for 
the three-electrode tube, when used as an amplifier, 
apply generally to the higher gain tetrodes and pen­
todes. The voltage applied to the screen grid is usually 
obtained from a tap on the battery which supplies the 
plate voltage. The control grid biasing voltage may 
be obtained from a separate battery tap or from the 
potential drop across a resistance inserted in the cath­
ode circuit. 

160. The Vacuum Tube as a Rectifying Device 

We have seen that for amplification without dis­
tortion, the straight line portion of the characteristic 
curve must be employed, as shown in Figure 329. If 
a curved portion of the curve were employed, distor­
tion would result. Within certain limits this can be 
controlled by the C battery which in Figure 329 had a 
value of 9 volts. This was a case of the chosen value 
restrieting the amplifying operation to the straight 
line portion of curve !ti 1. Let us consider, on the other 

hand, an extreme case where the C battery voltage is so 
great as to give practically zero plate current with no 
superposed alternating E.M.F. Such a condition is 
represented by the point P in Figure 332. If under 
this condition we superposed on the control grid the 
same alternating potential, as shown by curve fl 2 in 
Figure 329, we would get an entirely different result. 
During the first half-cycle which reaches a peak at point 
0 (Figure 332), there is no appreciable effect in the 
plate circuit, as this half-cycle projected on the operat­
ing curve, falls on the zero line. The other half-cycle, 
however, subtracts from the E. value and projects on a 
portion of the characteristic curve which has appre­
ciable slope, though somewhat curved. This estab­
lishes a plate current in the form of unidirectional pulses 
for each half-cycle of the impressed E.M.F. that sub­
tracts from the C battery voltage. The tube's response 
in this case is a rectifying action that is similar to that 
for which the two-electrode tube is sometimes em­
ployed, but there is a certain amount of amplification 
at the same time, which is not given by the two-elec­
trode tube. 

Although in Figure 332 we have chosen a value of 
E. that gives very nearly zero value for lb, there would 
be some rectifying effect on any curved portion of the 
characteristic curve. It is, therefore important that 
operation for amplification be restricted to the straight 
line portion, as any degree of rectification will distort 
the wave form and thereby impair the quality. 

Three-electrode vacuum tubes so operated are widely 
used as detectors in radio receiving circuits and as 
modulators and demodulators in radio and carrier · 
systems. They are also used in various types of 

CUl\'ef3 
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measuring apparatus for rectifying small alternating 
currents to operate direct-current meters. 

As previously pointed out, rectification of an alter­
nating E.M.F. can be obtained by means of a two­
electrode vacuum tube. Tubes of this type a.re com­
monly used as rectifiers when a considerable power 
output is desired. In this respect they function as 
"converters'' of alternating-current to direct-current 
power. Figure 333 illustrates schematically two-elec­
trode vacuum tubes as used for both half- and full­
wave rectification, together with their associated cir­
cuits. In the particular tubes illustrated, the cathodes 
a.re of the filament type and are heated by a low volt­
age alternating current. 

>, 

a. 
0. 

bl 
<.) 

c 
~ 

Filter 

A · HALF WAVE RECTIFIER 

Filter 

To Load 

=1~-L~d 
B . FULL WAVE RECTIFIER 

FIGURE 333 

In the half-wave rectifier of Figure 333-A, the alter­
nating voltage in the secondary side of the transformer 
is impressed across the plate and cathode of the tube. 
The fl.ow of space current, {)f course, only occurs during 
the time the plate is positive with respect to the cath­
ode. This means that during half of the cycle there is 
a current flow between the cathode a.nd plate which 
gives the effect of closing the circuit or connecting the 
filter and load to the transformer. During the other 
half of the cycle (plate is negative with respect to the 
cathode) there is no space current and the tube may be 
considered as opening the circuit. The output current 

from the half-wave rectifier flows in one direction, but 
its magnitude varies as the positive half of the im­
pressed wave and is therefore of a pulsating character. 
By adding a filter in the output containing series in­
ductance and shunt capacity, this pulsating current is 
smoothed out somewhat into a more even direct 
current. 

In the case of the full-wave rectifier of Figure 333-B, 
two separate plates are used, to which are connected 
the terminals of the transformer secondary winding. 
It can be seen that there will always be current be­
tween the cathode and one of the plates, because one 
of the plates will always be positive with respect to the 
cathode. • This means there will be current flowing 
in the same direction in the output (filter and load) 
during both halves of the cycle or full-wave. A.q the 
full-wave rectifier uses both halves of the cycle, its 
power output is approximately twice that of the half­
wave rectifier, with other factors being equal. 

Very efficient rectifiers may be secured by admitting 
a small amount of certain gases at controlled pressure 
into the vacuum of the tube. In this case the flow of 
electrons between the cathode and plate ionizes the gas 
by the electr6ns colliding with the gas molecules. The 
collision between an electron and a gas molecule knocks 
some electrons out of the molecule, thereby separating 
it into a positive ion and one or more negatiVll elec­
trons. The electrons, being negative, are attracted 
to the positive plate, and the ions being positive travel 
to the cathode. The positive ions neutralize the nega­
tive space charge that would otherwise exist near the 
cathode, thus greatly facilitating the escape of further 
electrons. The net result is that the opposition to the 
spaee current flow is reduced, which permits it (space 
current) to increase to a value limited only by the 
external resistance in the plate circuit. In some tubes 
a mercury gas vapor, supplied by mercury within the 
tube, is used. Other gases such as argon have also 
been found to give very satisfactory results. 

161. The Vacuum Tube as a Generator (Oscillator) 

Any vacuum tube containing a control grid (three 
or more electrodes) can be used as an alternating--cur­
rent genera.tor under the following conditions: 

a. There must be some connection or coupling, be­
tween the output and input circuit whereby a 
part of the output energy will be fed back into 
the input circuit. 

b. The amount of energy that is fed back from the 
output to the input must be at least as great as 
the reciprocal of the energy amplification, e.g., 
if the circuit amplifies the energy 300 times, at 
least 1/300 must be fed ha.ck into the input 
circuit. 
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c. Either the input or output circuit must have ad­
justed capacity and inductance to establish res­
onance, thereby determining the frequency 
generated. 

d. The current coming from the output circuit and 
reaching the input circuit through the feedback 
connection, should be "synchronized" (added 
in phase) to the existing current in the input 
circuit. 

E 
Fro. 334. VACUUM TUBE Osc1LLATOR CmcmT 

Figure 334 represents a simple vacuum tube circuit 
arranged for generating an alternating current. Here 
we can see that the operation will be maintained in­
definitely by input energy being fed back from the out­
put circuit. Such a circuit will gradually build up until 
the full capacity of the tube is reached. Under these 
conditions, however, the operation cannot be restricted 
to the straight portion of the curve and the wave form 
of the generated current will not be a pure sine wave 
but will contain harmonics. These are usually mini­
mized by filtering devices and by circuit modifications 
consisting of IR drops introduced at various places by 
the insertion of pure resistance. An altemating-eur­
rent generating device of this kind is called a "vacuum 
tube oscillator". 

FIXed 
Frequency 
Oscillator 

Low Pass 
Fitter 

Variable 1---------1----' 
Frequency Oscillator 1-------------~ 

There are various types of vacuum tube oscillators 
and their electrical design is determined by their uses. 
The "heterodyne" or "beat frequency" type of vacuum 
tube oscillator, in which the output frequencies from 
two oscillators operate into the same circuit and the 
final output frequency is their difference (the so-ealled 
"beat" frequency), has been found to be quite appli­
cable in telephone work. This. oscillator can be designed 
to have a fairly wide frequency range that extends to 
both very low and very high frequencies. Its wave 
shape is good because the distortion in the output is 
kept to a minimum. An oscillator of this type is 

. schematically illustrated in Figure 335. It consists 
essentially of two separate high-frequency oscillators, 
a balanced modulator, and a "push-pull" amplifier. 
Each of the high-frequency oscillators consists of the 
usual tuned plate circuit, inductively coupled back to 
the input circuit of the oscillating tube in a similar 
manner to that indicated in Figure 334. One of these 
oscillators generates a fixed frequency while the fre­
quency of the other oscillator is variable. The value 
of the fixed frequency is, of course, determined by the 
final oscillator output frequencies desired. For ex­
ample, if the output frequencies are to be in the range 
of 20 to 10,000 cycles, the fixed frequency oscillator 
would probably be set in the vicinity of 100,000 cycles. 
The variable frequency oscillator would then be varied, 
from 99,890 to 90,000 cycles per second by changing the 
capacity in tbe tuning circuit. The difference between 
the frequencies of the fixed and variable oscillators 
under these conditions is then from 20 to 10,000 cycles 
per second. It is this frequency difference, or "beat" 
frequency, that appears as the final output frequency. 

The output of the fixed oscillator passes through ·a 
low-pass filter to eliminate or suppress its harmonics, 
which prevents them from combining in the modulator 
with those harmonics present in the output of the vari­
able frequency oscillator, to produce frequencies of less 

Low Pass 
Filtering 
Arranr-men 

Push · Pull 
Amplifier 

L------- ----
Ba I a nced Modulatoi 
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than 100,000 cycles per second. In addition, a. low­
pass filtering arrangement is inserted between the 
modulator a.nd the push-pull amplifier which prevents 
the fundamental frequencies of the two oscilla.tors, 
and any other high-frequency products of modulation, 
from passing into the amplifier. Therefore, the input 
to the amplifier is reasonably free from distortion and 
the wave shape is practically a pure sine wave for 
the frequency desired. The amplifier is of the push­
pull design (see Article 167) so that the second har­
monic inherently generated in ea.ch amplifier tube is 
balanced out, a.nd thus the harmonics in the final output 
are kept to a minimum. 

162. Microphonic Noise in Vacuum Tubes 

Certain noises are frequently present in the output 
of amplifiers, particularly those operating at high gains, 
that are not present in the input circuit. The most 
common of these noises result from small disturbances 
within the vacuum tubes themselves and are called 
microphonic noises. Two types are usually distin­
guishable. One type is characterized by rasping or 
sputtering sounds and is designated as "sputter noise". 
It is most commonly caused by variable contacts be­
tween the filament and one or more of its supporting 
books. While sputter noise is particularly disturbing, 
it can generally be reduced to a. very low level or elimi­
nated altogether by proper design and construction. 

13-A BEAT-FREQUENCY VARIABLE OscrLLATOR-
20 TO 10,000 CYCLES 

The other type of microphonic noise, which is present the other hand, depend on the characteristics of the 
in all vacuum tubes to a certain extent, comes from amplifier and the ear. Certain frequency ranges will 
movements of the electrodes of the tube with respect to contribute much more to the general level of the dis-
each other as a result of some form of external agitation. turbance than others of equal intensity. 
As the spacial relations of the electrodes of a tube de- , With the increasing requirements in vacuum tube 
termine to some extent the plate current, any motion performance, it becomes necessary to reduce as far as 
or movement they experience gives rise to changes in practicable these internal effects which result in micro-
space current that result in noise. For example, in a. phonic noises. This is especially true where amplifiers 
102-F vacuum tube a variation in the control grid are used on high grade progr.am circuits. Obviously, 
spacing corresponding to an amplitude of vibration of . there must be some means provided to measure the 
only a. hundred-thousandth of an inch will produce a. microphonic noise output of a vacuum tube for a given 
faint microphonic noise that is audible in a telephone amount of external agitation. Such a testing arrange-
receiver. (This equates to a.bout 55 db below the ment is used by the manufacturer in checking the noise 
1()-6 watt level used as a reference level in Table XVI.) characteristics of the various tubes manufactured. 

This agitation may be caused by accidental jars, by The amount of microphonic noise a vacuum tube pro- ' 
vibration of the apparatus in which the tubes are duces is, of course, determined to a certain extent by 
mounted, or by sound waves striking either the tubes the severity of the external agitation to which it is 
directly or the panel on which they are mounted. Any subjected. Therefore, there must be some standard 
of these external disturbances will cause the various agitation arrangement for the tubes tested before any 
electrodes to vibrate, and since they are all mechani- weight can be given the amount of microphonic noise 
cally coupled by means of their supports, a large num- measured, and then the measurements are primarily for 
her of vibration peaks are. possible. comparison. It is, however, a simple matter to es-

The microphonic noise output of a vacuum tube will, tablish a limit for the amount of permissible micro-
in general, include a wide range of frequencies depend- phonic noise in various types of amplifiers for a given 
ing on the various peaks of vibration of the electrodes amount of agitation. By using a fixed reference point 
of the tube. The disturbance to the listener will, on this noise can be measured in terms of decibels with 
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respect to the reference level of 1()-6 watt. Since no 
ordinary vacuum tube produces a microphonic noise 
output as high as this level, for the given standard 
amount of agitation used in the manufacturer's test, 
the measurements are in db below this reference level. 
The agitation the vacuum tube is subjected to in this 

test is, however, much more severe than would ordi­
narily occur in service. This mechanical agitation 
would have to be reduced in the order of 40 db to dupli­
cate approximately the maximum agitation that a 
vacuum tube is likely to be subjected to in a telephone 
repeater station. 
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CHAPTER XXVI 

TELEPHONE REPEATERS AND AMPLIFIER CIRCUITS 

163. Uses of Telephone Repeaters and Amplifiers 

For satisfactory telephone communication, there 

must be sufficient energy transmitted over the line to 

provide adequate sound volume at the receiving end. 

The loss of a 19-gage H-44 side cable circuit 1000 miles 

long is approximately 480 db. If we attempted to 

transmit energy over such a circuit without any means 

of boosting the transmitted power along the line au 
. ' 
mput power of one milliwatt at the sending end would 

be attenuated to 10- 61 watt at the receiving end. This 

reduction is so great that if one milliampere of current 

which is 6.28 X 101
• electrons per second, was sent int~ 

this line, the current at the receiving end would be 

approximately one electron every four or five years. 

If we were to attempt to increase the power received 

to a value equal to that of the power sent (one milli­

watt) by means of a single amplifier inserted anywhere 

in the circuit, we would have to use a device capable of 

amplifying power by 1043. Such an amplifier is, of 

course, a practical absurdity. Neither would it be 

possible to accomplish the desired results if only two 

or three amplifiers were inserted. However, by placing 

amplifiers at more frequent intervals- usually about 

50 miles apart on cable circuits-the power may be in­

creased by each amplifier in steps of practicable size. 

From the above it may be seen that telephone re­

peaters, or amplifiers, are an essential factor in our 

present system of long distance telephone communi­

cation. It is possible, of course, to talk over consider­

able distances without their use if large conductors and 

heavily loaded lines arc employed. However, the use 

of repeaters and less expensive lines, even over com­

paratively short distances, is favorable on an overall 

economy basis. Vacuum tubes, which were covered 

in the preceding chapter, are universally used as the 

amplifying elements of these repeaters. Since the 

vacuum tube is a one-way device, it can operate in only 

one direction of transmission. For two-way trans­

mission, therefore, it is necessary either to use 4-wire 

circuits with a pair of conductors carrying the conver­

sation in each direction, or to use 2-wire circuits with a 

double amplifying, or repeating, device which oper­

ates independently in both directions of transmission. 

164. 22-Type Repeaters 

"22-type" telephone repeater. Here the significance 
Of "22" . "t 1 t t " · ts wo-e emen , wo-way , meamng that there 

are two distinct one-way amplifiers employed, and 

that the repeater is arranged for use with the ordinary 

two-way telephone circuit. In general, 2-wire circuit 

telephone repeater practices involve the following: 

a. The use of one-way amplifier circuits designed to 

give the required amplification or transmission 

gain and equipped with reguJating devices for 

adjusting the gain to meet operating conditions. 

b. The use of special transformers, called hybrid 

coils, for adapting one-way amplifiers to two­
way transmission. 

c. Provision of proper network balancing equipment 

for closely approximating the impedances of 

each line circuit and its associated apparatus 

in the frequency band transmitted, thereby 

maintaining the degree of balance required by 
the hybrid coil for its proper functioning. Here 

proper functioning means that energy at voice­

current frequencies from the output of one am­

plifier must be prevented from reaching the 

input of the other, which would cause impair­

ment in the quality of transmission or even 
"singing", as was explained in Article 117. 

d. The use of filters for eliminating any energy not 

at the frequencies essential for the required 
quality in the voice transmission. 

e. The use of miscellaneous apparatus and circuit 

features for adapting the telephone repeater 
circuit to the standard operating practices. 

Figure 336 illustrates a simplified 22-type telephone 

repeater with all the features outlined above. Its 
operation is briefly as foflows: 

We may assume that the subscriber at the east end of 

the connection is talking and that the greatly attenu­

ated voice current from his station reaches the tele­

phone repeater circuit at the hybrid coil associated with 

the east side of the repeater. Half of this energy is 

transmitted from points 3T and ST of the coil through 

the pad, which will further attenuate the current de­

pending upon the relative values of X and Y (see 

Table XV of Chapter XXIII), to the East-West poten­

tiometer which is bridged across the input circuit. 

The adjustable element of this potentiometer consists 

of a double slide-wire with a 200-ohm resistance m-

The type of amplifying arrangement commonly used serted between its halves. A shunt resistance of 1212 

in 2-wire voice-frequency telephone circuits is the ohms, grounded at its mid-point, is placed ahead of the 
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FIG. 336. 22-TYPE TELEPHONE REPEATER CIRCUl'l: 

potentiometer, thus giving the circuit an impedance of mitted to the west line while the other half is lost in the 
approximately 300 ohms as seen from the hybrid coil balancing network. If this network balances the line 
side. The internal balance of the repeater is improved exactly, no part of the energy reaches the input of the 
by grounding the shunt resistance at its mid-point. West-East amplifying circuit. On the other hand, if 
By means of the double slide-wire contacts, which are the balance is not perfect, a part of the energy pro-
used in pa.rt to control the gain of the amplifier, from portional to the degree of unbalance, will "cross" the 
half to the full voltage drop across the potentiometer is hybrid coil and be amplified and returned to the east 
"picked off" and impressed across the low impedance line. Furthermore, if there is also some unbalance in 
winding of the input transformer. In the event half the network associated with the east line, some part 
of this voltage drop is greater than that required to of this returned energy will likewise cross the east 
provide the desired overall gain, a pad having a greater transformer and return amplified to the west end of the 
loss may be inserted in the input circuit. This picked circuit. If these unbalances are sufficiently large, the 
off voltage is stepped up some thirty times by the repeater circuit will act like the generator described in 
transformer and impressed on the control grid of the Article 161, and becomes inoperative as a repeater 
vacuum tube, where it acts to control the current in because of "singing". As the repeater circuit is per-
the plate circuit. The plate circuit energy, which fectly symmetrical, its operation for transmission in the 
while having the same characteristics, is of much opposite direction may be followed through in exactly 
greater magnitude than that reaching the potentiom- the same manner as described above. 
eter on the input side, passes through a filter to wind- To compensate, or equalize, for the difference in 
ings 2-5 of the west output transformer (hybrid coil) . transmission characteristics of various lines, equalizing 

As we learned in our study of the theory of the networks are connected in series at the mid-point of the 
hybrid coil (Article 117), half of this energy is trans- low impedance side of the input transformers, as 
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22-TYPE TELEPFIONE REPEA'fERS 

pointed out in Article 143. Resistance and capacitance 
in parallel provides the equalizing arrangement for the 
low frequencies, while the adjustable inductance gives 
the necessary equalization at the higher frequencies. 

It will be noted that in each amplifier, between the 
plate circuit of the tube and points 2 and 5 of the 
hybrid coil, is a network of series inductance and shunt 
capacitance which forms a low-pass filter. This filter 
is designed to prevent the passage of high frequencies 
which are not essential for the successful transmission 
of the voice. The reason for this elimination is that it 
is difficult to design a balancing network that will 
exactly balance the ordinary telephone line at these 
frequencies, and at the same time balance it for the 
essential voice frequencies. The balancing networks 

(sometimes referred to as "nets") balance the line at 
the voice frequencies, and are not required to balance 
it at these higher frequencies when the filter is em­
ployed. 

The 22-type repeater is designed to operate with any 
of the three standard ringing frequencies of 20, 135, or 
1000 cycles but the necessary circuit arrangements are 
not included in Figure 336. When either 20 or 135-
cycle signaling is employed, the ringer connections are 
made between the bridge points of the hybrid coils and 
the pads as indicated. Signals at 1000 cycles fall 
within the voice range and are transmitted by the re­
peater itself and hence require no special provisions. 

In order to make this repeater readily adaptable to 
various types of line circuits, the filters, balancing 
networks, and signaling apparatus are designed as 
separate units so as to be easily changed. The repeater 
proper, therefore, consists of only the input and output 
transformers, the potentiometers, the tubes, and the 
input equalizing apparatus. The repeater is designed 
to have an impedance of approximately 600 ohms. 
This impedance, and that of the various types of lines 
to which it may be connected, is matched by using 

44-TYPE TELEPHONE REPEATERS 
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repeating coils (transformers) of the proper impedance 
ratio. 

The maximum overall gain of the 22-type repeater 
is approximately 19.5 db, but by means of the slide­
wire potentiometer and resistance pads, this overall 
gain can be adjusted to any lower value. It is well to 
remember, however, that one-half of the energy is lost 
each time it passes through a hyi:)rid coil circuit. This 
means that the actual gain of each amplifying element 
must be at least 6 db greater than the overall gain 
required. This is compensated for in the calibration 
of the repeater potentiometers. 

166. 44-Type Repeaters 

It is customary to think of a telephone circuit as 
consisting of but a single pair of wires, although with 
phantomed or carrier circuits not even the exclusive use 
of a single pair of wires is required. However, in the 
case of long cable circuits, requiring several repeaters 
(four or more), two pairs of wires usually provide the 
most satisfactory and economical arrangement from a 

transmission standpoint. Each pair of conductors of 
such a "4-wire" circuit carries the conversation in one 
direction only so that the repeaters are not connected 
tbrough hybrid coils as in the case of 2-wire circuits but 
are directly inserted in the line. In other words, 
transmission over each pair is always in the same 
direction and there is no necessity for separating the 
two directions by means of hybrid coils except at the 
circuit terminals where the 4-wire circuit is converted 
to 2-wire for connection to the switchboard. 

The repeaters used on these 4-wire circuits a.re desig­
nated "44-type" and one is illustrated schematically in 
Figure 337. It consists of two two-stage amplifiers, 
one for each side of the circuit. The gain given by the 
amplifying tube of each stage is controlled by variable 
contacts on the secondaries of the input and interstage 
transformers, rather than by potentiometers. A 700-
ohm resistance, grounded at its mid-point, is bridged 
across the input of each of the two amplifiers. This 
bridged or stabilizing resistance reduces the input im­
pedance of the amplifier to a value which can be readily 

102 . F Interstage 101 • F Ou~t Transformer 

Input -
R 

Tube Transformer Tube 6,000: 700 ----------..,,,-T 
Didb. 

Output -
2mf. R 

L----1-----...:To Monitoring Circuit 

---------------7 
f 1 ~ To Alarm I 

Circuit I 

--------•l•l•l•I ._______, i 

To Monitoring Circui .. t ____ ___,f---, 

R 

2 
3 db.O 

Output 't-:.'::lt:::! 
1db0"-&. __ ..,_ _ _. 

T 
700:6.000 

Output Transformer 

130 V I 

Ii · To Alarm L-<1-A.MJbA/\A,..o I 
i.= Circuit I 

(D Insert regulating networt<s 
here when r~uired. 

----~~~~~~~~~~~rr ______ J 

101- F 
Tube 

2mf. 

Interstage 102 • F 
Transformer Tube 

12 
20,000: 700 

Input Transformer 

F10. 337. 44-TYPE TELEPHONE REPEATER CIRCtllT 

[ 242] 

R 

Input 

T 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

Input 

Repeating 
Coil 

600 :600 

G 

+.6 

+.4 
.D 
-0 +2 
,!: 

l 0 

§ 
-:2 

E e - -.4 
C 
,2 ,. 
'> .., 
Cl 

-.6 

-:8 

-i.o 
0 

600 ohm Pads 
5 db. 10 db. 

® 

4 
Frequency - Kc. 

Input 
Transformer 
600: 15,000 

Slide Wire G 
Potentiometer 

102 • F 
Tube 

"R" 
O to 187,000 ... 

.Smf. 

5 

G 

Output 
Terminals 

1 -

1 a-- _.., 
Monitoring 
Terminals 

r ---- - -- --------- - - - ----7 
I r- To Alarm 1 l -circuit 1 

I l•l•---l•l•l•l•l•t-o--<~l-<>--1:::l' ! 
I I 
I BATTERY SUPPLY CIRCUIT I L ____________________________ J 

(D Pads are inserted and removed by means of keys. 

@ Attenuation and time • delay equalizers are 
inserted here when required. • 

FIG. 338. AMPLIFIER USED IN PROGRAM TRANSMISSION CIRCUITS 

matched to the line impedance by the use of suitable 
repeating coils. When regulating networks (see Arti­
cle 180) are used, they are connected in the input circuit 
at the points designated. 

The overall gain of the amplifier may be adjusted at 

6000 ohms, matches the impedance of the output trans­
former in order to secure the maximum transfer of 
power. 

166. Program Amplifiers 

three places. , Steps of 4. 7 db may be obtained from In program transmission, a wider frequency band is 
taps on the secondary of the input transformer. (Once necessary than is required for regular voice circuits. 
the repeater has been initially adjusted, however, it is As a result, the lines and equipment used for this 
not ordinarily necessary to change these connections.) service are designed to transmit a frequency band of 
Finer gain adjustments are obtained from the taps on about 35 to 8000 cycles per second. Figure 338 shows 
the secondary of the interstage transformer, which are schematically the amplifier used in these circuits. 
operated by a dial switch. Each tap on this switch This amplifier is similar to the amplifiers in the 44-
corresponds to .95 db. Still smaller steps, of either type repeaters in that it has two stages which use the 
½ or ½ db, may be obtained by inserting dummy plugs same type vacuum tubes, that is, 102-F and 101-F 
in either of the two jacks in the output circuit. In one types. It differs, however, in that its stages are resis-
case, a 50-ohm resistance is put in series with the out- ta.nee coupled. The input and output transformers and 
put coil and in the other, a 9000-ohm resistance is the repeating coil at the input have very high in-
bridged across the output coil in addition. The shape ductance so as to give the amplifier very uniform trans-
of the gain-frequency characteristic is controlled by an mission performance at all frequencies in the wide 
equalizing network of inductance and capacitance con- transmitted band. The use of permalloy for the cores 
nected in series at the mid-point of the primary of the of the transformers and coils makes it possible to obtain 
input transformer. the necessary high inductance without going to un-

The first stage of amplification in this repeater is a reasonable coil dimensions. 
voltage amplifier using a 102-F type vacuum tube. The maximum 1000-cycle gain of the program 
The output of this tube operates into the interstage amplifier is about 36.5 db. It is controlled by fixed 
transformer which has a voltage ratio of 1.25: 1. The pads of 5 and 10 db loss, which are connected in the 
second sta.ge, which employs a 101-F type tube, is a input circuit by means of keys, as noted in the drawing 
power amplifier. The output impedance of this tube, of Figure 338. Finer adjustments are made by a 
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double slide wire potentiometer which covers a range 
of about 6 db. A variable resistance in the grid circuit 
of the second vacuum tube provides a further adjust­
ment of the gain at the higher frequencies. This, of 
course, is a form of equalization. Increasing this 
resistance causes a decrease in the gain at the higher 
frequencies and vice versa. The effect of changing 
the resistance values is illustrated by the deviation of 
the gain from the 1000-cycle value in the inset curves 
of Figure 338. The interstage resistance coupling not 
only tends to give the amplifier a uniform gain-fre­
quency characteristic but reduces the low-frequency 
time-delay distortion below that obtained by other 
types of coupling. The condensers in the grid circuits 
with their associated resistances serve to keep any 

• 
"1 ., -~ .. • • • 0 

CABLE PROGRAM REPEATER AND ASSOCIATED 
REOULATlNO NETWORK 

noise, which may be present in the filament circuit, 
from entering the grid circuit. The possibility of other 
noise potentials being developed within the amplifier 
is avoided as completely as possible by grounding the 
transformer and coil cases. 

Attenuation and time-delay equalizers may be con­
nected in the input circuit between the fixed pads and 
the potentiometer as indicated in Figure 338. 

167. Push-Pull Amplifiers 

The "push-pull" type of amplifier has certain ad 
vantages which make its use desirable where it is neces­
sary to obtain large power outputs, reasonably free 
·from harmonic distortion. In order to more easily 
understand the conditions that make these two ad­
vantages possible, let us analyze the general principle 
of operation of the push-pull amplifier from the sche­
matic drawing of Figure 339. The two vacuum tubes, 
A and B, have identical characteristics; that is, equal 
changes in control grid voltages produce equal changes 
in the plate currents of both tubes. As these tubes are 
being used in an amplifying circuit, they are biased to 
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FIG. 339. PusH-PULL AMPLIFIER 

operate on the approximate straight line portion of their 
characteristic curve (control grid voltage vs. plate cur­
rent curve). An alternating voltage applied at the 
input, cd, impresses voltages of equal magnitude but 
opposite polarity upon the control grids of tubes A 
and B. As the control grid of one tube becomes less 
negative (more positive), its plate current increases; 
at the same time, the . control grid of the other tube 
becomes equally more negative, which decreases its 
plate current; and vice versa. Since the plate battery 
is connected to the mid-point, k, of the primary winding, 
mn, of the output transformer, the plate currents flow 
in opposite directions in each half of the primary wind­
ing. When the two plate currents are equal, there­
fore, there is no current in the secondary winding, op. 
On the other hand, a decreasing plate current in one 
half of the primary winding, and an increasing plate 
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current in the other half, induce equal currents in the 
same direction in the secondary winding, op, and vice 
versa. This is illustrated by the curves of Figure 340. 
The push-pull arrangement makes it possible to secure 
a large power output without overloading the vacuum 
tubes, because in the output we get the combined effect 
of the two tubes, as illustrated in Figure 340-C. 

Any single tube amplifier is inherently non-linear; 
that is, its characteristic curve is never an exactly 
straight line through its operating range. This means 
that such an amplifier always causes some distortion 
due to rectifying or modulating action in the tube. 
This distortion is the result of additional frequencies 
which are multiples, or harmonics, of the fundamental 
frequency or frequencies applied at the input. The 
second harmonic is twice the frequency of the funda­
mental, the third is three times the fundamental, etc. 
Normally, the magnitude of each harmonic decreases 
as its number increases. In other words, the I mag-
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nitude of the third harmonic is less than the magnitude 
of the second, while the fourth is less than the third, 
etc. As these magnitudes decrease rapidly, it is seldom 
necessary to give much consideration to eliminating 
other than the second harmonic in order that the 
output shall be reasonably free from distortion. To 
further clarify this point, let us consider the wave 
shapes in the output of both tubes for one cycle, as 
illustrated in Figure 340. The wave in the output of 
each tube will be the fundamental plus its harmonics 
(only second harmonic shown). It may be noted that 
the second harmonic in the outputs of both tubes 
becomes positive and negative at the same time. This 
means that the components of the current represented 
by these harmonics are always flowing in opposite 
directions in the halves of the primary winding, mkn, 

PusH•PULL AMPLIFIER USED ON ◊PEN WIRE 
PROGRAM CrncUITS 

and accordingly produce no effect in the secondary 
winding, op. In other words, the second harmonic 
is suppressed or balanced out. It can be shown that 
all even numbered harmonics are in phase and, there­
fore, balanced out; while on the other hand, the odd 
numbered harmonics are 180° out of phase in each 
half of the primary winding, mkn, which results in their 
being added to the fundamental. (If one of the wind­
ings mk or nk was reversed, the reverse condition would 
be true; that is, all odd numbered harmonics, including 
the fundamental, would be suppressed while the even 
numbered harmonics would appear in the output.) 

When connected as shown in Figure 339, the push­
pull arrangement provides a large power output reason­
ably free from distortion. Still a larger output may 
be obtained by operating additional tubes in parallel 
as illustrated by the schematic drawing in Figure 341. 
It is important to note that in order to suppress the 
even numbered harmonics the tubes must be evenly 
balanced, that is, have identical characteristics. This 
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Input Output -

FIG. 341. PUSH-PULL AMPLIFIER WITH SECOND STAGE TUBES IN PARALLEL 

requirement, of course, means increased maintenance 
where the push-pull amplifier is used. 

168. Negative Feedback Amplifiers 

In long circuits containing many amplifiers, it is 
difficult to keep the overall circuit equivalent constant 
even though proper regulation is maintained to com­
pensate for the variation in line losses due to tempera­
ture or other natural changes. Variations in battery 
potentials and currents, which are small when con­
sidered individually, add up to produce serious trans­
mission changes for the overall circuit. While the 
ordinary vacuum tube amplifier has an approximately 
linear characteristic, some additional modulation fre­
quencies are always generated in the tube. Where 
such amplifiers are used in multi-channel carrier sys­
tems, this modulation effect tends to cause serious 
interference between channels. To keep this inter­
ference down to the point where it is not objectionable, 
involves sacrificing effective amplifier capacity and 
adds to the maintenance difficulties. 

All of the above problems may be overcome by using 
amplifiers of the "negative feedback type". The 
principle of the "feedback" amplifier is to return a 
portion of the output back to the input. The gain of 
the amplifier is then increased or decreased, depending 
upon the magnitude and phase relation of the impulses 
fed back. When the impulses fed back are in phase 
with the input, the loss in the feedback path has to be 
greater than the gain of the amplifier; otherwise, each 
time an impulse is fed back to the input its magnitude 
will be increased, thereby causing the amplifier to 
build up a sustained oscillation or "singing" around the 
closed loop. This, of course, makes it inoperative. 
When the impulses fed back increase the initial input 
(i.e., are fed back in phase) the feedback is called 
positive feedback. If the feedback circuit is so de­
signed, in conjunction with the amplifier itself, as to 
feed back the impulse out of phase with the initial 
input, the actual input to the amplifier is reduced, 

which reduces the overall gain. This holds true even 
though the loss in the feedback circuit is less than the 
gain of the amplifier and there is no tendency to 
sing. When the impulse fed back decreases the initial 
input in this manner, it is called negative feedback. 

By building an amplifier with a higher gain than is 
required and then using negative feedback to offset the 
high gain, a much improved amplifier is obtained. 
The overall gain is extremely stable and the noise and 
distortion (harmonics) in the output, produced within 
the amplifier itself, are substantially reduced. The 
extent of these improvements is a function of the total 
gain and the net phase shift through the amplifier and 
feedback circuit. 

The amplifier indicated in Figure 342-A is without 
feedback and has an amplifying voltage ratio, output to 
input, of µ. That is, the output voltage is µ times the 
input voltage, e. The corresponding schematic of 
a feedback amplifier is shown in Figure 342-B where 
the amplifier unit is bridged by a feedback circuit. 

ft •Gain 

I 
... ~;-;,, I ft e 

---------1: C1rcu1t 1-: --------

e - -
A. AMPLIFIER WITHOUT FEEDBACK 

ft • Gain 

Amplifying 
e - e0 • e+flfi e0 - _µ eo _µ eo---

--· Circuit 

l l 
Feedback 

P.Jteo -Circuit 
,,LJeo 

/3 • loss 
B. AMPLIFIER WITH FEEDBACK 

,FIGURE 342 
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This feedback, or fJ circuit, provides both a loss and 
phase shift to the impulses fed back to the input. The 
shift in phase is to bring the impulses back out of phase 
with the applied input voltage, e. As feedback takes 
place in the closed loop thus formed, the actual input 
voltage, eo, of the amplifier unit is no longer equal to 
e, but now becomes the sum of the applied voltage, e, 
and the feedback voltage, µfJeo. That is 

co = e + µfJeo 

Solving this for eo, we get-

e 
eo= 1~ 

- µ/J 

(152) 

(153) 

In other words, by inserting the feedback circuit, the 
applied voltage, e, is divided by the quantity (1 - µ{3) 

to give the actual input voltage, eo, to the amplifier 
unit. If the magnitude of this quantity (1 - µfJ) is 
greater than unity, the actual input voltage, eo, is less 
than the applied voltage, e, and we have negative feed­
back; on the other hand, if (1 - µfJ) is less than unity, 
the actual input voltage, e0, is greater than the applied 
voltage, e, which means that the applied input voltage, 
e, is increased and we have positive feedback. Nega­
tive feedback decreases the input voltage which in 
turn decreases the overall gain, while positive feedback 
increases the input thereby increasing the output up 
to the limits established by singing. 

Since the output isµ times the actual input, then with 

feedback the output is µeo, or 
1 

!:: µfJ The overall 

gain or amplification, A, of any amplifier is the ratio 
of its output to its input. With the feedback amplifier 
it is-

µe 

A = Output voltage = 1 - µ{3 = _ ,._ 
. Input voltage e 1 - µfJ 

(154) 

As µ and /3 are voltage or current ratios, they have 
both magnitude and phase angle. It is important to 
note that when the product of the current or voltage 
ratios of µ and /3 is unity and the phase angle zero, the 
quantity (1 - µfJ) becomes zero, thereby making the 

output µe infinitely large. This is the extreme 
1 - µfJ 

case of instability and would cause the amplifier to 
oscillate or sing around the closed loop formed by the 
feedback circuit. Unfortunately, this condition is 
somewhat difficult to avoid in actual practice. In a 
feedback amplifier, capable of giving a large output, 
the increasing load always tends to change µ and /3 
until their product becomes unity with a zero angle at 
some one frequency. This will cause the amplifier to 
sing (oscillate) at this frequency which, of course, makes 
it wholly inoperative. Great care in controlling the 

e "' l mv. 

JJ. • 80 db Gain 

r------1 Amphfying 1---------, 
e0 • .09091 mv. JJ e0 • 909.1 mv. - r-----1 Corcu,t 

Feedback -Corcu,t 

P•60 db Loss Overall Ga,n • 59.17 db 

Fxo. 343. EXAMPLE OF NEGATIVE FEEDBACK PRINCIPLE 

phase shifts in the amplifier and feedback circuit are, 
therefore, required. This applies to a wide range of 
frequencies above and below the useful band, as well 
as to the useful band itself. Singing will occur unless 
these relations are maintained. However, experience 
has shown that when proper phase relations are pro­
vided in the design of the amplifier unit and its asso­
ciated feedback circuit, its performance is perfectly 
reliable. 

The practical operation of th_e negative feedback 
amplifier may be more easily understood by considering 
a numerical example. Let us consider the amplifier in 
Figure 343 where the gain, µ, of the amplifier unit is 80 
db (voltage ratio of input to output of 1 to 10,000) 
and the loss in the feedback circuit is 60 db (voltage 
ratio of 1000 to 1). If the applied input voltage, e, 
is 1 millivolt, the actual input voltage to the amplifying 
unit, e0, is - from Equation (153)-

/ 0) = 1
1 

= .09091 millivolt. 1 - -1 1 
1 eo = ---:-=--::-::-::-

1 _ 10,000 
-1,000 

The output voltage is-

µe0 = 10,000 X .09091 = 909.1 millivolts. 

This output of 909.1 millivolts.is also impressed on the 
feedback circuit which allows 1/1000 of it to be fed back 
to the amplifier input. In passing through the feed­
back circuit its phase is shifted until it is out of phase 
with the applied input of 1 millivolt, which gives it a 
minus sign. We then have - .9091 millivolt combining 
with the initial 1 millivolt to form the actual input 
voltage to the amplifier, which, therefore, is-

1.000 - .9091 = .0909 millivolt. 

This checks the value of eo obtained above, which 
means that the amplifier is stable and as long as the 
applied input of 1 millivolt is maintained, there will be 
909.1 millivolts in the output. The overall gain of the 
amplifier under these conditions is-

20
. 

1 
Output voltage _ 

201 
909.1 

ogso -:--=-----,-,-- - og10 --
Input voltage 1 

= 20 X 2.9586 = 59.17 db. 
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It is important to note that for all practical purposes 
this gain is the same as the loss {:J of the feedback cir­
cuit. 

If we bad used an amplifier unit with a higher ga in -
say 100 db (voltage ratio of input to output of 1 to 
1,000,000) - and the same loss in the feedback cir­
cuit, we might expect the output voltage to be much 
higher, but such is not the case. Using Equation (153) 
we find the actual input voltage, eo, is-

eo = 1~ 000 = 1~1 = .009901 millivolt. 

l - - 1'.000 

The output voltage, ,-,,eo, would now be-

100,000 X .009901 = 990.1 millivolts. 

The overall gain of the amplifier is now-

990.1 20 log10 -
1
- = 20 X 2.9957 = 59.91 db. 

This is still practically equal to the loss in the feedback 
circuit. What is happening here is that as the ampli­
fication is increased, the feedback circuit feeds back a 
larger impulse out of phase, which combines with the 
applied input voltage to form a lower actual input to the 
amplifier unit, thereby reducing the output voltage 
to the point where the overall gain ( output to applied 
ini,ut) is practically the same as the loss in the feedback 
circuit. On the other hand, if the amplification is de­
creased, the feedback circuit feeds back a smaller 
impulse out of phase, which combines with the applied 
input voltage to form a higher actual input to the ampli­
fier unit, thereby increasing the output voltage to the 
point where the overall gain (output to applied input) 
is practically the same as the loss in the feedback 
circuit. 

The above examples show that as the amplifier gain, 
µ, is increased, using the same loss in the feedback cir­
cuit, the overall amplification, for all practical pur­
poses, remains the same as {:J, the loss in the feedback 
circuit. Table XVII further illustrates this fact where 

for all practical purposes and is equal to the fixed loss 
in the feedback circuit. 

This same point can be shown mathematically from 
Equation (154) where the amplification, A, is equal to 

1 
_!:. µ{:J· If µ{:J is large as compared to 1 - as in the 

above example, where µ. = 80 db, {:J = 60 db and the 

product of their voltage ratio is 
1~=, or 100-we 

can disregard the term 1 in the denominator. and the 

amplification becomes approximately equal to _!_ 
-{:J 

In other words, this shows that when the product of 
µ and {:J is substantial, the overall gain of the negative 
feedback amplifier is for all practical purposes equal 
to the value of the loss in the feedback circuit. 

TABLE XVII 
OnBALL AlilPLil'ICATION OF FEEDBACK AMPLIFIER USING 

INITIAL INPUT 011' 1 MILLIVOLT AND {J CIRC'OlT 011' 60 DB. 

,,. •• .IJIPLD'IC~TIOlf 

db Voltage Ratio • poet 
db 

l •,,.P • 
70 

3163 .2400 759.8 57.61 1 -
80 

10,000 
.09091 909.1 59.17 

1 

90 
31,628 

.030649 969.4 59.73 1 

100 
100,000 .009901 990.1 59.91 

1 

110 
316,280 .003152 996.9 59.97 

1 

120 
1,000,000 

.000999 999.0 59.99 1 

130 
3,162,800 .000316 999.4 59.995 

1 

140 10,000,000 
.0000999 999.9 59.999 

1 

the gain, µ, of the amplifier is changed but the feedback Throughout this discussion, we have considered the 
circuit remains unchanged at 60 db loss. While the impulses fed back throu,gh the feedback circuit as being 
applied input is 1 millivolt, the actual input voltage, 180 degrees out of phase with the applied input voltage. 
e0, to the amplifier unit is much less and decreases This condition is not fully attainable in practice for all 
rapidly as µ is increased, thereby keeping the overall frequencies. The amplifiers and feedback circuits are 

amplification, ,-,,eo, practically equal to 60 db. Of designed, however, to approach this ideal condition 
e as nearly as practicable. The phase shift produced by 

course, actual amplifiers could not be built to the the amplifier unit must, of course, be taken into con-
extreme degree of accuracy indicated by this table. sideration in designing the associated feedback circuit. 
The essential point here is that even if the gain, µ, of In the output of an ideal or perfect amplifier, we 
the amplifier unit- changes due to variations in the would find a true reproduction of all the frequencies in 
battery supply, changing vacuum tube characteristics, the input but at a higher voltage or volume level. 
etc., the overall gain of the amplifier remains the same Practical amplifiers, unfortunately, are not perfect. 
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FJOURJ: 344 

In their output we usually find noise and distortion 
voltages which are developed within the amplifier 
itself. For any given amplifier gain, this noise is in­
dependent of the input and appears in the output even 
when the input voltage is zero (amplifier input open). 
Distortion, on the other hand, depends on both the 
input voltage and output volume. As we have already 
noted, this distortion represents additional frequencies 
which are developed within the amplifier unit and are 
the modulation components of the frequency or fre­
quencies in the input. 

An important feature of the negative feedback am­
plifier is its ability automatically to reduce to a negli­
gible magnitude any noise or harmonic distortion 
developed within the amplifier itself. A small part of 
this noise and distortion appearing in the output is 
led back to the input through the feedback circuit 
where it reenters the amplifier in such a phase relation 
that when it is reamplified and again appears in the 
output it is out of phase with the original noise and 
distortion, thereby reducing its effect. This may be 
more easily understood if we consider the general 
case schematically illustrated in Figure 344 where n 
and d represent the noise and distortion voltages in 
the output before feedback takes place, while N and D 
represent the final noise and distortion voltages in the 
output. In the final output then, we have the noise 

and distortion that appear before feedback takes place, 
n + d, added to the noise and distortion resulting 
from negative feedback, µ.{J (N + D). The sum of 
these two sets of output voltages is, of course, the final 
net output noise and distortion. That is-

N + D = n + d + µ.fJ (N + D) 

From which-

or-

and-

N= - n-
1 - µ.{J 

D=-d-
1 - µ.p 

(155) 

(156) 

In other words, negative feedback reduces the noise 

and distortion by the factor 
1 
! µ.{J • As an example, 

let µ. = 100 db (voltage ratio of 100,000 to 1) and 
fJ = 60 db (voltage ratio of 1 to 1,000). Then with 
negative feedback, the noise and distortion becomes-

and 

N= _ _ n ___ = ~ 
l _ 100,000 101 

-1,000 

D = d _ d 
l _ 100,000 - 101 

-1,000 

Under these conditions, negative feedback reduces the 
noise and distortion (n + d) developed within the 
amplifier itself to approximately one one-hundredth 
of its original value. The extent of the reduction in 
the noise and distortion in any particular case is deter­
mined by the values of the amplifier gain, µ., and the 

DIAL INDICATES 
POSITION OF REG­

ULATOR CONDENSER 

loss, {J, in the feedback circuit. Since 

LINl!: AMPLIFIER USED IN TTPJC-K CARRIER SYSTJ:118 

a common source of noise in amplifiers 
is in the power supply and power 
tubes for the last stages of amplifica­
tion, it may be seen that by using 
the negative feedback amplifier it is 
possible to meet noise requirements 
heretofore considered impracticable. 
However, this applies only to noise 
or distortion developed within the 
amplifier; any noise or distortion pres­
ent in the input of the amplifier 
circuit will naturally be amplified 
along with and to the same extent as 
the regular transmission. 
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F10. 345. THREE-STAGE NEGATIVE FEEDBACK LINE AMPLU"IER USED WITH TYPE K CARRIER SYSTEMS 

Another interesting feature of the negative feedback 
amplifier circuit is the manner in which line equaliza­
tion can be effected by the insertion of an appropriate 
circuit in the feedback circuit. In circuits equipped 
with ordinary amplifiers (no feedback), it is common 
practice to obtain equalization by connecting in the 
direct path of the signal a networlc having a frequency 
characteristic which is the inverse of that to be cor­
rected. On the other hand, when the negative feed­
back amplifier is used, equalization may be obtained 
by inserting in the feedback circuit apparatus possessing 
the same characteristics as that to be corrected. This 
can be seen if we keep in mind that increasing the loss 
in the feedback circuit one db raises the overall gain 
of the amplifier one db and vice versa. The net gain-

frequency characteristic of the amplifier is therefore 
the same as the loss-frequency characteristic of the 
feedback circuit with its included equalizer. In some 
cases such equalizing networks are easier to build than 
the ordinary types having characteristics inverse to 
those of the line. 

Because of their excellent operating characteristics, 
negative feedback amplifiers have a very broad field of 
application in all kinds of communication circuits. 
At the present time their principal use in telephone 
work is in connection with the broad-band, or high­
frequency, carrier systems. Figure 345 is a representa­
tive circuit of a three-stage amplifier of thfs type which 
forms one-half of the repeater in a cable carrier system 
(Type-K). 
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CHAPTER XXVII 

PRINCIPLES OF CARRIER 

169. Elements of the Carrier System 

Carrier systems have been mentioned at several 
points in the preceding chapters. The carrier prin­
ciple is used in both telephone and telegraph trans­
mission and in either case the object is the simultane­
ous, independent transmisi:;ion of several messages over 
a. 'Single circuit, usually without affecting the circuit's 
ordinary message carrying capacity. 

The term "carrier" derives from the fact that alter­
nating currents of certain selected frequencies are em­
ployed "to carry" the messages. More specifically, 
the variations of current making up the normal tele-: 
phone or telegraph message are impressed on the carrier 
current, and are transmitted over the line by currents 
whose frequencies are of the order of the carrier fre­
·quency rather than of the initial message current. 
In other words, the carrier system acts to shift the 
frequencies of the message currents to a different 
range, the position of which is usually above the maxi­
mum normal voice-frequency band and dependent on 
the frequency of the carrier itself. It is well to note, 
however, that we cannot reduce the total number of 
frequencies (that is, the total width of the frequency 
band) included in the original message-we can only 
change its position in the frequency "spectrum". We 
might, for instance, shift the 2500-cycle band of voice 
frequencies between 200 and 2700 cycles to a band of 
the same width between, say, 16,000 and 18,500; or 
the band of telegraph frequencies between zero and 25 

MCSSACE 
CIRCUITl2 {­
TRANSMlfTIIC 

Mt55ACC 
CIRCUIT IIS 
lJWCSMITTIHG 

LIN[ 

c-

cycles to a band between, say, 475 and 500 cycles, but 
the message must always occupy at least its initial 
amount of space in the frequency spectrum, no matter 
how it is transmitted over the line. 

If now we select several carrier frequencies far 
enough apart so that the message currents which we 
next impress upon them will not interfere with each 
other, we may simultaneously transmit the several 
carriers, with their impressed messages, over a single 
circuit just as independently for practical purposes as 
if a separate circuit were provided for each. Then, 
provided we can find a way to select the message bear­
ing carrier currents at the receiving end of the circuit 
and take from them the message currents in their 
original form, we have a system that will handle si­
multaneously as many messages as we have carriers. 
The first problem is solved by the use of filters, and the 
second by a process similar to that necessary for im­
pressing the messages on the carriers. The steps re­
quired for accomplishing the total result may be sum­
marized as follows: 

1. Providing by means of vacuum tube oscillators, 
or otherwise, the currents of different selected 
frequencies to be used as carriers. 

2. Impressing upon each carrier the message current 
from the terminal telephone or telegraph 
station. This process is called modulation. 

3. Separating or selecting the several modulated 
carrier currents at the receiving end by means 
of selecting circuits known as filters. 
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Flo. 347. METHODS OF OBTAINING Two-WAY OPZR.A.TION 

4. Separating or restoring· from the selected carrier 
current the original message current for trans­
mission to the receiving terminal telegraph or 
telephone station. This process is called de­
modulation. 

Figure 346 illustrates the general arrangement re­
quired graphically. It will be noted that this schematic 
provides for transmission in one direction only over each 
carrier channel. If, as would ordinarily be the case, 
it is desired to transmit in both directions, three addi­
tional channels transmitting in the opposite direction 
could be used. In telephone systems, the sending and 
receiving channels for each message terminal would 
then be brought together by means of hybrid coils as 
indicated in Figure 347-A. It is also possible to estab­
lish a two-way telephone circuit over a single carrier 
channel by inserting a hybrid coil between the terminal 
apparatus and the carrier line, as well as between the 
apparatus and the message circuit line, as shown in 
Figure 347-B. The latter method is now used very 
rarely, however, because of its inherent balance and 
crosstalk difficulties. Practically all modern carrier 
systems are operated on an "effective 4-wire" basis, 
with separate carrier channels for transmission in the 
two directions for each message circuit. This practice 

results from the use of two carrier channels for each 
message circuit. 

The various types of carrier systems used in current 
practice are discussed in later chapters along with other 
kinds of transmission systems. In this chapter we shall 
be concerned with the principles of the circuits and 
apparatus employed to effect the several processes 
necessary to carrier operation enumerated above. 

J I I L 
A. IMPRESSED TELEGRAPH CURRENT 

B.UNMODULATED CARRIER CURRENT 

C. CARRIER AFTER MODlA..ATION BY A. 
FIG. 348. MODULATION IN TZLJ:011.A.PB 8YSTZM8 

has the same advantages as are found in the 4-wire Since electrical filters were covered in Chapter XXIV 
operation of long voice-frequency circuits. In general, preceding, however, we need be interested here in only 
these advantages are more than great enough to justify the three remaining processes-namely, modulation, 
the reduction in the number of circuits that can be demodulation, and the production of the required 
operated in a given frequency range, which necessarily carrier frequencies. 
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170. Modulation 

Modulation has been defined as the process of im­
pressing upon a carrier current, usually of a relativ_ely 
high frequency, message currents of lower. frequencies. 
The degree of difficulty involved in such a process 
depends upon the nature of the message current. For 
a telegraph current such as that shown in Figure 348-A, 
the method is very simple and consists merely in inter­
rupting the supply of carrier frequency to the line 
during negative impulses of the telegraph signal and 
permitting it to flow during positive impulses. The 
result is to apply to the carrier line a series of "spurts" 
of current of the frequency of the particular carrier 
channel, as indicated in Figure 348-C. 

In telephony, since the variations in voice current are 
much more complex than those of telegraph current, 
the process is somewhat more involved. Within cer­
tain limits, it may be thought of as a process whereby 
the amplitude of the carrier current is varied to cor­
respond to the variations of the voice currents. This is 
illustrated in Figure 349 where A is a representation of 

A. UNMODULATED CARRIER CURRENT 

8. VOICE OJRRENT 

C. CARRIER AFTER MODULATION BY B 
FJo. 349. MODULATION IN TELEPHONE SYSTEMS 

the unmodulated carrier current, B is a representative 
voice current, and C is the modulated carrier current. 
It will be noted that the outline or "envelope" of the 
modulated current has the form of the voice current. 
This effect is not different in principle from the action 
of an ordinary telephone transmitter, where the direct 
current supplied by the local or central office battery 
is varied or modulated by the sound waves of the voice 
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impinging on the transmitter button. The output cur­
rent from the transmitter is then a varying direct 
current consisting of the initial unvarying battery cur­
rent, with the changing voice current superimposed 
upon it. 

In the same way, the current of Figure 349-C could 
be obtained by connecting a transmitter in series with 
the carrier current generator, just as the battery is in 
series with the transmitter in · the ordinary subset. 
The disadvantages of such a scheme will be apparent, 
however, and in practice vacuum tubes or ~ther kinds 
of rectifying devices are used entirely for this purpose. 
In our study of the vacuum tube in Chapter XXV, 
we found that by using suitable circuit arrangements 
and working on a straight line portion of the control 
grid voltage vs. plate current characteristic of the tube, 
a small voltage· impressed on the grid of the tube was 
capable of controlling a substantial current in the 
plate circuit, which varied in exactly the same way as 
the voltage impressed on the grid. In other words, 
the tube- acted as a powerful amplifier. If now we 
bias the tube so that we are no longer working on a 
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straight line portion of the characteristic curve but on 
a definitely curved portion, the output current will no 
longer vary directly with the input voltage. While 
there will still be some amplification, it will no longer 
be constant but will depend on the value of the in­
stantaneous input voltage. This distorting or rectify­
ing action of the tube is made use of in modulation. 

In the simple circuit of Figure 350, let us assume that 
a voice voltage such as is represented by A is· connected 
to the circuit through a transformer, together with the 
carrier voltage represented by B. For simplicity we 
have here assumed the voice voltage to be sinusoidal in 
form although this, of course, would not generally be 
the case. These two voltages, being in series, may be 
added together ·to give the voltage represented by C 
impressed on the grid of the tube. Now if the C bat­
tery or bias of the tube is given the value indicated 
by Figure 351, and the characteristic curve of the tube 
is as there shown, the impressed control grid voltage 
will cause a plate current of the form shown in Fig­
ure 350-D. This may be seen by projecting each 
instantaneous value of the grid voltage curve of Figure 
351 up to the grid voltage-plate current characteristic 
and over to form the plate current curve. After pass­
ing through the output transformer, the current curve 
will be as pictured in Figure 350-E. This current 
curve may be analyzed by the application of Fourier's 
Theorem to determine its components. If this is done, 
it will be found that the principal frequencies present, 
in terms of the voice and carrier frequencies, are: 

V-The voice frequency 
C- The carrier frequency 

2V- Twice the voice frequency 
2C- Twice the carrier frequency 

C - V- The difference between the carrier and 
the voice frequencies 

C + V-The sum of the carrier and voice fre­
quencies. 

This same result may also be reached by making the 
approximately correct assumption that the grid volt­
age-plate current curve, in the range used, is parabolic 
in form. In this event the relationship between plate 
current and grid voltage may be written as a simple 
quadratic equation, thus: 

where-

i, = instantaneous plate current 
K = a constant 
E, = plate battery potential 

(157) 

µ = voltage amplification constant of the tube 
E. = "C" batte·ry or control grid biasing potential 
e = instantaneous alternating potential applied to 

the control grid. 
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Fm. 351. V ActroK Ttraz AS Mo»ULATOR 

All of these values may be assumed to be held constant 
during the operation of the tube excepting i• and e. 
Expanding the equation, we have-

i, = K [(E, + µE.)2 + 2(E, + µE.) µe + µ 2e2] 

or, writing a 1 and a2 for the coefficients of e and e2 

respectively, 

where 

and 

i, = K(Eb + µE.)2 + a1e + a2e' (158) 

Now the impressed voice and carrier currents repre­
sented in Figures 350-A and B are both sinusoidal in 
form and may be indicated mathematically by sine 
functions of time as A sin Vt and B sin Ct respec­
tively, where A and B are constants. The applied 
input voltage, e, is then-

e = A sin Vt+ B sin Ct. (159) 

Substituting (159) in Equation (158), we have for the 
output current-

i& = K(E, + µE.)2 + a1(A sin Vt + B sin Ct) 

+ a2(A sin Vt + B sin Ct)
2 

and, expanding-

i, = K(E• + µ.E,)2 + a1A sin Vt 

+ a1Bsin Ct+ a2A2 sin2 Vt 

+ 2a,AB sin Ct sin Vt + aiB2 sin2 Ct. (160) 
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Making use of the ttigonometric relationships­

sin '8 = ½ - ½cos 28 

and 

sin 6 sin q, = ½cos (8 - q,) - ½cos (6 + 1/,) 

we may expand further to obtain-

4 = K(Eb +µEe?+ a1A sin Vt+ a1B sin Ct 

+ ½12tA2 
- ½122A2 cos 2Vt + 12tAB cos (C - V)t 

- atAB cos (C + V)t + ½122B2 
- ½lltB2 cos 2Ct 

= K(Eb + µEc} 2 + ½12t(A2 + B~ + a1A sin Vt 

+ a1B sin Ct - ½12tA 2 cos 2V t - ½12tB2 cos 2Ct 

+ 122AB cos (C - V)t - 12tAB cos (C + V)t. (161) 

An analysis of this equation shows the first and sec­
ond terms to be constants representing direct current 
which, of course, will not appear on the line side of the 
output transformer. The third and fourth terms are 
merely amplified currents of voice and carrier fre­
quency respectively; the fifth and sixth are sinusoidal 
currents of double these frequencies; and the last two 
represent respectively the difference and the sum of 
the carrier and voice frequencies. If the voice and 
carrier frequencies applied to the grid had been, for 
example, 1000 and 10,000 cycles respectively, the out­
put of the circuit would have contained currents of 
frequencies 1000, 10,000, 2000, 20,000, 9000 and 11,000 
cycles. Practically, of course, applied voice currents 
would contain numerous frequencies which might have 
any values between, say, 200 and 2700 cycles, and the 
output current would vary accordingly. Thus, the 
output frequency indicated in Equation (161) as the 
sum of the voice and carrier frequencies, might occupy 
any value in the band of .frequencies between 
(C + 200) and (C + 2700). 

These sum and difference frequencies are called the 
upper and lower modulation components, respectively, 
or, more commonly, the upper and lower side-bands, 
and either one of them is by itself capable of carrying 
the message current to the receiving end of the circuit. 
In practice, accordingly, it is customary to suppress by 
means of filters or otherwise, all of the frequencies in 
the output of the modulators except one side-band for 
transmission over the line, altliough our theoretical 
diagrams of Figures 346 and 347 show the output of 
the modulators connected directly to the line. Thus 
in Figure 350-F the band filter has blocked all fre­
quencies except·the upper side-band, (C + V). 

It is obviously desirable also to so arrange the modu­
lator circuit that the current to be transmitted over 
the line has the largest possible value, and the currents 
that are not needed have relatively small values, thus 

making feasible the utilization of the greatest possible 
part of the modulator tube's output energy. This 
result can be to a degree achieved by properly ad­
justing the values of the constatlts a1, 122, A and B 
in Equation (161). Referring to this, it will be noted 
that if a1 is made very small, the voice and carrier 
frequencies may be practically eliminated from the out­
put. This may be accomplished within limits by giving 
Ee a large negative value, in which case the factor 
(Eb + µEe), in the expression (a1 = 2Kµ[Eb + µE.J) 
may be made to approach zero, reducing a1 correspond­
ingly. 

In most of the vacuum tube modulator circuits now 
in service, however, the method generally employed to 
control both the absolute and relative magnitudes of 
the output components depends on the use of a bal­
anced tube arrangement similar to that described in 
Article 167 under push-pull amplifier circuits. Such a 
modulator circuit is shown schematically in Figure 352. 
Under ideal conditions, the output of this circuit in­
cludes only the voice frequency and the two side­
bands. The carrier frequency itself, as well as har­
monics of either voice or carrier are automatically 
suppressed. 

Fro. 352. BALANCED TUBrc MODULATOR C1acu1T 

The two tubes of the balanced circuit are so arranged 
that one-half of the voice voltage, e., will be applied 
to the grid of each tube. But, with transformer con­
nections as shown in the diagram, the voice voltage 
applied to the grid of tube 1 will be positive at the 
same time that the voice voltage applied to the grid 
of tube 2 is negative, and vice versa. The carrier 
voltage, e., on the other hand, is applied in series with 
the common grid biasing voltage so that its value and 
sign is the same on the grids of both tubes. The net 
alternating voltage applied to the grids of the tubes at 
any instant accordingly has the following values: 

for tube 1 

for tube 2 

These values of input voltage may be substituted in 
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Equation (158) to determine the plate current of ea.ch 
tube. This gives, for tube l-

i1 = K(Eb + µE.)
2 + a1(e. + ~) + ot (e. + ;)2 

and, for tube 2-

~ = K(Eb + µE.)2 + a1 (e, - ~) + ot (e, - ;)2 

These currents, it will be noted, flow in opposite direc­
tions in the primary winding of the output transformer. 
Therefore, to obtain the value of the current in the 
secondary, we must subtract them. Thus, neglecting 
the direct-current components since these will not pass 
through the transformer, we have for the output 
current-

(162) 

Then, by substituting A sin Vt for e. and B sin Ct 
fore., we have-

io = a1A sin Vt+ 2a2AB sin Ct sin Vt (163) 

By the second of the trigonometric relationships cited 
above, Equation (163) may be converted to read-

io = a1A sin Vt+ a2AB cos (C - V)t 

- 02A B cos ( C + V)t (164) 

The three terms of the above equation represent the 
voice frequency and the two side-bancts of the carrier 
frequency. As in the single tube modulator circuit 
discussed earlier, the voice-frequency term may be 
kept small in comparison to the side-band terms by 
making a1 as low in value as practicable. Since there 
is no carrier-frequency term in this equation, an even 
more effective method of insuring that the greater part 
of the output energy shall be represented by the side­
band terms is to make B much larger than A- that 
is, to make the amplitude of the applied carrier voltage 
much larger than that of the applied voice voltage. 

Before leaving this subject, it should be noted that 
in all of the above it has been assumed that the char­
acteristic curve of the modulator tubes had the ideal 
parabolic form. This is only approximately true in 
practice and in so far as the curve departs from this 
ideal, frequency components additional to those indi­
cated in the above mathematical expressions will ap­
pear in the output. Further, we have assumed a single 
frequency for the applied signal voltage in all cases. 
Actually, a voice signal will usually include several 

different frequencies which will be applied simultane­
ously to the modulator input. There will be a certain 
a.mount of inter-modulation between these signal fre­
quencies and some of the resultant harmonics or sum 
and difference components may have frequencies 
within the range of the useful side-band, thus tending 
to ca.use distortion. However, it may be seen from 
both Equations (161) and (164) that the magnitude of 
these disturbing frequencies will be proportional in all 
cases to A, the amplitude of the applied signal voltage. 
By making the carrier voltage much larger than the 
signal voltage, accordingly, these frequencies may be 
kept low enough in value so that their distorting effect 
is practically negligible. 

171. Demodulation 

The action of the demodulator is identical in prin­
ciple with that of the modulator, as may be seen from 
an examination of Figure 353. The carrier-frequency 
B, identical in frequency to the carrier frequency em­
ployed at the sending end of the line, adds to the in-
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FIG. 353. CURRENTS IN DEMODULATOR CIRCUIT 
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coming side-band A, which in this case is assumed to 
be carrying a voice current of a single frequency, to 
give the net voltage C impressed on the grid. As­
suming the upper side-band is transmitted over the 
line, the impreS&ed voltage then is equal to ( C + V) 
plus C. If we substitute these values fore in Equation 
(158) and expand, we will find that the resultant out­
put currents are-

C-The carrier frequency. 
( C + V)-The impressed side-band frequency. 

2C-Twice the carrier frequency. 
2( C + V)- Twice the impressed side-band fre­

quency. 
( C + V) + C = 2C + V- The sum of carrier and 

side-band. 
( C + V) - C = V-The difference of carrier and 

side-band, which is the voice fre­
quency. 

All of these currents are present in Figure 353-D; and 
Figures 353-E and F rep1esent respectively the com­
plex current on the drop side of the output transformer 
and the voice current itself, after the higher frequencies 
have been eliminated by means of a low-pass filter. 

Similarly, in the case of the balanced tube circuit 
employed as a demodulator, if the upper side-band 
( C + V) is applied, the output frequencies will be 
V, C + V, and 2C + V. This will be apparent from 
Equation (164) where ( C + V) may be substituted 
for V to determine the demodulation products. 

nvvuv TV U~lfV\fUlJ~ V J ViVVll 
A· INCOMING MODULATED CARRIER CURRENT 

fifiAfifi 
8 · OUTPUT OF DEMODULATOR TUBE 

C · D. C. COMPONENT OF 8. RELAY OPERATING CURRENT 

D · OPERATING CURRENT FROM RELAY CONTACTS 

FIG. 354. DEMODULATION IN Tl!lLl!l0RAPH SYSTEMS 

L 
172. Copper-Oxide Varistors as Modulators and De­

modulators 

In more recent carrier practice, the vacuum tube is 
being quite generally superseded as a modulating and 
demodulating device by the copper-oxide rectifier or 
"varistor". This device is capable of accomplishing 
the same results as we have just been considering, and 
with a considerable reduction in cost. 

In telegraph systems the process of 
demodulation is relatively simple, as 
in the corresponding modulation. As 
noted in Article 170, the modulated 
current transmitted over the line con­
sists of a series of "spurts" of alternat­
ing current of the frequency of the 
carrier. This incoming current, rep­
resented by Figure 354-A, after being 
selected by the proper filter, is led 
to a vacuum tube, the grid of w.hich 
is so strongly biased that it acts as a 
rectifier. The resultant output is a 

COPPER-OXIDE VARISTOR UNIT USED AS MODULATOR AND DEMODULATOR 

unidirectional varying current, as shown in Figure 
354-B. This current obviously consists of two com­
ponents, a direct current and a superimposed alternat­
ing current of the carrier frequency. The alternating 
current is filtered out by a simple condenser arrange­
ment, leaving only a series of pulses of direct current 
corresponding in duration to those applied at the send­
ing end of the circuit, as illustrated by Figure 354-C. 
These direct-current impulses are then used to operate 
a relay, the contacts of which control the battery con­
nections to the usual telegraph repeating apparatus 
and establish the polar operating current of Figure 
354-D. 

The principle of the copper-oxide unit as a rectifier 
for converting alternating to direct currents in power 
supply circuits was discussed briefly in Article 53. 
Its essential characteristic for the present purpose is 
that, as shown in Figure 355, its resistance varies with 
the magnitude and polarity of the applied voltage. 
This is a typical curve for a single disc-shaped copper­
oxide unit having a diameter of h inch. It will be 
noted that the resistance of the unit varies from a rela­
tively low value when the copper is negative with 
respect to the copper oxide, to a very high value when 
the voltage polarity is reversed. 

For use as modulators and demodulators in carrier 
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systems, four of these tiny copper-oxide units are 
mounted in a sealed container having a maximum 
dimension of less than one inch, as shown in the 
accompanying photograph. The characteristics of 
such units are very stable and their useful life is appar­
ently indefinite. 

In the channel modulator and demodulator circuits 
of carrier systems, the varist,or units are connected in 
the simple Wheatstone bridge arrangement illustrated 
in Figure 356. (In the symbols used here for the varis­
tor units, the copper oxide is represented by the arrow, 
and the copper by the crossbar. The conducting di­
rection of the unit is thus in the direction of the arrow 
point.) The carrier voltage, C, is made very large as 

FIG. 356. BALANCED BRIDGE MODULATOR CIRCUIT 

compared with the signal voltage, V, so that the re­
sistance presented by the varistor units is effectively 
under the control of the carrier voltage alone. In 
other wo.rds, the resistance of the varistors varies from 
a low value to a high value at the frequency of the 
applied carrier voltage. 

Under these circumstances, and assuming perfect 
rectification, the network of va.ristors will act so as 

virtually to short-circuit the line during the positive 
halves of the carrier voltage cycle; and to present an 
open circuit across the line during the negative halves 
of the carrier voltage cycle. This is illustrated by the 
two diagrams of Figure 357 where the varistors are 

FIG. 357. OPERATING PRINCIPLE OF CIRCUIT OF F10. 356 

indicated as perfect conductors during the positive 
pulse and as opens during the negative pulse. The 
effect on the applied signal voltage, V, is therefore to 
block it completely during the positive half of the 
carrier cycle and to permit its free transmission during 
the negative half of the carrier cycle. In this ideal 
case, therefore, the varistors act effectively like a short­
circuiting switch, opening and closing ~t the frequency 
of the carrier voltage, The resultant output current 
is shown in Figure 358. 

!.--------- .1. --------1 
+ ~ 

Time 

F10. 358. OUTPUT CURRIINT OJ' BAI..\NCIID BRIDGJ: MODULATOR 

An analysis of this current curve would show that 
its principal components are the signal frequency and 
the upper and lower side-bands of the carrier frequency. 
If we assume for the signal voltage a sine wave of the 
form-

e = A sin Vt 

where A represents the amplitude of the signal and V 
is 21r times the signal frequency, an approximate 
equation for the output current represented by Figure 
358 may be written as follows: 
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I A sin Vt + 2A [ . V . C 
= 2(R1 + Rt) 1r(R1 + Rt) SID t SID t 

+ ½ sin Vt sin 3Ct + ¼ sin Vt sin 5Ct + · • • I (165} 

Here R1 and R2 are respectively the input and output 
resistances as indicated in Figure 356 and C is 2-r 
times the carrier frequency. 

Making use of the trigonometric relationship--

sin 8 sin 4> = ½ cos (8 - ef>) - ½ cos (8 + ef>), 

the above equation may be rewritten as-

A sin Vt A 
I = 2(R1 +Rt)+ 1r(R1 + R1) [cos (C - V)t 

- cos (C + V)t + ½ cos (3C - V)t - ½ cos (3C + V)t 

+ i cos (5C - V)t - ¼ cos (5C + V)t + · · · I (166) 

The first term of this equation represents the original 
signal voltage with a reduced amplitude. The first 
two terms inside the brackets are the lower and upper 
side-bands of the modulated carrier wave, and the re­
maining terms in the brackets represent similar upper 
and lower side-bands of odd multiples of the carrier 
frequency. The equation does not include any term 
for the carrier frequency itself, showing that the car­
rier is suppressed by the balanced arrangement of the 
varistors. 

In prsctice, as we know, only one of the side-bands 
of the carrier frequency is made use of and this is se­
lected from the several frequency terms appearing in 
the output by means of a suitable band-pass filter. 
A demodulator arrangement, identical to that shown in 
Figure 356, is used at the receiving end of the carrier 
line to restore the original signal frequency. In this 
case, the frequencies applied to the varistor circuit 
(demodulator) are the received side-band and a locally 
generated carrier identical in frequency to that sup­
plied to the modulator at the sending end. Thus, if 
we assume that the lower side-band is transmitted, 
the signal frequency applied to the demodulator may 
be indicated in the form, K cos( C-V)t. When this 
term is substituted in Equation (165) in place of 
A sin Vt, the first term inside the brackets in Equa-
tion (166) will become: 

cos [ C - ( C - V) I t = cos Vt 

This is the desired original signal and it can be selected 
from the other components of demodulation by the 
use of a simple low-pass filter. 

For the group modulators and demodulators of the 
Types-J and K carrier systems, a somewhat different 
arrangement of the varistor un~ts is employed. This 
is illustrated in Figure 359. It is also a balanced 
bridge arrangement but the circuit connections and 
the configuration of the varistors are such that, as in-

- --C---t 

FIG. 359. LATTICE MODULATOR CIRCUIT 

dicated in Figure 360, the signal voltage is impressed 
across the output transformer in one direction during 
one-half of the carrier cycle, and in the other direction 
during ·the other half of the carrier cycle. In other 
words the circuit acts like a reversing switch operating 

i--- - C -----< 

I 

FIG. 360. OPERATING PRINCIPLE OF CIRCUIT OF FIG. 359 

at the carrier frequency and results, in the ideal case, 
in the output current wave shown in Figure 361. 

Using the same terminology as in the preceding dis­
cussion, the approximate equation for the curve of 
Figure 361 is-

2A 
I = 1r(Ri + Rt) [cos (C - V)t - cos (C + V)t 

+ i cos (3C - V)t - ½ cos (3C + V)t 

+ t cos (5C - V)t - t cos (5C + V)t + · · · 1 (167) 
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Comparing this equation with (166), it will be noted 
that the desired side-bands are still present in the first 
two terms in the brackets, and the carrier is likewise 
suppressed. The signal frequency term, however, is 
no longer present. Moreover, the amplitudes of the 
side-bands are twice as great as in the previous case. 
This modulator therefore has the advantage of auto­
matically suppressing the unwanted signal frequency 
components and of providing a larger output of the 
desired side-bands. These characteristics are par­
ticularly desirable in group modulators where the wide 
band transmitted makes maximum side-band 
output, and the reduction of the number of 
unwanted products, very important. This ar­
rangement of course operates as a demodula­
tor in exactly the same way and has the same 
advantages. 

In both of the examples of copper-oxide 
modulator operation discussed above, it was 
assumed for the sake of simplicity that the 
varistors acted as perfect rectifiers and were 
perfectly balanced in the bridge configuration. 
In practice, this ideal condition can only be 
approximated. The varistors do not actually 
present zero resistance to the transmission of 
current in one direction and infinite resistance 
to transmission in the other direction. Nor, 
as may be seen from Figure 355, is the transi­
tion from high resistance to low resistance as 
sharp as might be desired. Exact balance be­
tween the four varistors in the bridge connec­
tions is also a condition which can only be 
approached in practice. 

will give results as modulators similar to those discussed 
above. The particular arrangement of varistors to 
be used, as well as the number of discs required, is a 
matter of fundamental design which must be. deter­
mined in relation to the circuit design as a whole. 

173. Sources of Carrier Frequencies 

In practica.Hy all of the carrier telephone systems 
now in use, the signal transmitted over the line con­
sists of one of the side-bands alone. As we have just 

As a result of the above practical facts, the 
modulator and demodulator outputs always 
contain numerous components additional to 
those indicated by Equations (166) and (167), 
including the carrier frequency itself. Most 
troublesome of these unwanted components, 
probably, are harmonics of the signal frequency 
which may fall within the range of the useful 
side-band and thus cause distortion. Except 
f f 

. h" h TYPE-K CARRIER SUPPLY PANELS- CARRIER GENERATOR IN CENTER-120 KC. 
or such requencies as t is, t e unwanted AMPLIFIER AND F1LTER ABovE-TRANsFER C1Rcu1T BELow 

components can be completely eliminated by 
means of suitable filters. However, it is of course de- seen, the voice current can be obtained from this side-
sirable that as large a part as possible of the total out- band only by the use of a demodulator circuit to which 
put energy should appear in the wanted components. is applied the side-band and a carrier voltage exactly 
This result can be effect.ed to a considerable degree equal in frequency to that which was applied at the 
by properly proportioning the values of the applied transmitting end of the channel. 
signal and carrier voltages. Since the carrier frequency is not transmitted over 

Finally, it is worth noting that where greater output the line, extremely reliable methods for generating car-
energy is required, each varistor can be made up of a rier frequencies must be employed in order that the 
number of individual units or discs ~onnected in series respective channel frequencies at the two ends of the 
or series-multiple. it is also true that there are several line shall be exactly equal at all times. Vacuum tube 
other possible configurations of varistor units which oscillator circuits with the required degree of stability 
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in operation can be built, and such oscillators are in 
fact used in the lower frequency open wire carrier sys­
tems, such as Type-C. For the broad-band carrier 
systems, both open wire and cable, it is the practice to 
use a single base frequency genera~ed by a tuning-fork 
controlled vacuum tube oscillator, and to obtain the 
various needed carrier frequencies from this base fre­
quency by means of harmonic producing devices. 

The essential circuits and apparatus units employed 
in the broad-band systems are shown schematically in 
Figure 362. The generated frequency of the oscillator 
tube is controlled in this case by a 4-kilocycle tuning­
fork. This tuning-fork is made of an alloy having a 
low temperature coefficient, and its stability is such as 
to hold the frequency of oscillation accurate to within 
plus or minus one part in one million. The oscillator 
output is amplified in two stages to a value of about 4 
watts by the control tube and two power tubes operat­
ing in a push-pull arrangement. The control tube 
also acts in conjunction with an auxiliary transfer 
circuit, not shown in the drawing, to automatically 
put into service an emergency oscillator circuit in case 
of failure of the regular circuit. 

Flux 
Density 

B 

H Field Intensity 

Flo. 363. B-H CURVE or CoRE oF HARMONIC PRODUCING CoIL 

The secondary of the amplifier output transformer 
and the parallel condenser C are designed to be anti­
resonant at 8 kilocycles, and thus to short out any 
second harmonics developed in the amplifier tubes. 
The series condensers and inductances, C1 and Li, are 

pure sine wave of 4-kilocycle current to the bridged 
coil L2. This latter coil, in conjunction with the con­
densers C2, produces odd harmonics of the applied 
4-kilocycle frequency. Its behavior in this respect 
offers a very interesting example of the use of the 
special magnetic material, permalloy, which was men­
tioned briefly in Chapter III. 

The action of the coil as a harmonic producer de­
pends upon the fact that its magnetic core becomes 
saturated at relatively low current values. The coil 
is physically quite small and is wound upon a core of 
coiled permalloy ribbon, as illustrated in the accom­
panying photograph. A B-H curve (refer to Article 
30) for the core is given in Figure 363 from which it 
will be noted that the magnetic field passes from nega­
tive to positive saturation for a comparatively small 
change in the field intensity. (The small hysteresis 
loop indicated is of no importance in this application.) 
In other words, the curve shows that the coil becomes 
saturated very quickly and with a comparatively low 
value of current in its winding. Since the inductance 
of the coil is proportional to the slope of this curve, 
this means that the inductance has a high value for 

resonant at 4 kilocycles and thus favor transmission of a HARMONIC PRODUCER COIL SaowINO PJ:RMALLOY TAPE Cou 
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FIGURE 364 

low current values, but outside of a very narrow range 
of current values, the inductance becomes nearly zero 
as the curve becomes approximately horizontal. 

With these facts in mind, we may analyze the be­
havior of the coil and its associated condensers by re­
ferring to the simplified diagram of Figure 364 where 
all of the circuit to the right is indicated by the single 
load resistance R2• To do this let us follow through 
what happens during a single cycle of the applied 4-
kilocycle voltage eo. One cycle of this applied voltage 
is shown in the usual manner in Figure 365-A. As 

A 

a-"--1bH<,.-----=-d ~---'e=+-'-,._f ___ _ 

B 
FIO. 365. OUTPUT CURl<ENT OF HARMONIC PRODUCING 

COIL CIRCUIT 

this current increases from zero, the inductance of the 
coil bridged across the line will at first be high and as a 
result, current will flow into the condenser and the load 
R2• This current is pictured by the small section ab 
of the curve of Figure 365-B. When the applied cur­
rent increases to the critical value, X, however, the 
core of the coil becomes saturated and the inductance 
of the coil immediately decreases to zero. As the coil 
has quite low resistanr.e, it then becomes effectively a 
short across the line and no additional current flows 
from the generator into the load. On the contrary, 
the charged condenser C2 discharges through the coil, 
causing the sharply peaked negative current surge 
shown in the section be. For the remaining part oi 
the positive pulse of the applied voltage, the coil 

continues to act as a short-circuit, the condenser re­
mains discharged, and no current flows in the load. 
When the applied current reverses in direction, how­
ever, the coil again presents a high inductance to the 
low values of negative current applied and a small 
negative current, de, flows into the condenser and the 
load. But again, as soon as the coil becomes satu­
rated, the condenser discharges to cause the sharp 
positive peak of current, ef. An analysis of the curious 
current wave of Figure 365-B would show that included 
are all of the odd harmonics of the applied 4-kilocycle 
current; further, that up to very high frequencies, the 
amplitude of all of these harmonics is approximately 
the same. 

As indicated by Figure 362, these odd harmonics are 
separated for use in the various carrier channels by 
m<'ans of filteri-. Even hn.rmonics are obtained by 
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means of the Wheatstone bridge arrangement of varis­
tors shown bridged across the circuit. ·These varis­
tors rectify about half of the energy coming from the 
non-linear coil L2 and, in the ideal case, this rectified 
energy appears entirely in the form of even harmonics 
of 4 kilocycles. The reason for this will appear from 
a study of Figure 366 where A is the curve for any one 
of the odd harmonics applied to the bridge, B shows the 
effective connections of the bridged varistors for the 
positive half of the currnte cycle, C shows the same 
thing for the negative half of the cycle, and D shows 
the resultant current in the bridged output. After 
passing through the transformer, the major component 
of this output current will obviously be the first even· 
harmonic of the applied current and its other com­
ponents will be higher even harmonics. The even har­
monics are of course likewise selected for application 
to their particular carrier channels by means of filters. 
The complete separation of odd and even harmonics 
by the method described above tends to simplify the 
design of the selecting filters since it automatically sepa-

rates any two frequencies in either of the output cir­
cuits by a minimum of 8 kilocycles. 

A 

~+ 

7 
__ + _I~+ 

B 

D 
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CHAPTER XXVIII 

LONG DISTANCE TRANSMISSION SYSTEMS 
VOICE-FREQUENCY TELEPHONE CIRCUITS 

174. Types of Telephone Transmission Systems 

The various kinds of line facilities and apparatus 
that we have considered in preceding chapters are 
applied in practice to the development of several dis­
tinct types of long distance telephone circuits. Such 
circuits may be broadly classified as between those 
which operate at voice frequencies and those which 
operate at higher-carrier or radio-frequencies. In 
the former group are the ordinary 2-wire telephone 

types of apparatus used and their relatively limited 
application in long distance telephone work, radio 
circuits will not be discussed in this book. It may be 
pointed out, however, that a survey of the applica­
tions of electrical principles to carrier work may be 
distinctly helpful in connection with the study of radio 
transmission. 

176. Repeater Spacing 

circuits which employ a single pair of open wire or The different types of circuit facilities, whose prin-
cable conductors as the transmitting medium, as is cipal characteristics are discussed in Chapter XXII, 
the general practice in the case of all local and short show a wide diversity in their relative transmission 
haul toll telephone service. The voice-frequency efficiencies. It may be noted, for example, that at 
group also includes the 4-wire cable circuits in which a voice frequencies a loss greater than one db is caused 
separate pair of cable conductors is used for trans- by one mile of 19-gage non-loaded cable side circuit 
mission in each direction, as was discussed in Ar- while a 165 open wire phantom circuit causes a loss of 
ticle 165. If they are of any considerable length, both only .025 db per mile. In other words, one mile of the 
the 2-wire and 4-wire circuits require the insertion of former gives rise to as great a loss as nearly forty 
telephone repeaters at regular intervals in order to miles of the latter. 
maintain transmission at satisfactory levels. Prior to the advent of the telephone repeater in 1915, 

Except in the case of the special coaxial type of con- large gage open wire facilities were used for all very 
ductor, carrier circuits employ the same, or the same long circuits; furthermore, such facilities were usually 
kinds of, wire facilities for transmission as do the voice- loaded. But even with the use of loaded 165 facilities, 
frequency circuits. They also require the use of am- the maximum practicable range for long distance 
plifiers or repeaters at regular intervals along the line. telephony was limited to about two-thousand miles. 
The use of radio circuits is limited in general to those The application of the telephone repeater had two 
situations where it is impossible or impracticable to fundamental and far reaching effects; first, it made 
build suitable wire facilities between the points in possible an indefinite extension of the maximum range 
question. of telephonic communication; and second, it permitted 

It is not possible to make an unqualified statement smaller wire gages for long distance service and so made 
as to the particular kinds of situations in which each economically and physically feasible the great expan-
of the above types of circuits may be best applied in sion in the number of long distance circuits that has 
practice. In general, however, the 2-wire circuits are occurred since its introduction. 
commonly used for relatively short distances- in the The first transcontinental telephone service was 
order of 1000 miles maximum for open wire circuits, furnished by loaded 165 open wire facilities with re-
and 150 miles maximum for cable circuits. Four-wire peaters inserted at 500 to 600-mile intervals. This 
cable circuits are used for somewhat longer distances- same service was later improved by removing the 
up to something in the order of 1200 miles when loading from the open wire facilities and reducing the 
equipped with "echo suppressors"-and carrier circuits repeater spacing. Here the repeater served another 
are used for the longest distances. The length of radio purpose; it improved the quality of the circuit by mak-
circuits of course depends entirely upon the distance ing possible the elimination of the inherently trouble-
which the geographical requirements make it necessary some open wire loading. Repeaters are now used in 
to span. practically all long distance cable and open wire cir-

In this and the following two chapters, we shall cuits. Since open wire facilities must for mechanical 
consider some of the more essential problems involved reasons be of relatively large gage and suspended with 
in the design and operation of the long voice-frequency considerable separation between conductors, their re-
and carrier telephone circuits. Because of the special sistance and capacity values are relatively low. As a 
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result repeaters need only be spaced at intervals of 
the order of 150 to 350 miles to compensate for the 
energy attenuation caused by the conductors. This 
means that even in the longest circuits the number of 
repeaters in tandem is not very great. On the other 
hand, in cable facilities the conductors are usually of 
16 or 19-gage and even though loading is used, re­
peaters must be inserted at 50 or 100-mile intervals, 
depending on the gage of the conductors. It follows 
that a very long cable circuit must include a consider­
able number of repeaters in tandem. In either case, 
it is the usual practice to employ repeaters at the ter­
minals as well as at intermediate points along the 
circuit. 

In an open wire circuit, the 165 wire will generally 
have the best electrical and mechanical characteristics, 
with 128 wire circuits next, and 104 wire circuits last. 
This is due largely to the differences in attenuation. 
By increasing the repeater spacing when larger wires 
were used, these three types of circuits could be made 
practically identical from a transmissior, standpoint. 
However, most open wire lines in­
clude different sizes of wire and the 
spacing of the repeaters is deter­
mined by the losses of the smallest 
wires. Nevertheless, even though 
short repeater sections are used, 
climatic conditions may be such as 
to put occasional severe strains on 
the wires and thus necessitate the 
use of 128 wire or even 165 wire to 
obtain greater mechanical strengths 
than is possible with 104 wire. The 
final decision as to the size of the 
open wire, and hence the repeater 
spacing, must be based on the 
proper consideration of both the eco­
nomic and electrical factors. The 
latter include repeater balance, 
transmission variation due to t~m-

that are made of them. Although this might imply 
that it is desirable to have a different type of facility 
for each length and circuit use, it has been found 
practicable to obtain satisfactory results with only a 
few standard types. The characteristics of all of these 
are such that the preferred repeater spacing is about 50 
miles for aerial cable and 55 miles for underground 
cable. 

These requirements, however, are not so rigid as to 
preclude a needed element of flexibility. Thus an 
open wire or cable route obviously will not have towns 
and cities located exactly at the points where it may 
appear desirable to locate the repeaters. Within limits, 
the repeater spacing may be varied somewhat to con­
form with the preferable location of the repeater 
stations. 

176. Repeater Gains and Transmission Levels 

After the location of the individual repeater stations 
has been selected, the amount of gain to be inserted 
in each circuit at each repeater point must be deter-

perature and other weather changes, OPEN WrnE REPEATER STATION AT KINGMAN, ARIZONA 

and echo effects, all of which are 
discussed in following articles. In practice it has been mined. It is generally desirabl_e to keep the energy of 
found that in most cases the repeater spacing on open the message currents at the highest possible level in 
wire facilities should not exceed 350 miles for 165 wire, order to reduce the possibility of noise interference. 
225 miles for 128 wire, and 150 miles for 104 wire. If the transmission level of the message currents is too 

The latest types of long toll cables for _voice-fre- low, any small noise currents that may be induced into 
quency use employ 19 and 16-gage conductors. The the ·circuit from external sources may be relatively 
former gage is used for both 2 and 4-wire circuits, great enough to cause excessive interference when they 
while the latter is used for program services (radio are amp1ified by the r~peaters along with the message 
broadcasting networks) and to some extent for 2-wire currents. On the other hand, by keeping the trans-
message circuits. These conductors are loaded to re- mission level of the message currents high with respect 
duce their attenuation and thereby permit longer re- to the level of the induced noise currents, the effect o{ 
peater spacing. The type of loading used depends the latter is minimized. However, it should not be 
somewhat upon the lengths of the circuits and the uses forgotten that there is a limit to the amount of energy 
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that any particular amplifying circuit can handle, and 
even before reaching this limit, distortion is introduced. 

In adjusting the gains of 22-type repeaters, the 
ordinary limits are as follows: With the volume of 
transmission at the switchboard at the sending ter­
minal of a circuit defined as "zero transmission level", 
a 22-type repeater having B battery of constant volt­
age may be operated to deliver a volume of transmis­
sion not exceeding the zero level by more than 6 db for 
22-A-l repeaters or 10 db for 22-B-l types, but no 
repeater, regardless of spacing, should be expected to 
give more than an 18 db net gain. However, these 
limiting factors apply only under ideal conditions. 
If, for instance, there is a fluctuating B battery volt­
age, as in the case of the ordinary telegraph battery, 
the zero level should not be exceeded by more than 
one db. 

In the 44-type repeaters used in 4-wire cable circuits, 
much higher gains are possible. It may be recalled 
that these repeaters have two stages of amplification 
and it is important that the gain be so adjusted be­
tween the first and second stages as to not overload the 
first stage. When so adjusted, the two stages will 
give a combined gain of about 50 db without appre­
ciable distortion. However, crosstalk considerations 
usually prevent the attainment in practice of this 

energy levels in decibels above and below zero level, 
losses being measured downwards and gains upwards. 
The gains of the repeaters are naturally represented by 
straight vertical lines, while the line attenuation losses 
are indicated by lines between repeater stations sloping 
downward in the direction of transmission. A separate 
set of zigzag lines is required to show transmission in 
each direction, even when the net equivalent of the 

FIG. 367. ENEKGY LEVEL DIAGRAM FOR OPEN WIRE C!HCUIT 

maximum. It is permissible to operate 44-type re- circuit and the gains of each repeater are the same in 
peaters between an input volume not lower than about each direction. Such a chart is valuable not only in 
25 db below zero level and a delivered output not facilitating the original engineering design of the cir-
greater than about 10 db above zero level. This means cuit, but also as maintenance information to enable 
a possible gain of 35 db, under which condition the en- the repeater stations to know both the gain at which 
ergy delivered is nearly two-thousand times as great as each repeater is to be operated and the proper output 
the energy received. This extreme energy ratio is the energy level for transmission in each direction. 
reason for the crosstalk limitation. If we imagine a While it is customary to describe the gain of a tele-
case where an incoming cable pair is adjacent to an phone repeater by a single value in decibels, this is to 
outgoing cable pair of any other 4-wire circuit and be understood to mean the gain of the repeater at only 
there exists a small crosstalk unbalance from one pair the single frequency of 1000 cycles. At any other fre-
to the other, the highly energized circuit may transfer quency the gain of the repeater may or may not be 
a quantity of energy which although an almost negli- the same value. In order to completely describe the 
gible fraction of its own energy, may nevertheless be characteristics of a repeater and to analyze its entire 
quite appreciable as compared with the energy in the effect when inserted in a circuit, it is therefore neces-
other circuit, which is only about 1/2000th as great sary to know the gain of the repeater not only at 1000 
in value. This crosstalk energy is applied to the re- cycles but at all frequencies through the normal voice 
peater with the incoming transmission and is amplified range. This information is usually given in the form 
along with and to the same degree as the incoming of a curve between frequency and gain, known as the 
transmission, thereby tending to become audible. "gain-frequency characteristic" of the repeater. 

In laying out long circuits containing a number of Figure 368 shows the gain-frequency characteristic 
repeaters in tandem, use is made of an "energy level of a 2-wire (22-type) repeater, set for maximum gain 
diagram" which shows in a single chart not only the at 1000 cycles, with four different filters in the output 
losses in each line section and the gain of each repeater, circuit. Curve A is the characteristic of a type of 
but also the level of the voice energy at each point repeater that has been generally employed on open wire 
along the circuit as comp!l,fed with the energy originally circuits. This shows a nearly constant gain for £re-
applied to the circuit terminal (zero level). Figure quencies between 300 and 1700 cycles, a gradually 
367 gives such a diagram for a typical long 2-wire cir- decreasing gain for frequencies between 1700 and 2300 
cuit on open wire facilities. The ordinates represent cycles, and a sharply decreasing gain for frequencies 
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below 300 cycles. Contrasted with this, Curves B, 
C and D are the gain-frequency characteristics of later 
types of repeater circuits which employ filters having a 
much wider pass band. These are now generally used 
on both cable and open wire circuits. The repeater 
with the characteristic illustrated by Curve A, since 
its range of uniform amplification includes the roost 
important of the voice frequencies, may be used on 
relatively short circuits for ordinary service without 
causing serious impairment in quality. The repeaters 
of Curves B, C and D, with their fairly constant ampli­
fication over a much wider band of frequencies, natu­
rally cause less distortion and are more satisfactory for 
use on longer circuits. The repeater of Curve D is, 
of course, the most desirable when conditions permit 
its use. 

As we shall see in the next article, however, the use 
of wider frequency bands complicates the problem of 
balance somewhat because the balancing 
networks associated with the repeaters must 
balance the lines over a correspondingly 
greater range of frequencies. Cases may 
occur where impairment of quality on ac­
count of unsatisfactory balance conditions 
is liable to be more severe than that caused 
by a lack of uniformity in the gains over the 
wider frequency range. In such cases the 
use of repeaters having gain-frequency char­
acteristics such as Curve B, or even Curve 
A, may be preferable to those of Curves C 
or D. 

Moreover, it is important to keep in mind 
that the gain at the various frequencies 
passed by the filters in the output circuit, 
may be changed within certain limits by 
changing the equalization at the input trans,. 
former (see Article 143). All the curves in 
Figure 368 use the same equalization ar­
rangement at the input, and they represent 

only the effect of using different filters in the output 
circuit. 

In the case of 4-wire circuits, the gain-frequency 
characteristics of the 44-type repeaters are made ap­
proximately equivalent to the loss-frequency charac­
teristics of the line and equipment in the preceding re­
peater section by the use of equalizing networks in the 
input circuit (see Article 165). That is, if the line loss 
is higher for certain frequency ranges, the gain is also 
higher, and vice ver.;;a. 

177. Return Loss 

In 2-wire circuits, repeater gains are usually limited 
by the degree of balance which it is possible to secure 
between each line and its balancing network, rather 
than by the maximum energy output of t he amplify­
ing tubes. In other words, the allowable amplifica­
tion of a 22-type telephone repeater depends upon the 
gains that make the repeater circuit oscillate or "sing", 
or appreciably impair quality because of unbalance 
between the line and the associated network. Defi­
nite impairment of quality is quite noticeable just be­
fore the "singing" point is r('ached. 

. .\.s already seen from our ~tudy of the hybrid coil 
in Article 117, if identical impedances are connected to 
thc line and network terminals of the hybrid coil, no 
power can pass from th(' serif's winding to the bridge 
taps ; in other word~, there is infinite 10&:l acrosi; this 
path. If, however, there is an inequality between the 
line and network impedances, power can pass and a 
finite loss may be measured between these points. 
This loss which we may designate ai; L, is made up as 
follows : the power first divides about equally between 
the line and network giving a loss of 3.25 db (3 db for 

CABLE REPEATER STATION AT WAUKEGAN, ILLINOIS 
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the power division loss and 0.25 db for .the coil loss). 
Assuming the line impedance to differ from the net­
work impedance, a portion of the power entering the 
line will be reflected back towards the hybrid coil. 
The part so reflected back is less than the power sent 
out on the line by the amount of the so-called "return 
loss" (R.L.), the magnitude of which is determined 
by the relation between the line impedance and the 
network impedance. The greater the departure of 
the line impedance from its normal value (which the 
network simulates), the more the power reflected back, 
and the smaller the return loss. This reflected power 
enters the hybrid coil in the same manner as normal 
incoming transmission and in the same way divides 
equally between the bridge taps and the series winding, 
thus. incurring another 3.25 db loss. The total loss L 
between the series winding and bridge taps is then 
3.25 ·+ 3.25 .+ R. L., or R. L. + 6.5. Thus, the return 
loss at a given frequency is the measured transmission 
loss across the hybrid coil at that frequency, less 6.5 db. 

The value of the return loss is thus a measure of the 
similarity between the line and network impedances, 
and is the kind of quantity "singing point tests" are 
designed to measure to a certain approximation. Its 
value in db may be determined by the formula-

(168) 

where ZN is the impedance of the network and ZL is 
the impedance of the line circuit. If the network per­
fectly balances the circuit, that is, if ZN = Zt, then 
Eei.uation (168) shows that the return loss is infinite. 
When an unbalance exists, the loss takes a finite value. 
As an example let us assume ZN to be 600 ohms, and 
ZL = 400 ohms, then from Equation (168)-

.. 600 + 400 
R.L. = 20 log 

600 
_ 

400 

= 20 log 5 = 20 X . 7 = 14 db 

The value so determined may therefore be somewhat 
different from the return loss at the singing frequency 
because the repeater gains at this frequency may be 
different from the 1000-cycle gains. This will be 
clearer from the discussion of the methods of making 
these tests in the following paragraphs. 
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F10. 369. PRINCIPLE OF REPEATER BALANCE TEST 

From the foregoing discussion, the singing path of 
the 22-type repeater circuit as indicated by the heavy 
dashed line in Figure 369 may be readily understood. 
Let us assume that the degree of electrical balance be­
tween the impedances ZL and ZN connected to the 
line and network terminals of the west hybrid coil is 
under test. The line and network terminals of the 
east hybrid are shorted and opened respectively, thus 
converting the hybrid coil into a simple repeating coil. 
If the impedances ZL -and ZN are unequal, the loss 
across the west hybrid coil will be finite and power can 
be transferred across this coil, through the W-E am­
plifier, through the east hybrid (now a repeating coil) 
to the E-W amplifier, through this amplifier, and back 
to the west hybrid coil. A round trip path is thus es­
tablished and as soon as the sum of the gains of the two 
amplifiers becomes equal to or slightly larger than the 
total losses in the path, a sustained circulating current 

Since both ZN and ZL may vary with frequency, a will be set .up. 
return loss measurement or computation must be made The only gains in the singing path are those of the 
in terms of a single frequency, and the gains and losses two amplifier units. These gains may be designated 
in the measuring circuit expressed for the particular G1 and G2. In making singing point tests, it is im-
frequency used. Such measurements or computations practicable to measure the gains of the individual 
must be ma.de for a number of frequencies in the voice amplifiers. Instead, measurements are made from one 
range if it is desired to determine at what point in the line to the other, that is, from the line terminals of one 
range balance conditions are worst. hybrid coil to the line terminals of the other hybrid 

In singing point tests, however, the repeater auto- coil. These are the "calibrated gains" and may be 
matically selects the frequency most favorable fo1 designated Yi and y2. In going from one line to the 
singing, and thus in a single measurement gives the other, the power suffers a 6.5 db loss, due to the two 
approximate balance condition at the worst frequency. hybrid coils. The gain as measured between line ter-
In this case, the gains of the repeater used in making minals in one direction is therefore 6.5 db less than the 
the tests are ordinarily measured at 1000 cycles and gain of the amplifier unit itself. That is, G1 =Yi+ 6.5. 
for convenience these 1000-cycle values are used .in The total gain in the singing path is merely the sum of 
determining the numerical value of the singing points. the gains of the two amplifying elements, G1 + G1, 
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or, expressed in terms of the measured or calibrated 
gains, g, + g2 · + 13. 

The losses in the singing path for the condition of 
Figure 369, are made up of a 0.5 db loss in the east 
hybrid coil (now a repeating coil) and the loss L across 
the west hybrid coil. This loss L, as already noted, 
is composed of 6.5 db power division and coil loss, plus 
the return loss (R. L.) determined by the ratio of the 
two impedances. That is, L = 6.5 + R. L. The total 
loss. in db in the singing path is then 0.5 + 6.5 + R. L. 
or 7 + R.L. 

If, with a circuit arranged as shown in Figure 369, 
the gains of the amplifiers are gradually increased the 
circuit will start to sing at the point where the total 
gains in the singing path become equal to the total 
losses. That is when 

g1 + g2 + 13 = 7 + R. L. (169) 

Furthermore, the circuit will automatically select the 
frequency at which singing will occur. This is ob­
viously the frequency at which the return loss has the 
lowest value, assuming that the gains of the amplifiers 
are constant through the transmitted frequency range. 
Equation (169) may be solved for the return loss to 
give 

R. L. = U1 + g2 + 6 (170) 

178. Singing Points 

In Equation (170) the calibrated gains, g1 and gz, 
are assumed to be measured at the singing frequency, 
so that the substitution of these values in the equation 
would give the return loss at that frequency. In 
making practical singing point tests, however, the re­
peater gains are measured at 1000 cycles as a matter 
of convenience. When these 1000-cycle gains are 
substituted in Equation (170), the result will be some­
thing other than the true return loss. The difference 
will depend on the difference between the 1000-cycle 
and the singing frequency gains, and hence on the gain­
frequency characteristic of the measuring repeater. 
The singing point, S.P., so measured, may be repre­
sented by an equation similar to (170)-

S.P. = U1 + U2 + 6 (171) 

"21 Circuit Balance Tests", they provide a ready 
means of ascertaining what is the maximum safe work­
ing gain of a 22-type repeater when connected to a 
given circuit. The measurement also gives a direct 
check on the effectiveness of the network balance, 
since a high singing point means that at no single fre­
quency within the voice range is there an appreciable 
dissimilarity between the impedance of the network 
circuit and the impedance of the line and its associated 
equipment. 

Such a satisfactory balance between a line and its 
network depends, among other things, upon the ter­
mination of the line at the next adjacent repeater 
point. When making tests this termination may con­
sist of a network or of a "passive repeater"-that is, a 
repeater so arranged as to present its nominal impe­
dance to the circuit, but with its gains set at zero so as 
to prevent irregularities in succeeding repeater sections 
from causing reflected currents to return to the test 
repeater. A repeater may also be made passive by 
replacing with balanced resistances the line and net­
work connected to the hybrid coil on the side of the 
repeater away from that to which the circuit under 
test is connected. The balance measured under this 
condition is called the passive singing point, which 
means fundamentally that the test repeater is the only 
repeater in the circuit that amplifies the reflected power, 
or that only one amplification path is involved. 

Now suppose that instead of being terminated at the 
adjacent office in a network or in a passive repeater, 
the circuit at that office goes through an active repeater 
(one in opera.ting condition) and on to another repeater 
section beyond. The reflected power in the first 
section will still return to the test repeater, but in 
addition, part of the sent power will enter the second 
repeater, be amplified and sent into the second repeater 
section; if the second section contains irregularities, 
part of the power entering this section will be reflected 
back to the second repeater, through this repeater and 
into the first section, and then back to the hybrid coil 
of the test repeater, thus adding to the power returned 
from the first section. There are now two points in 
the circuit where reflected power is amplified. In 
other words, there are two amplification paths 
and with more repeaters in the circuit, there may 

in which, however, g1 and gz now represent the 1000- be a third and fourth path, etc. All of these returned 
cycle calibrated gains of the amplifiers. when the cir- powers combine at the hybrid coil of the test repeater 
cuit is adjusted to the point where singing begins. to enter the circulating path of this repeater. The 

As noted, singing points may-differ from return losses greater this total power, the less the gain required to 
due to the amplifier characteristics. In addition, sustain singing and, accordingly, the lower the singing 
phase relationships may sometimes be such as to point. The balance for this condition is termed the 
prevent singing from occurring at the frequency where active singing point, meaning, as already indicated, 
the balance conditions are poorest. However, singing that one or more repeaters, in addition to the test re-
point tests give results sufficiently accurate for prac- peater, amplify reflected powers; that is, two or more 
tical maintenance purPQSes. Commonly known as amplification paths are involved. Since these are the 
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prevailing conditions when the circuit is in operation, 
the value of this active singing point is of fundamental 
practical importance. 

179. Balancing Networks 

From the preceding discussion it will be noted that 
in 2-wire repeatered circuits we are concerned as much 
with the impedance of the line as with its attenuation. 
The extent to which the repeater may improve trans­
mission depends directly upon the degree to which the 
network balances the line. In turn the degree of 
balance depends first upon the "smoothness" of the 
telephone line's impedance throughout the working 
range of voice frequencies, and second, upon the ad­
justments that it is practicable to make for the effect 
that terminating conditions have upon this impedance. 

The basic requirements as to balance may be under­
stood by referring to Figure 370. Here we have the 
R and X components of the characteristic impedance, 
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FIG. 370. IMPEDANCE CBARACTJCRISTICS OP ◊PEN WIRE 
CIRCUIT AND ITS BALANCING NETWORK 

pedance components of the line itself. It will not, 
however, take care of near-end terminating conditions 
such as toll entrance cable, etc. Furthermore, it 
balances only the characteristic impedance of the 
circuit, i.e., the circuit must be in effect infinite in 
length; or in other words, terminated at the distant 
end in an impedance equal to the characteristic im­
pedance. Consequently, balance, even in the open 
wire circuit case, involves considerations other than the 
mere design of a basic network that has an impedance 
approximating that of the characteristic impedance 
of the line. These balance requirements, however, are 
general and will be discussed •after considering the basic 
network for the loaded cable circuit. 

A basic network for a loaded circuit usually has a 
more complex design than a basic network for a non­
loaded circuit. In this design some assumption must 
be made regarding the loaded circuit's near-end ter­
mination, i.e., the basic network must be chosen to 
balance a loaded circuit terminating at a mid-section 
point, or at some fraction of the loading section other 
than mid-section. Figure 371-A shows the resistance 
components of the impedance of an ideal loaded line 
having no resistance, for various forms of termination, 
the frequency band being that up to and including the 
critical frequency. (The scale for frequency is shown as 
fractions of the critical frequency rather than as cycles 
in order that the curves may apply to any case.) 
Figure 371-B shows the corresponding reactance 
components. 

An inspection of Figure 371-A shows that for a .2 
or .8 section termination, a plain non-inductive resis­
tance will approximate the resistance component of the 
circuit, as this resistance component remains nearly 
constant through the band of frequencies that the 
loaded circuit would be expected to transmit. This is 
true only for these two terminating conditions. Ac-

Zo, of a 104 open wire side circuit plotted (solid line) cordingly, if we choose the .2 section sending-end 
with respect to the voice-frequency band. It will be termination as that for which the basic balancing net-
seen that the resistance component of the character- work is to be designed, we only need to connect in series 
istic impedance becomes appreciably lower at the higher with a resistance some combination of inductance and 
frequencies and that there is likewise a marked change capacity that will approximate the corresponding 
in the value of the negative reactance. reactance component shown in Figure 371-B in order 

Now to balance such a circuit, a network must be to obtain a network which will simulate almost exactly 
designed with impedance components that not only the ideal loaded line; and, except at very low frequen-
equal those of the line at some one frequency, but vary cies where the resistance of the actual line causes the 
similarly with the impedance of the line at all fre- impedance to depart appreciably from that of the ideal 
quencies within the voice band. The dashed curves line, will closely approximate an actual loaded line. 
in this same figure compare the R and X components This combination is found to be a capacity value in 
of the impedance of the standard network used to parallel with an inductance value. A schematic dia-
balance this type of line. gram of a simple basic network for a loaded circuit at 

The schematic design of the basic network for an .2 section termination is shown in Figure 372-B. 
open wire <'ircuit is illustrated by Figure 372-A. This For balancing loaded cable circuits in practice,more 
simple arrangement, with proper values of resistance exact simulation at the low frequencies is usually re-
and capacity, will very closely approximate the im- quired than can be obtained with this simple network, 
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and networks of somewhat more complex design are smooth line of infinite length in the case of open wire 
employed. Figure 372-C illustrates the design of the circuits, or the .2 section termination sending end 
standard type of network used for balancing certain impedance for a. smooth line of infinite length in the 
heavier loaded types such as 16 and 19-gage H-174-S case of cable circuits. But the actual sending end 
and H-63-P cable circuits. The design of the stand- impedance of the circuit may vary widely from the 
a.rd type of network used for balancing 19-ga.ge H-44-S particular impedance which the basic network is de-
and .H-25-P cable circuits at .2 section is the same as signed to balance due to various reasons: 
that shown by Figure 372-B. A somewhat more a.. At the repeater station. open wire circuits may be 
elaborate arrangement is used for balancing H-88-50 brought in through toll entrance cable, etc. 
and B-88-50 facilities. Figure 372-G gives the sche- b. In the case of loaded cable circuits, the termin&-" 
matic circuit of the former network. The inductance, tion may not be at the .2 section point. 
capacity and resistance values are of course different c. Circuits may be equipped with terminating ap-
for each different type of facility. paratus such as composite sets, repeating coils, 

Balancing networks are usually so encased as to be composite ringers, etc. 
mounted on coil ,racks or relay racks and are similar d. Circuits may have irregularities due to inter-
in their external appearance to repeating coils when so mediate submarine cables, etc. 
mounted. They are designated in a manner that per- e. The terminations of the circuits at the distant end 
mits them to be easily identified as balancing networks may introduce irregularities which do not per-
and not mistaken for repeating coils. mit them to act as circuits of infinite length. 

As stated in the foregoing, the basic network is only It is the practice to make adjustments on the network 
intended to balance the characteristic impedance of a sides of the telephone repeater's hybrid coils to take 
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care of (a) and (b} above by means of building-out 
sections. That is, if an open wire circuit has a short 
section of non-loaded toll entrance cable, there will be a 
capacity value equal to that of the capacity of this 
section, bridged directly across the network as illus­
trated by Figure 372-D. If it has a long section of toll 
entrance cable, it may be necessary to compensate for 
the resistance as well as the capacity, and accordingly, 

· a building-out section with both a resistance and con­
denser, a.s shown in Figure 372-E, may be used. 

Similarly, in the case of the loaded cable circuit, if 
the capacity on the office side of the last loading point 
is greater than that corresponding to .2 loading section, 
it' is necessary ·to build out the· basic network to adjust 
for this capacity, as shown in Figure 372-F. If, on 
the other hand, the circuit should be so terminated that 
the ca.pa.city from the office side of the last loading 
coil was less than that of .2 loading section, it would be 
necessary to add bridged capacity to the line of such 
value a.s to make the termination equivalent to .2 of 
a section. 

In determining the proper value of building-out 
section to be used in any particular case, not only must 
we consider the capacity of the last section of the cable 
itself but· all office cabling from the protectors to the 
first apparatus unit installed on the circuit. That is, 
to the capacity of the cable terminated at the dis­
tributing frame, must be added the capacity of the 
office cabling from the frame to the testboard and from 
the testboard to some equipment unit such as a com­
posite set. 

In one of the more recent designs, the basic network 
and the associated building-out section are assembled 
as a single piece of apparatus and provision is made for 
varying certain of the resistance values of the composite 
unit. Such a network, suitable for1 balancing circuits 
of the H-88-50 type, is illustrated by Figure 372-H. 
The network terminals are 1 and 2, and the resistance 
values may be varied by suitable strapping between 
terminals 2, 3 and 4. 

In order to balance any apparatus that may be 
associated with the circuit such as composite sets, 
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repeating coils, etc., it is necessary that either identical good degree of simulation of the circuit impedance only · 
apparatus or a form of "dummy" apparatus having over the frequency range the particular circuit can 
identical electrical characteristics in so far as impe- transmit efficiently. At frequencies outside of this 
dance is concerned, be connected on the network side range, the circuit and network impedances may differ 
of the hybrid coil in the same order and with a cabling by a large amount. If a circuit and a balancing net-
arrangement similar to that of the apparatus on the line work were connected for a singing point test to a 
side of the coil. That is to say, by having an equip- repeater that transmitted all frequencies with equal 
ment unit on the network side to balance a unit in the efficiency, singing would probably occur at a frequency 
corresponding position on the line side, we are effecting outside the range of the circuit, and the singing point 
a more accurate balance; or we might say that looking would probably be very low. However, the test would 
toward the basic network as though it were a line, we have no practical significance because the circuit would 
must have an electrical circuit identical to that on the not be required to transmit the singing frequency. 
actual line side of the hybrid coil. This is illustrated To restrict the singing possibilities accordingly, a 
for a typical case in Figure 373 which gives a complete filter is inserted in the repeaters used on the eircuit, so 
diagram of the network and the line circuits. as to suppress the frequencies outside the range the 

Referring now to (d) above, it is not usually feasible circuit is designed to transmit. Singing in the sup-
to make any network adjustments to compensate for pressed range is then impossible and a singing point 
irregularities in the line other than near-end terminat- test made with a repeater equipped with the proper 
ing ones. Such irregularities must be dealt with by filter would accordingly give a satisfactory indication 
actually clearing them if they are due to some line of the balance condition. When repeaters of the same 
trouble, by building-out the capacity of the line as type are equipped with different types of filters, de-
described in Article 137, or by working the telephone pending on the type of circuit involved, it is important 
repeaters at correspondingly lower gains. The location that the repeater used for singing point tests should 
and seriousness of line irregularities can be determined have the proper filter for the particular kind of circuit 
by a series of tests that are descriped in Chapter under test. 
XXXIII. The remaining reason given in the foregoing In the case of 4-wire circuits, the problem of balance 
for the unbalance between network and line is the effect is no greater in magnitude than that involved in a 2-
of the termination at the distant end of the circuit, or wire circuit equipped with a single repeater. This is 
in other words, the condition where the line does not true because the 4-wire circuit, however long it may be, 
act as though it were infinite. In some cases this is a employs only two hybrid coils (4-wire terminating 
situation that must be tolerated, with a resultant de- sets). The only balance required, accordingly, is that 
crease in the maximum permitted repeater gain. It between the 2-wire terminal of the circuit and its 
may be minimized, however, by employing repeaters associated network. Unfortunately, the impedance of 
whose passive impedance closely approximates the this 2-wire terminal is usually rather a variable quan-
characteristic impedance of the cireuit. tity because at various times it may be connected to 

Some circuits transmit a wider band of frequencies different types of local trunks or subscribers' loops. 
than others, and in general a network is designed for a Any great precision of balance is of course impossible 
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under these conditions and it is necessary in practice 
to resort· to the use of a "compromise" balancing net­
work designed to give an approximate average bal­
ance. In the shorter 4-wire circuits this causes no 
appreciable difficulty but as we shall see in the next 
chapter, it tends to introduce "echo" problems in the 

longer circuits, which may have to be counteracted by 
the use of additional equipment. As in the case of 
the 2-wire circuits, however, the singing and echo 
paths are kept at a minimum by inserting appropriate 
filters in the transmitting sides of the 4-wire termi­
nating sets. 
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CHAPTER XXIX 

LONG DISTANCE TRANSMISSION SYSTEM£ 

VOICE-FREQUENCY TELEPHONE CIRCUITS-Continued 

180. Transmission Regulation 

The continued satisfactory operation of a long tele­
phone circuit obviously requires that the net overall 
loss remain approximately the same at all times. If 
there is no appreciable variation in the attenuation 
losses of the line sections between repeaters, the gains 
of the repeaters must be held constant; or, failing this, 
~ny variations in attenuation must be promptly com­
pensated for by equal variations in repeater gains. 
Telephone repeaters and routine maintenance methods 
have been developed to a point where it is not difficult 
in practice to hold the gains of repeaters constant at 
any desired value. However, certain variations in the 
attenuation of line conductors, due to temperature 
changes, are inevitable. 

The magnitude of net variation in total equivalent of 
a circuit, caused by temperature changes, is of course 
proportional to the total gross attenuation of the line 
circuit, since it depends entirely on the variation in the 
resistance of the copper line wires. In open wire and 
aerial cable circuits, a daily change in resistance value 
of some 5 per cent, which corresponds to a temperature 
change of about 22"F., may be expected. On a 1000-
mile 165 open wire circuit, the total line attenuation of 
which is about 30 db, this would mean a variation in 
net overall equivalent of only about 1.5 db, assuming 
repeater gains to be held constant; on the other hand, 
5 per cent of the total wire attenuation of a 1000-mile 
19-gage H-44-S cable circuit, about 480 db, amounts 

to some 24 db, which is several times the value of the 
net equivalent of an average circuit. Variations over 
longer periods are of course much more severe. Table 
XVIII shows the maximum yearly variations in equiv­
alents per mile that may be expected in the more 
common types of cable circuits. It is obvious that it 
would be hardly possible to maintain service on long 
cable circuits without the aid of some automatic means 
of changing the gains of repeaters to compensate for 
changes in line attenuation due to temperature 
variation. 

Long cable circuits are broken up into sections 
averaging about 150 miles in length, known as "circuit 
units" One of the repeaters in each circuit unit is a 
"regulating repeater", the gain of which is automati­
cally changed by a "master regulator" in accordance 
with changes in temperature. The master regulator 
employs the principle - of the balanced bridge. One 
arm of the bridge consists of a cable pair known as a 
"pilot wire", which extends through the same length of 
cable as the circuit units to be regulated. When the 
resistance of the pilot wire changes due to a temperature 
change along the cable line, the galvanometer of the 
master regulator tends to deflect. By means of an 
auxiliary circuit, this causes a shaft driven by a small 
motor to turn until the bridge is again balanced. The 
rotation of this shaft also causes the operation of certain 
master relays which in turn control the operation of 
relays in all the regulating repeaters, causing the gains 

TABLE XVIII 
TIIANSMI!ISION EQUIVALENTS IN DECIBELS PER MILE OF 16 AWG"' 19 AWG CABLE CIRCUITS AT 55° F. SHOWING YEARLY VARIA1' IONS 

IN EQUIVALENTS ON ACCOUNT OF TEMPERATURE CHANGES 

16AWG 19AWG 

LOADUfG TTI'■ Side Phantom Side Phantom 

• .\t 65°F. Yearl_y 
Variation At 65°F. Yearl_y 

Variauon ..\t 65°F. Yearly 
Variation ..\t66°F. Yearl_y 

Variation 

AE. ± .018 ±.018 :I: .031 :I: .032 
H-172-63 .16 .16 .28 .28 

U.G. :I: . 006 :I: .006 ± .010 ± .011 

AE. :I: .022 ± .019 ± .041 ± .035 
H-88-50 .19 . 16 .35 .30 

U.G. ± .007 :I: .006 ± .014 :I: .012 

AE. , :I: .029 :I: .024 ± .055 :I: .046 
H-44-25 .25 .21 .47 .39 

U.G. :I: .010 :I: ' 008 ± .018 :1: .015 

Note: The loaa at any other temperature, T, is approximately the 55°F. Joss shown above plus the quantity T-55 times the 55 
Yearly Variation. 
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FIG. 374. PILOT WIRE TRANSMISSION REGULATOR CIRCUIT 

of these repeaters to be changed in proportion to the ratio arms, A and B, while the third arm, X, consists 
change in temperature of the pilot wire. This change of the combination of the two sections of the pilot-wire 
in gain is accomplished by means of regulating net- circuit in parallel (which are made equal at 55°F. by 
works, or potentiometers, associated with the repeaters. the adjustable resistances, S1 and S2) together with a 
In the case of 4-wire circuits, the regulating networks part of the slide-wire resistance. In the fourth arm, 
consist of potentiometers connected across the inputs C, is a fixed resistance, K, and the remainder of the 
of the 44-type repeaters (see Figure 337). In 2-wire slide-wire resistance. Since arms A and B are equal, 
repeaters, the regulating networks consist of artificial balance of the bridge is secured when the total resis-
lines, or H type pads, placed in the repeater circuit ta.nee of the third arm X and the fourth arm C are 
between the bridge points and the manual potentiom- equal. 
eters (see Figure 336). The regulating networks of the repeaters and the 

Regulating repeaters are ordinarily arranged to vary equalizing arrangements are designed on the basis of 
their gain in 1 db steps a total of plus or minus 10 db 55°F. being .the average cable temperature. Conse-
from their nominal designated values. Thus, for quently, the regulator is normally adjusted so that the 
example, a 4-wire regulating repeater may be adjusted slide wire will be at its mid-position (step 0) when the 
for a gain of 20 db at an average temperature of 55°F. cable is at this temperature. 
and this gain may be automatically lowered to 10 db In observing the operation of the regulator, we may 
in cold weather or increased to as much as 30 db in hot assume that the temperature of the pilot wire is initially 
weather. 55°F. and that at this temperature, balance at the 

In order to follow the operation of the regulating middle (zero) position of the slide wire is secured. Now 
system in more detail, let us refer to Figure 374. Here assume that the temperature increases and thus in-
it will be noted that the bridge proper has two equal creases the resistance of the pilot wire. Current then 
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flows through the galvanometer and causes it to deflect. 
This will have no effect until the increase in tempera­
ture is great enough to cause an increase in the overall 
loop resistance of the pilot wire of p.s much as 180 ohms. 
At this point, the deflection of the galvanometer will 
become sufficiently large to cause movement of a 
mechanism to take place in such a way that the shaft 
on which the slide wire is mounted is caused to turn in 
the proper direction to restore balance. When the 
slide wire has moved sufficiently to restore balance, 
current no longer flows through the galvanometer and 
the movement of the mechanism stops. Since the· 
increase of 180 ohms in the total loop resistance of the 
pilot wire produces an increase of 45 ohms in the joint 
parallel resistance of the two sections, to restore balance 
it is evident that the slide-wire contact is required to 
transfer 22.5 ohms from arm X of the bridge in which 
the pilot ·wire is included, to arm C. 

As the slide-wire contact transfers 22.5 ohms from 
one arm of the bridge to the other, the brush arm, F, 
moves from one stud on the dial switch to the next 
adjacent stud. This movement is spoken of as a move­
ment of one step and, as is evident from the above 
description, it corresponds to a change of 180 ohms in 
the overall loop resistance. of the pilot-wire circuit. 
There are 21 studs, consisting of a zero step and 10 
steps each side of the zero step ( only 10 steps shown in 
Figure 374). The movement of the brush arm causes 
the master relays to operate and so adjust the regulat­
ing networks of all the regulating repeaters. 

In Figure 374, the brush arm of the slide-wire mech­
anism is shown on the O stud of the dial switch, and 
ground is then connected to the master relays. As a 
result, these relays are so operated that the center relay 
in each regulating repeater is likewise operated. The 
latter relays are then connecting the proper resistances 
in the input potentiometers of the repeaters to provide 
the prescribed gain for the 55°F. temperature. When 
the brush arm moves a step, other master relays are 
operated and, in turn, other relays in the regulating 
repeaters. These change the potentiometer resistances 
in such a way as to effect the appropriate change in 
gain. 

One master regulator is capable of controlling a very 
large number of regulating repeaters. However, since 

I 

two sets of master relays, primary and secondary. A 
separate chain of secondary relays is provided for each 
of the different types of regulating networks. The 
primary relays are operated directly from the dial 
switch on the master regulator. These relays are 
numbered from + 10 to zero to -10, corresponding to 
the stud from which they are operated. The contacts 
on the primary relays are used only to operate the sec­
ondary relays, and do not control directly any of the 

.. --- ... , 
--• ...,-,.-;;-t•ttlll~ -.... ---~rn----"' 11 ti'• I 

--~;.;----... 11 ,., II• 

TRASSMISSION REGULATOR EQUIPMENT FOR VOICE-FREQUENCY 
CABLE CIRCUITS 

the change in the loss of a circuit with varying tern- regulating repeaters. Each of the different groups of 
perature depends upon the gage of conductors and secondary relays then controls directly the relays of all 
type of loading, the proper gain variations for a given of the like regulating repeaters with which it is asso-
temperature change may not be the same for all the ciated. 
circuits under the control of a single master regulator. At each regulator point a second complete master 
In order to use the same master regulator under these regulator mechanism is provided, with its own bridge 
conditions, the systems are designed so that a given battery supply and pilot wire, to guard against failure. 
movement of the master regulator produces different There are also duplicate sets of master relays, either of 
changes in the gains of the regulating repeaters on the which can be controlled by either regulator. Further-
different types of facilities. This is the purpose of the more, in the somewhat unlikely event of the failure of 
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both master regulators, the relay circuits are so ar­
ranged that manual control is possible. 

Perfect compensation for temperature changes re­
quires that the pilot wiTe be loaded with the same kind 
of coils as the transmission circuits which are to be regu­
lated. This would, in general, require separate regu­
lators and pilot wires for sides and phantoms, as well 
as for the different types of loading and for the different 
gages. Since 19-gage H-44-25 4-wire ·circuits require 
the most accurate regulation (due both to the greater 
lengths for which they are used and to the fact that the 
variation per mile is greater than for most other loading 
now in use), the pilot-wire regulating system is designed 
on the basis that 19-gage H-44-25 loaded pairs will be 
used for pilot wires. The steps on regulating repeaters 
for other types and gages of circuits are laid out in such 
a way that substantially accurate regulation is ob­
tained with these pilot wires. 

The pilot-wire circuits may be spare pairs or they 
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may be obtained by compositing side circuits. In the 
latter case; the method of deriving the pilot-wire 
circuit is similar to that employed in deriving a D.C. 
metallic telegraph circuit, where the metallic telegraph 
circuit is by-passed at the telephone repeater points 
from repeater inputs to repeater inputs or from repeater 
outputs to repeater outputs without going through by­
pass coils. 

Where intermediate composite sets are used, the use 
of a by-pass on only one side of a quad will introduce 
considerable unbalance to ground, which may tend to 
introduce noise in the phantom circuit if the by-pass 
is from repeater input to repeater input. Accordingly, 
it is desirable to arrange the circuits so as to maintain 
approximately the same impedance to ground on both 
sides of the pilot-wire quad in such cases. Where the 
lengths of the long and short sections of pilot wire 
differ considerably, better balance may be secured at 
the regulator office with intermediate composite sets by 
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FIG. 375. ENJ:RGY LEVEL DIAGRAM FOR FOUR-WIRE CABLE CIRCUIT 
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leaving the telegraph branches on the opposite side 
of the quad open. Where the by-pass is from repeater 
output to repeater output, or where terminal composite 
sets are used, exact balance is of less importance and in 
such cases, the opposite side of the pilot-wire quad may 
be connected to a telegraph repeater set, or left open, 
or by-passed in the same manner as the pilot-wire pair. 

Each regulator is equipped with a recording device 
which gives a continuous record of the regulator setting. 
This consists of the following: 

(1) A pen which is controlled by the movement of the 
shaft to which the dial switch is connected. 

(2) A roller, connected to the motor by a worm 
gear, which turns a roll of recording paper 
under the pen. 

(3) A reroll device for rolling up the record paper 
after it bas received the record. 

(4) A scale which extends the full length of the roller 
and travel of the pen. 

Figure 375 is a transmission level diagram of a long 
4-wire circuit made up of seven regulator sections or 
circuit units. It will be noted that at all repeater 
stations except -those at the terminals of the circuit 
units, the input and output levels vary with tempera­
ture. It follows that it is necessary to know the 
setting of the regulating repeater in order to know the 
proper levels at any of these repeaters at any particular 
ime. Levels at the ends of the units are constant, 

however, under the normal condition where each circuit 
unit is completely regulated by the regulating repeater 
that it includes. Regulating repeaters are usually 
located at the repeater station nearest the mid-point of 
the circuit units, although this is not strictly necessary 
in every case. 

181. Echo Control 

Another series of problems, largely peculiar to the 
longer cable circuits arises from the fact that the 
velocity of propagation over such circuits, as now 
loaded, is relatively low. The time required for trans­
mission over circuits of this type may thus become quite 
appreciable. If when a conversation is being carried 
on, some portion of the speaker's voice energy is re­
turned toward him from a sufficiently distant point, 
the effect will be like that of an ordinary echo. This 
will obviously be rather disconcerting to the speaker if 
the time factor is great enough so that he hears entire 
syllables repeated back to him. In any case, such an 
echo effect tends to degrade the quality of transmission 
and it must be guarded against in long, low-velocity 
circuits. 

Figure 376-A shows schematically a long 4-wire 
circuit layout. When the person at the east terminal 
is talking, the voice currents are sent through the 
4-wire terminating set to both sides of the circuit. 
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Transmission over the lower (receiving) side stops at 
the output side of the terminal repeater, but the voice 
currents are transmitted over the upper side until the 
4-wire terminating set at the west terminal is reached, 
where the energy is divided between the network and 
the 2-wire line connected at that terminal. This 
transmission is indicated by the heavy line in Figure 
376-B marked "direct transmission". With perfect 
balance between ·the network and the 2-wire circuit at 
the west terminal, no further effects will be produced. 

As we have already noted, however, there is always 
some unbalance at the 4-wire terminating sets and, 
consequently, a small current passes into the lower 
branch of the circuit at the west terminal and is propa­
gated back to the taJking station at the east terminal, 
as is indicated by the line marked "1st echo-talker" 
This is heard at the east terminal either as side-tone, 
or as a distinct echo if the time of transmission around 
the circuit is great enough. Such currents are called 
unbalance or echo currents affecting the talker. 

Due to unbalance at the east terminal, another cur­
rent, derived from the first echo affecting the talker, 
is propagated from the east to the west, forming another 
echo which is heard by the listener. This is indicated 
by the line marked "1st echo- listener" in Figure 
376-B. Such currents are called unbalance or echo 
currents affecting the listener. The first echo current 
affecting the listener through the unbalance at the west 
terminal gives a "2nd echo-talker" current at the 
east terminal, and this action may go on indefinitely. 

If the total loss around the unbalance current path, 
including the loss through the 4-wire terminating set, 
is greater than the total gain of the repeaters, the suc­
cessive echoes die out rapidly. With a small margin, 
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there may be several echoes of sufficient magnitude to 
affect the persons at each end of the circuit, and if the 
loss becomes equal to or less than the gain, the circuit 
will sing. 

If the transmission to and fro in a circuit could be 
accomplished instantaneously and the unbalance did 
not vary with frequency, the waves constituting the 
echoes would occur simultaneously with the waves of 
the direct transmission and would tend either to re­
enforce or weaken the direct transmission, depending 
upon the poling around the unbalance path. The net 
results of the echo currents would then be merely to 
increase or decrease the transmission equivalent be­
tween the east and west terminals and to introduce more 
or less side-tone at both terminals. 

However, as shown in Table XIII, the velocity of 
propagation of the various types of facilities most com­
monly employed for cable circuits is actually less 
than 20,000 miles per second, and an appreciable time is 
therefore required for propagation over the longer 
circuits. Each successive echo accordingly arrives 
after a definite time interval, depending upon the length 
of the circuit and the velocity of propagation. Tests 
have been made to determine the maximum echo cur­
rents that may be permitted, without undue interfer­
ence to either the talker or listener, for different times of 
delay. The interfering effect depends on both the vol­
ume of the echo and the time-delay. A given volume 
of echo produces a greater disturbing effect as the 
time-delay increases and vice versa. 

In practice, harmful echoes are eliminated by the use 
of a device known as an "echo-suppressor". Essen­
tially this consists of two short-circuiting relays, each 
under the control of a vacuum tube amplifier and recti-

---------

---------
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fier bridged across the other side of the 4-wire circuit, 
as schematically illustrated in Figure 377. When con­
versation is being transmitted in one direction, the 
other side of the circuit is automatically shorted out so 
that any currents crossing the 4-wire terminating set 
cannot be returned to the transmitting end of the cir­
cuit. 

The two halves of the echo-suppressor are, of course, 
bridged on opposite sides of the 4-wire circuit. Each 
half includes two vacuum tubes, one of which amplifies 
the small amount of energy taken from the telephone 
line while the other acts as a combined amplifier and 
detector to convert the voice currents to values suffi­
cient for operating the relays. The input circuit of 
each amplifier contains series resistance which provides 
a high impedance and permits bridging the suppressor 
on the circuit without appreciably affecting direct 
transmission. The input circuit also includes a tuned 
circuit to provide maximum efficiency at frequencies 
in the neighborhood of 1000 cycles and to block fre­
quencies below about 500 cycles. This provides pro­
tection against operation by low-frequency noise cur~ 
rents that may be present on the telephone circuit. 

The effectiveness of an echo suppressor depends upon 
its ability to be operated by the weak voice currents. 
This is called its "sensitivity" and may be specified as 
either the "zero level sensitivity" or the ''local sen­
sitivity". The zero level sensitivity is defined as the 
maximum loss in decibels that may be inserted between 
a source of one milliwatt (zero level) and the sending 
end of a telephone circuit with the current in the line 
still remaining large enough to just operate the echo 
suppressor. The greater this loss, the more sensitive 
is the echo suppressor, and vice versa. The local 
sensitivity is defined as the amount of loss it is neces­
sary to insert between a source of one milliwatt and 
a 600-ohm resistance across which an echo suppressor 
is bridged, in order to cause the echo suppressor to be 
just operated. Obviously, for circuits having 600-ohm 
nominal impedances, the local sensitivity equals the 
zero level sensitivity minus the transmission level on 
the circuit at the point where the echo suppressor is 
applied. · 

182. Net Equivalents 

While the 4-wire circuit offers only one round-trip 
path for echo currents, a 2-wire circuit involves a large 
number of such paths. If the sections of line between 
repeaters were perfectly constructed, if the impedance 
of the repeaters were such as to form perfect termina­
tions for the sections of line, and if the networks bal­
anced these perfect lines perfectly, transmission could 
take plaoe from one end of the circuit to the other with­
out setting up any unbalance currents except those re-

fleeted from the terminals. Such an ideal circuit 
would give the same performance as a 4-wire circuit 
with equal terminal unbalances. 

In pract.ice, however, there is more or less unbalance 
on each side of each repeater so that, as the direct 
transmission passes through each successive repeater, 
an unbalance current is set up which travels back 
toward the talker, giving an echo current for each 
repeater in the circuit. Each of these first echo cur­
rents in turn sets up an echo current traveling toward the 
listener at every repeater that it encounters, and each 
of these echo currents sets up another echo current at 
each repeater it encounters. This process continues 
indefinitely but the successive echo currents are atten­
uated rapidly to inappreciable magnitudes. - The 
action, however, does give rise to a very large number 
of echo currents. The final effect upon the talker or 
listener naturally depends upon the resultant of all 
these currents. 

These unbalance currents increase in volume as the 
overall net equivalent of a circuit is decreased, due to 
raising the repeater gains. For each circuit, therefore, 
there will be a certain minimum permissible net overall 
equivalent because of the unbalances which are present 
in the circuit. Any further increase in the repeater 
gains will cause the unbalance currents to become too 
large to be tolerated. Furthermore, since each addi­
tional repeater in the circuit increases the number of 
unbalance paths, the total echo effect tends to limit the 
total number of repeaters that can be operated in 
tandem in a 2-wire circuit having a practicable overall 
net equivalent. As a matter of fact, this is the factor 
which limits the practical use of 2-wire circuits to the 
relatively shorter distances. 

On the other hand, in the case of 4-wire circuits the 
possible minimum net equivalent, in so far as echo 
effects are concerned, is limited only by the extent of 
the unbalance at the two terminals. If the minimum 
net equivalent is still too high, echo suppressors may be 
inserted in the circuit to break the echo paths and thus 
permit reducing the overall equivalent to the desired 
value. 

183. Switching Pads 

In general, as we have seen, all circuits longer than 
about 200 miles depend upon the use of telephone re­
peaters for a satisfactory overall transmission equiv­
alent. Excluding carrier and certain other special 
types of circuits, these longer circuits are of two prin­
cipal kinds--open wire circuits equipped with repeaters 
at average intervals of 100 to 200 miles depending on 
the gage of wire used, and loaded 2 and 4-wire small 
gage cable circuits equipped with repeaters at intervals 
of 50 miles. 
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Both of these two main types of circuits are com­
monly arranged with repeaters at the ends or terminals 
of the circuit, as well as at intermediate points. This 
plan permits fairly equal spacing between all repeater 
stations, whether located at terminals or intermediate 
points, and so makes possible a flexible layout of cir­
cuit facilities. The use of such terminal repeaters on 
these voice-frequency circuits, as well as on carrier 
circuits, is also taken· advantage of to improve trans­
mission on switched connections. Here they are used 
to produce the same effect as would result from the 
insertion of a "cord-circuit" repeater at the switching 
point. 

The terminal repeaters are operated at a higher gain 
than necessary and "switching pads" are inserted 
h6tween the terminal repeaters and the circuit 
drops. These cause sufficient loss to keep the equiv­
alents of the circuits to their prescribed values when 
they are being used for terminating traffic. When two 
such circuits are connected together at the switchboard 
for a through connection, the pads are automatically 
cut out and the total gain at the switching point is in­
creased correspondingly. Thus, for example, assume 
that two circuits terminating at a certain point are 
designed to have equivalents of 9 db each. This means 
that if the two circuits are connected together with no 
special provision, the total equivalent of the connection 
will be 18 db. Now let the terminal repeaters on the 
two circuits be arranged to give gains of, say, 3 db 
more than necessary for the 9 db equivalent. Then, 
if 3 db pads are at the same time inserted in each 
circuit, the net equivalent of each circuit will remain 
9 db but when the two circuits are connected together, 
the pads will be eliminated and the total equivalent of 
the overall circuit will be 12 db rather than 18 db. 
The arrangement of these switching pads in the circuit 
is shown in the Switching Pad Circuit of Figure 140. 

184. Signaling Systems 

In order to provide some means for the operators at 
the two ends of a circuit to signal each other, signaling 

equipment, or "ringers", are required for each tele­
phone circuit. The arrangements generally used may 
be ditjded into three classes, depending upon the type 
of current which is used to transmit the signal over the 
line; namely, 20-cycle, 135-cycle, and 1000-cycle sig­
naling systems. 

Signaling with 20 cycles is used only on 2-wire cir­
cuits which are not composited for telegraph. When 
20-cycle signaling is used on repeatered circuits, an 
intermediate ringer is required at each repeater point 
to relay the signal around the repeater because the 
repeaters do not amplify at this frequ.ency (see Figure 
368). The distance over which satisfactory signals 
may be transmitted is obviously limited. 

Ringers using 135 cycles are employed on certain 
lines composited for telegraph, but in the case of cable 
circuits equipped with metallic telegraph, the signaling 
current must be limited in order to avoid interference 
with the telegraph signals. Intermediate ringers are 
generally employed at repeaters on account of the in­
efficiency of the repeaters at this frequency as well as 
at 20 cycles. However, this system of signaling has a 
greater range than the 20-cycle system. 

In the 1000-cycle signaling system, the signal is 
transmitted by means of a 1000-cycle current inter­
rupted 20 times per second. Since the frequency of 
this signaling current is within the voice range, no 
intermediate equipment is required at any repeater 
point and the system is of universal applicability where­
ever it is economical. It is generally used on the longer 
telephone circuits of all types. False operation from 
voice currents is prevented by making the receiving 
ringers selective to both the frequency of 1000 cycles 
and the frequency of interruption, 20 cycles, and by 
the introduction of a time element requiring that the 
signal be sustained for several tenths of a second. 

It is sometimes desirable to make use of one type of 
signaling on one part of a circuit and another type on 
another part. To take care of this situation, standard 
arrangements are provided for converting the signal 
from any one of the three types to any other at inter­
mediate points on the circuit. 
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CHAPTER XXX 

LONG DISTANCE TRANSMISSION SYSTEMS 
CARRIER TELEPHONE AND TELEGRAPH CIRCUITS 

185. Types of Carrier Systems 

For a number of years most of the longer telephone 
circuits, and many of the telegraph circuits, operated 
on open wire lines have been obtained by carrier meth­
ods. As noted in Article 174, this tends to become 
true in current practice in the case of cable facilities 
also. It therefore may reasonably be anticipated that 
a great many of the long circuits- both telephone and 
telegraph- will be operated over carrier channels in 
the future. 

Economy is of course the principal reason for the use 
of this carrier technique. Interestingly enough, how­
ever, it is usually practicable to obtain higher quality 
circuits by employing carrier-frequency transmission 
than by the use of the ordinary voice-frequency 
methods. This is in part merely a result of the way 
in which the art has developed. But it is also due in 
part to the fact that the elimination of loading, which 
is .generally necessary for carrier transmission, permits 
higher velocities of propagation and also tends to in­
crease the stability of the circuit characteristics. 

The general principles of carrier operation are out­
lined in Chapter XXVII and these principles apply 
alike to all of the several types of carrier systems used 
in the long distance plant. With respect to the fre­
quency allocations employed, the systems in use range 
all the way from the voice-frequency carrier telegraph 
system, which operates entirely within the voice range, 
up to the coaxial systems where frequency bands mil=­
lions of cycles in width may be involved. Indeed, by 
including radio systems, which by a slight expansion 
of the definition may properly be classified among 
carrier systems, the range of frequencies used in carrier 
operation is extended almost indefinitely. 

Figure 378 shows the frequency allocations of the 
principal current types of telephone and telegraph 
carrier systems, for the frequency range extending 
from just above the ordinary voice band up to 140 
kilocycles. The voice-frequency telegraph system 
mentioned above would occupy a position at the ex­
treme left of this figure, while carrier systems operating 
on coaxial facilities would extend far to the right- to 
perhaps 2000 or more kc. Of the systems indicated in 
Figure 378, we shall be interested chiefly in the tele­
graph systems coded B, the "low-frequency" telephone 
systems coded C, and the so-called "broad-band" tele­
phone systems coded J and K. 

It may be noted that in both the Type-B telegraph 
systems and the Type-C telephone systems, several 
different sets of frequency allocations are used. The 
purpose of this is to reduce the possibilities for inter­
system crosstalk where a number of systems are oper­
ated on the same pole line. In the case of the Type-J 
telephone system, which, like both of t he above sys­
tems, is applied only to open wire lines, it is expected 
that. additional "staggered" frequency allocations will 
eventually be employed for the same reason. 

As indicated in the figure, all of the open wire carrier 
systems, including the short-haul Types-D, -G, and-H, 
use separate channels for transmission in opposite di­
rections, thus operating effectively on a 4-wire basis. 
The Type-K system, which is designed for application 
to cable facilities, employs the same channel frequen­
cies for transmission in both directions but actually 
uses two pairs of conductors,' one transmitting in each 
direction. This is also true of the voice-frequency 
telegraph system, which either operates on a 4-wire 
voice-frequency cable circuit or on the two one-way 
channels of an open wire or cable carrier telephone 
circuit. 

A UXILIARY CABLE CARRIER REPEATER STATION 

The detailed design features of the several carrier 
systems are covered in standard instructions. All sys­
tems make use of one or another of the various types 
of pads, filters, equalizers, modulators, demodulators, 
carrier supply circuits, and amplifiers that have been 
discussed in preceding chapters. We shall be con-
cerned here, therefore, only with a brief survey of the 
general design of the principal types of systems, and 
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with certain features which will serve to bring out some 
interesting applications of the electrical principles with 
which this text is primarily concerned. 

186. ''Low-Frequency" Carrier Systems 

On the basis of their historical order of development 
and the general techniques employed, it is convenient 
to divide carrier systems into two general groups. The 
first of these groups we shall designate as low-frequency 
systems because the systems included make use of 
frequencies up to a maximum of only about 30,000 
cycles. The second group includes the broad-band 
systems which, in general, provide more channels per 
system and employ frequencies ranging from 12 kc. up 
to some two megacycles (2000 kc.). Included in the 
first or low-frequency group, are the voice-frequency 
and Type-B telegraph systems and the Types-C, -D, 
-G, and -H telephone systems. 

The first of the telegraph systems in the order of 
development is the Type-B system. This provides 
for superimposing ten two-way telegraph channels on 
ari open wire telephone circuit, which may also be 
composited for ordinary grounded telegraph operation. 
As indicated in Figure 378, three frequency allocation 
groups are used, coded BL, BH; and BP. Each group 
employs twenty carrier frequencies, the lower ten fre­
quencies being used for transmission in one direction 
(West to East) and the higher ten for transmission in 
the opposite direction (East to West). The separation 
between carrier frequencies ranges from. slightly less 
than 200 cycles at the lower end of the frequency band, 
to nearly 1000 cycles at the upper end. With the 
carrier frequencies grouped for transmission in the two 
directions, separation at terminal and repeater points 
is secured in each case by a pair of directional filters, 
one of which passes only frequencies below 6000 cycles 
and the other only frequencies above that value. The 
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general arrangement of the Type-B system terminal 
is indicated in the block diagram of Figure 379. Since 
only the single frequency of the carrier itself is trans­
mitted over the line, the channel filters need be merely 
simple tuned circuits. The modulator and demodula­
tor circuits are also relatively simple. 

The second type of telegraph system is the voice­
frequency system, so called because the carrier fre­
quencies used are within the ordinary voice-frequency 
band. The principle of this system is not essentially 
different from that of the Type-B system but due to 
the lower frequencies employed, there is considerable 
variation in the details of the apparatus. The system 
is operated on a 4-wire cable circuit or on a channel of 
a carrier telephone system, and since its operation 
would naturally interfere with ordinary telephone 
transmission, it is not superimposed on a t~lephone 
circuit. As the transmitting medium is either actually 
or effectively a 4-wire circuit in all cases, there is no 
problem of separating the transmitting and receivin'g 
channels. The same carrier frequencies are used for 
transmission in both directions. The system provides 
12 two-way telegraph circuits. The carrier frequen­
cies employed are multiples of 85 cycles beginning with 
425 cycles and extending to 2295 cycles, the separation 
between adjacent channels being 170 cycles. 

The ·carrier sending and receiving apparatus is simi-

lar to that of the Type-B system. Spurts of the car­
rier current are sent over the line as the transmitting 
amplifier (modulator) is shorted out by the telegraph 
impulses, and a rectifying device (demodulator) at the 
receiving end converts the spurts of carrier back again 
to ordinary direct-current telegraph signals. 

One of the chief differences between the two types of 
telegraph systems has been the method of generating 
the carrier frequencies. In the Type-B system, as in 
all telephone systems, vacuum tube oscillators perform 

Vo1c1:-FR1:QtrzNCT CARRJlliR TICLJCORAPB PANICLS 

[ 2851 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

Carrier f 
Ckt. fl l - ----Jl..ll..ll.lU~---...11..11.>uu-

Mod. 
Circuit 

Mod. 
Band 
Filter 

To 
Channels 2 & 3 f __ ....,. 

Receiving 

To Pilot Channel { 
Con'.rol Circuit 

Trans. 
Amp 

} 
To 

Pilot Channel 
Supply 

Rec. 
Amp. 

Trans. 
Direct. 
Filter 

Rec. 
Direct. 
Filter 

H. P. 
Line 
Filter 

To f L. P. 
v l Lme • F Terminal --- -----J Filter 

} To 
Line 

Flo. 380. TYPB-C CABRIJCB TIILllPBONJI Tl:BMJNAL 

this function. Because of the relatively low values of 
the carrier frequencies of the voice-frequency system, 
it is possible to employ a small rotating machine of the 
inductor type for this purpose. One of these machines 
is capable of 11;enerating all of the required carrier fre­
quencies for twenty systems. The speed of the ma­
chine which, of course, determines the frequencies of 
the output currents, is controlled by a mechanical 
governor, and an associated electronic indicating de­
vice. However, vacuum tube oscillators may also be 
used and these have some advantages with respect to 
stability. Furthermore, the (ailure of an oscillator 
affects only one carrier channel whereas a failure of 
the machine generator affects all -channels together. 

Amplifier 

To { Line 
West 

A single set of twelve such oscillators can supply as 
many as fifty carrier systems. 

Now, turning to the telephone systems in the "low­
frequency" group, we are chiefly interested in Type-C 
because this system is designed for long haul service. 
It operates on open wire facilities and provides three 
telephone circuits additional to the normal voice­
frequency circuit.. The general layout of the Type-C 
carrier terminal is shown schematically in Figure 380. 
The transmission over each channel consists of a single 
side-band, the carrier frequency being suppressed in 
the modulator. The required carrier frequency at each 
end of each channel is supplied by individual vacuum 
tube oscillators whose stability is such as to main-
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tain satisfactory frequency synchronization at all 
times. 

The individual channel carrier frequencies employed 
are indicated in Figure 378. It will also be noted from 
this figure that the separation between carriers is at 
least 3000 cycles, which permits transmission of a 

of 50 miles. The G system is even simpler in design 
and the cost of the apparatus employed is low enough 
to make its application economical for distances under 
25 miles. It also provides a single carrier circuit. 

187. "Broad-Band" Carrier Systems 

side-band about 2500 cycles in width. As in the case As previously mentioned, the broad-band carrier 
of the Type-B telegraph, separation between the trans- systems differ from the types of systems that we have 
mission in the two directions at terminal and repeater just been discussing principally in that they operate 
points is obtained by directional filters. This permits through a much wider range of frequencies, and are 
the use of a single amplifier common to all three therefore capable of providing more telephone circuits 
channels transmitting in the same direction, at both per system. Thus, the Type-J system for open wire 
terminal and repeater points. lines employs a frequency range 
One thousand cycle signaling is ~~YI extending from about 36 kc. to 
employed, the ringing current about 140 kc. and provides 12 tele-
being transmitted over the system phone circuits. Since a single 
in exactly the same way as the pair of wires may carry in ad-
voice currents. dition the regular voice-frequency 

The system requires the use of circuit and three circuits of a 
repeaters at intervals of about 140 Type-C system, this makes possi-
to 180 miles, depending upon the ble a total of 16 telephone circuits 
transmission characteristics of the on a single pair. However, from 
conductors used. The repeater ,{61,a~ what we know about the transmis-
consists of two amplifiers, one sion characteristics of line facilities 
transmitting in each direction, at the higher frequencies, it will be 
together with directional filters evident that the application in 
for obtaining the necessary separa- practice of such a broad-band sys-
tion, as shown schematically in tern necessarily introduces new 
Figure 381. The amplifiers are of problems in controlling losses and 
a high-gain type arranged to oper- avoiding noise and crosstalk. 
ate with output levels up to as high From Figure 382 which is a 
as 15 to 20 db above zero. Equal- block schematic of the essential 
izers having characteristics gener- elements of a Type-J system term-
ally similar to that illustrated in inal, it may be noted that the 
Figure 296 of Chapter XXIII principle of operation does not 
are associated with each amplifier. differ from that employed in Type-

In the older systems the repeater C and other carrier telephone sys-
amplifiers, as well as the trans- terns. Perhaps the most striking 
mitting and receiving amplifiers new feature is the use of more 
at the terminals, are of the push- than one stage of modulation and 
pull type illustrated in Figure 339 demodulation. The basic purpose 
of Chapter Jq:VI. In more re- ~ of this is to permit the use of the 

-G I cent systems,' negative feedback most desirable group of frequencies 
TERMINAL EQUIPMENT OF TYPE-C CARRIER •. l l od 1 . amplifiers generally similar to that SYSTEM for the imtia channe m u at1on, 

illustrated in Figure 384 are em- while at the same time applying to 
ployed. Similarly, balanced vacuum tube modulator the line the bands of frequencies most suitable for 
and demodulator circuits are used in the older systems, transmission. The twelve carrier channel frequencies 
while more recent systems employ copper-oxide modula- employed are 64, 68, 72, 76 and so on, up to 108 kc. 
tor units. Both arrangements are discussed in Chapter The separation between carrier frequencies is thus 
XXVII. 4000 cycles. 

The three remaining low-frequency carrier systems There are a number of reasons for t he selection of 
indicated in Figure 378- namely, Types-D, -G, and this group of carrier frequencies. In the first place, 
-H- have a relatively limited field of application in it happens that hi~h-grade crystal filters can be most 
long distance work. The D and H systems are de- economically built for operation in this general range. 
signed to provide a single carrier circuit and can be Also important is the fact that the range is high enough 
economically applied over short distances of the order so that the lowest harmonic of the lowest frequency is 

[ 287] 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

To Eleven other 
Transmitting Channels ---Voice _ _ ____ _,__,___ 60 . 108 Kc. ___ ......,.. __ 400 -448 Kc.--- --- 92 - 140 or 36-84.Kc. - ----

Notes: 

.........__., 
To Channel 

Carrier Supply 

To Eleven 
other 

Receiving 
Channels 

--.,....., 
To PIiot 
Channel 
Supply 

} 
To 340 Kc. 

Carrier Supply 

To Channel 
Carrier Supply 

- --------1-.l-r-7-

Amplifier 
Rect. 

I. Numerals Indicate App,oximate Energy Levels In Decibels 
With Respect To The Transmitting Toll Switchboard 

2. O Indicates 310 A Tube 
@ Indicates 311 A Tube 

To 308-;;---484 Kc. 
Carrier Supply 

To 484 or 308 Kc. 
Carrier Supply -

To Type C Carrier { 
Voice, or l'elegraph 

Terminal --------1 

F10. 382. TYPJC-J CARRIJ:B T:a:LJ:PBONJ: TJ:RMINAL 

} 

To 
Open 
Wire 
Pair 

above the highest frequency of the band. Thus, the frequencies more than 3000 cycles wide is transmitted. 
second harmonic of 60 kc., which is the lowest fre- This, it may be noted, is an appreciable improvement 
quency in the lower side-band of the 64 kc. carrier, is over the 2500-cycle band transmitted by the older 
120 kc., which is well above the top frequency of 108 kc. types of C systems and the usual loaded cable circuit. 
This obviates the possibility of any harmonics that Due to the fact that the two frequency bands trans-
may be generated in the channel modulators inter- mitted over the line in the Type-J system both overlap 
fering with other channels. Finally, a general design the initial 60 to 108 kc. band, a direct translation is not 
and manufacturing economy is obtained by using this practicable. Instead, it is necessary to make the 
same group of channel carrier frequencies for all of translation in two modulation stages as indicatl;ld in 
the broad-band systems-Types-J, -K, and Coaxial. Figure 383. From a study of this figure, along with 

Having modulated tbe twelve channel carriers with Figure 382, it may be observed that for transmission 
voice frequencies and eliminated everything but the East to West the initial 60-108 kc. band is delivered to 
lower side-bands by means of appropriate band filters, the first group modulator along with a carrier fre-
the entire group of frequencies-48 kc. in width- is quency of 340 kc. The output of the modulator in-

. translated by an additional modulation process to the eludes the upper 40Q-448 kc. side-band which is se-
band of frequencies that it is desired to transmit over lected by the transmitting band filter and passed on, 
the line. In the case of the Type-J system, the range through the two-stage in4lrmediate amplifier, to the 
of this final band depends upon the direction of trans- second group modulator. The carrier frequency ap-
mission since transmission in both directions is over plied to this modulator is 308 kc. and its output there-
the same pair of wires. Thus, for the frequency a.Ho- fore includes a lower side-band of 91r-140 kc. The 
cation shown in Figure 378, transmission West to East upper side-band and other extraneous frequencies above 
occupies the band bet"7een 36 and 84 kc. and transmis- the 91r-140 kc. band are eliminated by the transmitting 
sion East to West is in the range from 92 to 140 kc. low-pass filter, so that the input currents applied to 

The crystal band filters _associated with the channel the transmitting amplifier, and thence to the line, are 
modulators are sharp enough so that a band of voice in this desired frequency band. The frequency trans-
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I 

I 

lations occurring on the receiving side of the circuit m.its convenient manual adjustment of the receiving 
are, of course, in the opposite direction, so to speak, and levels when the circuits are lined up. 
may be followed through in a like manner. For trans- Since the line losses at the high frequencies employed 
mission West to Ea.st, the processes are exactly similar are relatively very high, the Type-J system requires 
except that here the carrier frequency applied to the the use of repeaters at considerably closer spacings 
second group modulator in the transmitting circuit than does the Type-C. Just what this spacing must 
(and the first group demodulator in the receiving cir- be depends upon the weather conditions prevailing in 
cuit) is 484 kc. instead of 308 kc. The resultant lower the territory through which the line extends. Sleet, 
side-band of this is 84-36 kc., or, when turned over, the frost, or ice forming on the line wires will greatly in-
desired 36--84 kc. band which is applied to the line for crease their attenuation, and the repeater spacing 
transmission in this direction. should be close enough so that there will be sufficient 

The copper-oxide modulator and demodulator units margin to take care of the most adverse conditions that 
employed are capable of handling only small amounts may reasonably be anticipated. For most of the lines 
of energy, so that the transmission levels at both their where these systems are likely to be applied, the aver-
inputs and outputs are necessarily rather low. Thus, age spacing is expected to be about 70 miles. At the 
as may be seen by referring to Figure 382, the input repeater points, the transmission in the two directions 
level to the channel modulator is -13 db and the input is separated by directional filters and each repeater 
levels at the first and second group modulators are includes two amplifiers, one "pointed'' in each direction. 
considerably lower than this. As the transmitting The general arrangement is practically the same as is 
level applied to the line is about +17 and the receiving shown in Figure 381 for the Type-C repeater, except 
level applied to the voice terminal is +4, this means that in this case the equalizers form part of the am-
that several amplifiers are required in both the trans- plifier circuit. The amplifiers are three-stage negative 
m.itting and receiving legs of the circuit. All of these feedback devices of the type illustrated schematically 
amplifiers are of the stabilized negative feedback type, in Figure 384. The circuit, although somewhat differ-
capable of giving substantial gains. The demodulator ent in detail, is in principle essentially the same as that 
amplifier (single-stage) is adjustable through a plus used in the Type-K systems. 
or minus 5 db range by means of a potentiometer The Type-K systems for application to cable facili-
mounted in the voice-frequency jack panel. This per- ties also make use of the same types of crystal filters, 
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copper-oxide modulators and equalizers as the Type-J 
systems. Indeed, . as illustrated in Figure 385, the 
channel modulating and demodulating circuits are 
identical. 

So far as transmission over the line is concerned, 
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attenuation of such non-loaded conductors is very high 
and, of course, increases with frequency, it is desirable 
to keep the maximum frequency to the lowest practi­
cable value. Accordingly, the band of frequencies se­
lected for transmission on the cable line is that between 
12 and 60 kc., which occupies the comparatively 
straight-line portion of the attenuation-frequency curve 
just above the knee of the curve. By using pairs in 
separate cables for transmission in the two directions, 
only one 48 kc. band is required. On this basis, the 
line losses are such as to require the insertion of high­
gain repeaters at intervals averaging about 16 miles. 

At the system terminals, a single group modulator is 
used to translate the initial 60 to 108 kc. band to the 
12 to 60 kc. band applied to the line. This is the in­
verted lower side-band of a 120 kc. carrier supplied to 
the group modulator. After passing through the trans­
mitting amplifier, the output level applied to the line 
is +9 db. In the same way on the receiving side, the 
group demodulator translates the incoming 12-60 kc. 
band back to the 60-108 kc. band, which again is the 
inverted lower side-band of the 120 kc. carrier. 

The terminal receiving repeaters and the inter­
mediate repeaters give a gain at the top frequency of 
about 50 to 75 db. The amplifier circuit is shown sche­
matically in Figure 345 of Chapter XXVI. It will 
be noted that both the line equalizers and the gain 
control apparatus are inserted in the feedback path, 
the latter being under the control of a receiver motor, 
as is discussed in a later article. 

At the time this is written, broad-band carrier sys­
tems for application to the coaxial type of conductor 
are still in the experimental stage. It is anticipated, 
howeve~, that such systems when used will employ the 
same initial 12 carrier channels as are used in the J 
and K systems, and that groups of 12 channels will be 
raised by a second modulation process to successively 
higher positions on the frequency scale in the general 
manner indicated in Figure 386. In most cases it 
may be presumed that the number of individual tele­
phone circuits which will be so carried on a single 
coaxial conductor, or on a pair of such conductors, will 
depend on circuit requirements rather than on technical 
limitations. By spacing amplifiers in the conductors 
at intervals as close as five miles, present indications 
are that it is theoretically possible to obtain as many 
as 500 telephone circuits from a pair of coaxial con­
ductors. 

I 
188. Transmission Regulation in Open Wire Carrier 

Systems 

In discussing the requirements for intermediate and 
terminal repeaters in the two preceding articles, the 
question of the overall transmission stability of the 

several carrier systems was deliberately ignored. It 
is hardly necessary to point out, however, that in 
transmission systems involving such large losses and 
gains, some method must be employed to correct for 
the changes in the line losses that will inevitably occur 
as a result of temperature or other weather changes. 

By referring to Figures 279 and 280 of Chapter 
XXII, it may be seen that the minimum total line 
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system designs, but Figure 387 illustrates schematically 
the regulating circuit used in the J systems. It is also 
practically identical with the circuit employed in the 
most recent design of C systems. As was shown 
schematically in Figure 382 for the Type-J terminal 
·circuit, the pilot channel current is applied to the line 
at the input of the first group modulator. At repeater 
points, this single-frequency current is tapped off at 
the output of the line amplifier and led back through 
an amplifier and rectifier circuit to a pilot channel 
control circuit which controls the net loss or gain of a 
regulating amplifier connected into the main trans­
mission path in front of the line amplifier. As shown 
in Figure 382, the same general plan applies at the 
receiving terminal, except that here the pilot channel 
current is taken off at the output of the auxiliary am­
plifier following the second group demodulator. 

The regulating amplifier circuit consists essentially 
of a variable attenuator in series with a two-stage 
amplifier. The attenuator, known as the regulating 
network, is designed to have loss-frequency characteris­
tics similar to those of the line and is divided into three 
units of equal loss. Its net loss to through trans-

INTERIOR oF AuxILIARY CABLE CARRIER REPEATER STATION mission is varied by means of a condenser whose mov-
able plate is rotated under the control of the pilot 

loss of a 1000--mile 165 circuit at the top frequency of channel current. The rotor of the condenser is con-
the Type-C system is in the order of ·110 decibels, nected to the control grid of the first vacuum tube of -
while the minimum loss for a Type-J system of equal the amplifier so that the voltage applied to the amplifier 
length reaches a. value as high as 205 decibels. Since depends upon the position of the cc:fndenser plate. 
these circuits must include repeaters which bring the When the condenser rotor is at its extreme left position, 
net overall equivalent down to a value of only a few the regulating network is effectively out of the trans-
deci):>els, it follows that a comparatively small per- mission path. At its extreme right position, on the 
centage change in line loss would completely destroy other hand, the entire network is in the transmission 
the usefulness of the circuit, unless promptly and con- path; and at any other position, the loss inserted is 
tinuously corrected for. some definite fraction of the total loss of the regulating 

In the open wire Type-C and -J systems, regulation network. This arrangement provides a very smooth 
is effected by means of pilot channels. One or more control of the net loss or gain of the regulating circuit 
pilot frequencies, occupying positions between the car- and avoids the use of sliding contacts or relays in the 
rier channel bands, are applied to the line at each end. transmission path. 
These frequencies a.re then picked off from the outputs It should be noted that the regulating amplifier cir-
of the intermediate and terminal receiving amplifiers cuit is not ordinarily intended to introduce any net 
and used to control a regulating circuit connected in gain. This function is taken care of by the fixed-gain 
the line at the amplifier input. Since the pilot fre- line amplifier. As a matter of fact, the regulating 
quencies are transmitted along with the regular chan- amplifier circuit usually introduces a net loss, but it 
nel frequencies, they suffer the same attenuation losses varies this loss in such a way as to counteract any 
in passing over the line and are affected by any change changes in the loss of the preceding line section. 
in the line characteristics in the same way, and to the The upper part of Figure 387 shows how the pilot 
same extent as, the message currents in their several channel current controls the position of the regulating 
channels. By establishing normal values for the pilot condenser in the regulating amplifier circuit. As may 
frequency currents at each amplifier point, therefore, be seen, the incoming pilot channel current is first 
any change due to changing line conditions may be passed through a highly selective band filter and a 
caused to register in such a way as automatically to tuned circuit. It is then amplified by a single-£ta.ge 
produce a correcting adjustment of each repeater. feedback amplifier, rectified, and led through the wind-

The detailed arrangement for accomplishing this ing of the control relay. This latter is a highly sensi-
result varies somewhat as between different carrier tive type of relay designed to act very positively by 
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I 

FIG. 387. REGULATING AMPLIFIER AND CONTROL CIRCUIT FOR ◊PEN WIRE CARRIER SYST.EMS 

means of the attraction of magnetic material on its 
armature to a small magnet on each of the fixed con­
tacts. The relay is given a mechanical bias so th~t its 
armature is centered between the contacts when the 
rectified pilot current is at the normal level. Devia­
tions from this normal level cause the armatur~ to 
move sharply to one or the other of the contacts, 
where it will stay until released by the action of the 
second winding of the relay. 

The direction of movement of the armature depends, 
of course, upon whether the pilot level is increased or 
decreased. Thus, if the level should increase by .5 
db or more, the armature would be moved to the right 
contact. This would cause the operation of relay B 
which in closing connects 60-cycle current to the right 
winding of the "telechron" motor in the regulating am­
plifier circuit, causing it to rotate in such a direction as 
to increase the loss of the regulating network. The 
telechron motor will continue to operate until the con­
trol relay is released. This release is effected by means 
of the "pulse" relay, the winding of which, it may be 

noted, is connected to a second contact of relay B. 
The pulse relay is a special slow-operating type which 
does not operate until four seconds after the path 
through its winding is closed. When it does operate, 
a circuit is closed through the second winding of the 
control relay. This restores its armature to normal, 
thus releasing relay B and opening the circuit to the 
telechron motor. 

To summarize, then, what happens is that when the 
pilot channel current deviates from normal, the tele­
chron motor operates for four seconds to counteract 
the effects of this deviation, and then stops. If suffi­
cient correction is not obtained in this time, the opera­
tion is of course repeated. For deviation in the minus 
direction, the same series of operations occur except 
that relay A now functions and the telechron motor is 
rotated in the opposite direction. 

The remaining relays shown in Figure 387 are pro­
vided to take care of sudden large changes in the pilot 
channel level. Such changes either require manual 
attention or are of such short duration that a correc-
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tion would be undesirable. The alarm relay, whose 
winding is in series with that of th~ control relay, is 
adjusted to operate only for large level changes of plus 
or minus several decibels. If such a change occurs, 
both the alarm and control relays will operate, but the 
operation of the alarm relay closes a circuit through 
the winding of the "hold" relay. The latter in turn 
ca.uses the C relay to operate, which opens the circuit 
to the telechron motor and thus prevents any change 
in the regulating amplifier circuit. At the end of four 
seconds, the operation of the pulse relay restores both 
the control and alarm relays to normal. The hold 
relay has a release time of four seconds and if the level 
change still persists, no correction will be made be­
cause relay C remains operated. If the level change 
was temporary, however, relay C will release after four 
seconds and normal regulation will be resumed. If a 
level change of sufficient magnitude to operate the 
alarm relay persists for any considerable time, the 
second contact on relay C will cause the "alarm delay" 
relay to operate after a period of 25 seconds, which in 
turn will cause the operation of other relays to give 
visible and audible alarms that the circuit needs man­
ual attention. 

189. Transmission Regulation in Cable Carrier 
Sy&tems 

In the case of cable facilities, normal attenuation 
variations are due entirely to temperature changes, 
since the insulation of these facilities is not affected 
by weather conditions. The variations are accord­
ingly larger in aerial cable than in underground cable. 
At the relatively high frequencies of the Type-K carrier 
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systems, however, the total amount of such variation 
on a long circuit may be very great in either case. In 
order to hold the net equivalents of the carrier circuits 
within reasonable working limits, therefore, it is neces­
sary to correct continuously for these changes in line 
loss. 

The general method used for this purpose is quite 
similar to the pilot-wire regulating system employed 
in long voice-frequency cable circuits, which is de­
scribed in Article 180. However, since the losses (and 
the variations) are so much greater, the regulator sec­
tion is now only one carrier repeater section-about 16 
miles- instead of the 100 to 150 miles of the voice­
frequency case. 

The essentials of the regulator arrangement are 
shown in Figures 388 and 389. Each pilot wire ex­
tends to the next preceding repeater point of the cable 
in question and forms one arm of a balanced bridge 
circuit. Any substantial deviation in the resistance 
of the pilot wire from its resistance at the pre-selected 
normal temperature value (55°F.) causes the galvanom­
eter pointer to deflect. This causes a continuously 
running motor to change the position of the potentiom­
eter in such a way as to restore the bridge balance. 
The movable arm of the potentiometer is connected 
directly to the armature of a "master transmitter 
motor" so that the position of this armature changes 
as the potentiometer is cha_nged. By means of re­
ceiver motors associated with the line amplifiers (see 
also Figure 345 of Chapter XXVI), the movement of 
the master transmitter motor armature is translated 
to the movable plates of the flat gain regulator con­
densers in the feedback circuits of the amplifiers. The 
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F10. 389. FLAT-0,A.IN PILOT-WIRE REGULATOR FOR TYPE-K CARRIER SYSTEMS 

net gain of the amplifiers is thus continuously con­
trolled by the pilot-wire temperature. The flat gain 
regulator condenser bas sufficient capacity to provide 
for variation of the amplifier gain through a range of 
14 decibels. 

The master transmitter motor and the receiver mo­
tors which it controls are merely an electrical means of 
gearing the bridge potentiometer shaft to the shafts of 
the flat gain regulator condensers in the line amplifiers. 
They are small synchronous motors whose armatures 
are normally stationary and are all held 
in exactly the same position when a com-

The flat gain regulating system just described is so 
called because it changes the gains of the line amplifiers 
an equal amount at all frequencies. Unfortunately, 
the amount of variation in attenuation of cable con­
ductors with changing temperature is not exactly the 
same at all frequencies. In other words, the shape of 
the attenuation-frequency curve for cable circuits is 
usually slightly different at different temperatures. 
This effect is known as "twist". An idea of its magni­
tude may be had from the curves of Figure 390, which 

mon source of 60-cycle alternating current 
is applied to their field windings. How­
ever, if the armature of one motor (in 
this case the master transmitter motor) 
is moved by an external source, the arm­
atures of. all the other motors are moved 
at the same time by exactly the same 
amount, just as if all the armatures were 
connected directly together by a perfect 
mechanical gearing system. 

GALVANOMETER 

A single master transmitter motor is 
capable of controlling 50 receiver motors ' 
and their associated regulator condensers. 
This means, of course, that one flat gain 
master controller is sufficient to take 
rare of 50 carrier systems (600 circuits) 
in the same cable. 

LREBALANCING MECHANISM 
TRANSLATES GALVANO.,,ETE'.R 
OEFLECTION INTO ROTATION OF 
MASTER TRANS.,,ITTER MOTO;:t 

MASTER TRANSMITTER MOTOR 
SETS POSlflON OF SYNCHRO· 
NOUS RECEIVcR MOTORS 

TYPE-K CARRIER SYSTEM FLAT GAIN MASTER CONTROLLER 
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FIG. 390. TwIST EFFECT IN 100-mLE AERIAL CABLE CIRCUIT 

show for a 100-mile aerial cable circuit, typical values 
of the deviations of the line loss at 0° and 110° from the 
loss at 55°, over the Type-K frequency range. It will 
be noted that there is no deviation at 28 kc. The 
fl.at gain controller, therefore, maintains a constant net 
loss at this frequency over the entire temperature range. 
At other frequencies, however, there will be some ex-
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vices at intervals of about 100 miles in the case of 
aerial cable, and 200 miles in underground cable, to 
correct for the twist effect. 

Essentially the twist correcting circuits are variable 
equalizers whose characteristics are adjusted to corre­
spond to the values of twist obtained from actual 
measurements of the particular cable pair concerned . 
Since the amount of twist depends on temperature, the 
setting of the variable arm of the twist correcting net­
works is controlled by the resistance of a pilot wire 
extending through the twist section (100 or 200 miles). 
The automatic mechanisms which make the correc­
tions are generally similar to those used in the flat 
gain master controller. 

Figure 391 shows in block schematic the general 
arrangement of the twist corrector circuit. The twist 
regulator network is, of course, inserted in series with 
the transmission line and, as it necessarily introduces a 
considerable additional loss, there is associated with 
each such network a special amplifier, known as the 

Receiver 
Motor 

'\ 

Adjust-
able 
Pad 

Twist } To Amplifier 
(60 db) Line 

_ _ _ 5 Other Regulators __ 

To Twist 
Master 

Controller 

FIG. 391. TWIST CORRECTING CIRCUIT FOR TYPE-K CARRIER SYSTJl:M 

cess of gain at temperatures above 55° and some 
deficiency of gain at temperatures below 55°. 

Compared in magnitude with the flat 28 kc. variation 
of loss with temperature, the twist variations may 
appear to be practically negligible. Nevertheless, they 
are too large to be allowed to accumulate over a long 
carrier system. It is necessary to employ special de-

twist amplifier, which has a fixed gs.in of 60 decibels. 
The total-loss of the twist regulator circuit is adjusted 
by means of pads to be approximately equal to the gain 
of the twist amplifier so that in net effect the arrange­
ment adds neither loss nor gain to the circuit, but 
8imply provides the relatively small amount of special 
equalization required to overcome the twist effect. 
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CHAPTER XXXI 

NOISE AND CROSSTALK 

190. Induced Effects in Telephone Circuits 

One of the factors upon which the intelligibility of a 
telephone conversation depends is the absence of ex­
cessive noise and crosstalk. If each telephone circuit 
was completely isolated from all other telephone cir­
cuits or other electrical circuits of whatever kind, in­
cluding earth currents and atmospheric charges, we 
would not expect any potentials to exist in the tele­
phone circuit other than those <leliberately introduced 

· for the purpose of transmission. However, this is in 
fact a purely hypothetical situation as, in practice, 
nearly every long telephone circuit is in close proximity 
to other telephone circuits, and sometimes to other 
electrical circuits such as power lines. It is necessary, 
therefore, that telephone circuits not only be efficient 
in transmitting electrical energy without distortion 
and without too great a loss, but also that they be 
protected against induced electrical currents coming 
from adjacent telephone circuits or from other electri­
cal circuits. 

Wire 1 

-i 

-i 

Ftot11lll 392 

rents. It follows that the use of telephone repeaters 
is likely to increase the crosstalk possibilities because 
these devices permit longer circuits and at the same 
time increase the level of the energy at certain points 
along the line. Crosstalk possibilities are also in­
creased by the use of carrier systems because of the 
higher frequencies employed. 

Of course, crosstalk can be caused by the direct 
leakage of current from a disturbing to a disturbed 
circuit. With properly maintained lines, however, in­
sulation is usually sufficiently good to make this a 
negligible factor. The crosstalk coupling which pre­
sents the real problem in practice is due to the electric 
and magnetic fields set up by the currents in the dis­
turbing circuit. The effects of these two fields are 
not entirely alike, although their results are generally 
similar as far as crosstalk is concerned. 

191. Causes of Crosstalk 

The effect of the magnetic field of one circuit on a 
second paralleling circuit is called "magnetic induc­
tion". Similarly, the effect on the second circuit of 
the electric field of the first circuit is called "electric'' 
or "electrostatic induction". How magnetic induction 
causes crosstalk can be seen by referring to Figure 392. 
This shows the four wires of two telephone circuits 
running parallel to each other in the usual fl.at configu­
ration employed on standard open wire lines. · If we 
assume that an alternating voltage is applied to the 
left end' of the disturbing circuit, A, which is made up 
of wires 1 and 2, the magnetic field existing about a 
short section, S, of this circuit may be represented by 
lines of magnetic induc'tion as shown. 

At a particular instant in the alternating cycle, the 
current in wires 1 and 2 may be represented by the 
equal and opposite vectors designated Ia. As I. in­
creases or decreases in value, the associated lines of 
magnetic induction will cut wires 3 and 4 of the paral­
leling telephone circuit, B. But with the relative 

As a matter of fact, any two long paralleling tele- spacing of the wires shown in the diagram, more lines 
phone circuits that are not "balanced" against each will cut wire 3 than cut wire 4. Accordingly, the volt-
other by means of transpositions, or otherwise, will age induced by the magnetic field in wire 3 will be 
crosstalk to such a degree as seriously to interfere with somewhat greater than that induced in wire 4. The 
their practical use. Furthermore, because crosstalk voltages induced in both wires are in the same direc-
is largely an inductive effect, its magnitude tends to tion at any given instant, so that they tend to make 
increase with (1) the length of the paralleling circuits, currents circulate in circuit B in opposite directions. 
(2) the strength (energy level) of the transmitted cur- If they were equal, therefore, their net effect would be 
rents, and (3) the frequency of the transmitted cur- zero. But in so far as the induced voltage ea exceeds 
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the induced voltage e,, there is an unbalanced voltage, 
ea - e4, tending to make a current circulate in circuit B. 
If the circuit is terminated at both ends in its charac­
teristic impedance, Zo, the current resulting from this 
unbalanced voltage induced in a short section of the 
circuit may be written as-

. ea - e, 
t= - -

2Zo 
(172) 

The summation of the circulating currents caused by 
the voltages induced in each small section of the line 
may result in an appreciable current through both 
terminals of the circuit, which is due entirely to mag­
netic induction. 

It should be noted that although the current in the 
disturbing circuit was considered in the above as being 
transmitted from the left end to the right end of the 
circuit, the crosstalk current induced in the disturbed 
circuit appears at both ends of the circuit. The cross­
talk appearing at the left end of the disturbed circuit 
is known as near-end crosstalk and that appearing 
at the right end is known as far-end crosstalk. 

Now turning our attention to electric induction, 
Figure 392 may also be used to show the equipotential 
lines of the electric field established about circuit A 
under the same conditions as in the previous example. 
This electric field will set up potentiaLc; on the surfaces 
of wires 3 and 4 and, with the configuration and spac­
ing of the wires shown in the drawing, these potentials 
will not be equal. The resultant difference in poten­
tial between wires 3 and 4 will tend to cause crosstalk 
currents to flow to both ends of circuit B. 

Wire 1 

Ckt. A 

Wire 2 

Wire 3 

Ckt. B 

Wire 4 

i--s - -1 
I I 
I ~ I 

I 
!Va 
I 

C' C" 
C C' 

FJOURE 393 

The crosstalk effect of electric induction may also 
be analyzed by consideration of the capacity relation­
ships between the wires of the disturbing and dis­
turbed circuits. Thus, referring to Figure 393, we 
know that in any unit length of the two circuits there 
is a definite capacity between wire 1 and wire 2 and 
between wire 3 and wire 4. Moreover, if the wires 
are equally spaced as shown, the separation between 
wires-2-3 is the same as that between wires 1- 2 or 3-4, 

Wire I 

C' c• 

Wire 3 ~ Wire 4 

~ 
Wire 2 

FJOURE 394 

and there is therefore the same capacity between wires 
2-3 as between the wires of either pair. This capacity 
is represented in the figure by the small condenser 
designated C. Similarly, the capacities between wire 
1 and wire 3 and between wire 2 and wire 4 arc desig­
nated by condensers whose capacity, C', is less than C 
because the separation between these wires is greater. 
There remains also the still smaller capacity between 
wire 1 and wire 4, which is indicated by . the con­
denser, C". Now if we assume an alternating cur­
rent fl9wing in circuit A, there will be a difference of 
potential between wires 1 and 2, which will tend to 
cause small currents to flow through the various con­
denser connections to the wires of circuit B. The net 
effect can best be analyzed by redrawing the diagram 
of Figure 393 in the form of a Wheatstone bridge net­
work as shown in Figure 394. A study of the capacity 
values of the arms of this bridge shows that the im­
pedances of the arms are not such as to give a balanced 
contiition and, consequently, current flows through the 
impedances Z0• In other words, a current is set up in 
circuit B which will manifest itself as crosstalk at 
both ends of the circuit. 

As shown in Figure 395, the crosstalk due to electric 
induction may be thought of as being caused by a small 
generator G., connected across the disturbed pair, while 
the crosstalk due to magnetic induction may be thought 
of as being caused by a generator G.,.. connected in 
fieries with the disturbed pair. Under these conditions, 
it will be noted that the currents established by the 
two genera.tors flow in the same direction in the left 
portion of the line, but in opposite directions in the 

Wire l 

~L.!;~~~~~.=: ____ ..=::.=:: _______ ~~ lo 

Wire 3 

i 
Ckt. B m 

Wire 4 
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right portion. In other words, the crosstalk effects of 
magnetic and electric induction are additive in the 
case of near-end crosstalk, but opposed to each other 
in the case of far-end crosstalk. 

192. Principles of Crosstalk Reduction 

There are a number of possible ways of eliminating, 
or at least substantially reducing, the crosstalk induc­
tion discussed in the preceding article. One possibil­
ity is to arrange the paralleling wires in such a con­
figuration that the effect of the field of one pair will be 
the same at both wires of the other pair, thus leaving 
no residual difference to cause currents in the second 
pair. Two possible ways to effect such a non-induc­
tive configuration are shown in Figure 396. For a 
number of reasons, however, such wire configurations 
are not usually practicable. 

01 

03 

02 

0 4 
0 1 

0 3 0 4 
0 2 

FIGURE 396 

Another partial solution is to reduce the separation 
between the wires of either or both disturbing and dis­
turbed pairs and, if practicable, at the same time to 
increase the separation between the two pairs them­
selves. A glance at Figure 392 will show that if the 
two wires of the disturbing pair are spaced closely 
together, the fields set up by the two wires will occupy 
approximately the same position and will therefore 
tend to neutralize each other. Similarly, if the two 
wires of the disturbed pair are close together, the effect 
of any field setup by the disturbing pair will be prac­
tically the same on both wires of the disturbed pair, so 
that there will be no resultant unbalanced voltages to 
produce crosstalk. However, it is possible to take 
advantage of these factors in practice to only a limited 
extent. In cable circuits, the two wires of each pair 
are close together, but so are the pairs themselves; in 
open wire circuits, there is considerable separation 
between pairs, but the two wires of a pair cannot be 
placed close together. 

A third alternative is the use of transpositions. The 
principle involved here can be understood by referring 
to Figure 397, which shows the same four wires as were 
indicated in Figure 392. In this case, however, the 
relative pin positions of wires 1 and 2 are interchanged 
by means of a transposition in the middle of the short 
section, S. Under these conditions, it will be evident 
that when equal and opposite currents are flowing in the 

:-S-·~ ' 

Wire 1 I 

~ Ckt. A r~:x::~ ~Zo Wire 2 

Wire 3 ! :!_ e' 3 

20
~ 

Ckt. B 
I ~'• ! e4 e' I 

Wire 4 4 ' , --·- - -• 

FIGURE 397 

two wires of circuit A, the voltages induced in wires 3 
and 4 will be in opposite directions on the two sides of 
the point where circuit A is transposed. Thus, as indi­
cated in the figure, while e, is larger than e, and e: is 
larger than e: , e3 is exactly equal and opposite to e; 
and e, is exactly equal and opposite to e: . There is 
therefore no net voltage induced in either wire 3 or 
wire 4 and, consequently, no crosstalk from circuit A. 

The same net effect would be obtained by inserting 
the transposition in the disturbed circuit B and leaving 
the wires of the disturbing circuit running straight 
through, as shown in Figure 398. In this case, the 
voltage induced in the wire nearer wire number 2 is 
broken into two equal parts represented by the vec­
tors e8 and e;. Similarly, the voltage induced in the 
wire farther away from wire number 2 is broken into 
two parts, e, and e; . But with the transposition as 
shown, voltage ea combines with voltage e; and voltage 
e, combines with voltage e~ . The induced or crosstalk 
current in the section, therefore, is-

i = (e, + e;) - (e, + e~) (173) 
2Zo 

But with the transposition in the center of the section 
as shown, it is obvious that-

ea + e: = e, + e; 
The numerator of Equation (173) is therefore equal to 
zero and there is no resultant crosstalk. 

-----s--~ 
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Either of the above discussed transpositions would 
be equally effective in reducing crosstalk due to either • magnetic or electric induction. It may be noted, how-
ever, that a transposition at the same point in both 
circuits would have no such effect. 

While a single transposition as discussed above is 
effective in eliminating crosstalk in a short section, 
S, it would not be sufficient to reduce crosstalk in the 
whole line. There are two principal reasons for this. 
First, because of attenuation, the current and voltage 
near the energized end of the disturbing circuit are· 
many times as great as the current and voltage near 
the other end of the circuit. It could not be expected, 
therefore, that the induced crosstalk on the energized 
side of the transposition would be neutralized by the 
weaker crosstalk induced on the other side of the trans­
position. AJ3 a matter of fact, even in a short section, 
the transposition will not completely eliminate near­
end crosstalk because the currents coming back from 
the far side of the transposition are necessarily attenu­
ated somewhat more than the current~ coming back 
from the near side of the transposition. On the other 
hand, the transposition is completely effective in the 
case of far-end crosstalk because the. slightly higher 

1---s ~ 
I i 
I I 
I I 

,· 

Instantaneous Current 
in Circuit A 

..._ _ _.__~X ..... _ ___._ ______ C_i_rc_ui_t_B ___ _ 

A 

8 

FIGURE 399 

currents induced on the energized side of the trans- completely eliminated only by the use of an infinite 
position are attenuated more in reaching the far end number of transpositions. The dotted curve would 
of the cirouit than are the currents induced on the far then become identical with the solid curve. 
side of the transposition. For voice-frequency transmission, where the fre-

The second reason why a single transposition is not quencies are relatively low and the wave-lengths cor-
. effective in reducing crosstalk to the desired minimum respondingly long, it is not difficult to obtain a suffi-
i.s the phase change of the transmitted currents. In a ciently good approximation to this condition. Where 
long circuit, several wave-lengths may be included in high-frequency carrier systems are used, on the other 
the propagation of a voice current from one end to the hand, the wave-lengths are so short as to require very 
other. Since crosstalk is an induced effect, its in- closely spaced transpositions. In open wire lines, 
stantaneous value in any small section S depends upon spacings as close as every second pole are used in prac-
the position of S with respect to the cycle of current tice where the wires are carrying frequencies up to 
in the disturbing circuit. If S is so located that the 140 kc. The degree of effectiveness of such closely 
current or voltage in it has a maximum value, either spaced transpositions is of course dependent upon 
positive or negative, we cannot expect the crosstalk accurate spacing of the poles themselv~s, and is finally 
induced here to be neutralized by the crosstalk in limited in practice by economic rather than theoretical 
some other similar section, which is located at a point factors. 
in the line where the voltage or current has a value There is another fundamental consideration in con-
nearly zero at the same instant. nection ·with crosstalk that is of the first order of im-

It is necess~ry, accordingly, that transpositions be portance. In what has been said above regarding 
•installed at frequent intervals with respect to the wave- transpositions, it has been tacitly assumed that the 
length of the propagated current. This is illustrated four wires which we were considering· were of the same 
by Figure 399. Here if we assume the instantaneous gage and material-and particularly, that the two wires 
current condition shown at A, it may be eeen that i.n of each pair were electrically identical. The latter is 
the section S the voltages induced in circuit B on the of course ordinarily the case in practice. However, 
two sides of the transposition would be out of phase there is always a possibility in open wire lines of the 
with each other by about 90° The transposition series resistance, or the insulation resistance, of one 
would, therefore, not decrease the induced crosstalk. wire of a pair being slightly different from that of its 
However, a number of transpositions within a. single mate due to imperfect j9ints, defective insulators, etc. 
wave-length, as illustrated at B, will reduce the cross- When this occurs, the assumption made in connection 
talk to practical limits, although the crosstalk could be with Figures 397 and 398 that the currents flowing 
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in the two wires of the disturbing pair, or the induced 
currents in the two wires of the disturbed pair, were 
exactly equal and opposite is no longer true. 

Thus, an unbalanced series resistance in wire 1 of 
Figure 397 would have the effect of reducing the cur­
rent in wire 1 as compared to the current in wire 2 in 
an amount depending upon the value of the resistance. 
Urider these circumstances, it is clear that the opposing 
currents induced in wires 3 and 4 would no longer be 
exactly equal, and there would therefore be some cross­
talk despite the transposition. A resistance or leak­
age unbalanced in the 3-4 pair would cause a similar 
result. In this case, any resistance unbalance would 
cause one of the induced currents to be smaller than 
the other, with the result that some crosstalk current 
would flow through the terminal. It is extremely 
important, accordingly, that the two wires of every 
talking pair be so constructed and maintained as al­
ways to have identical electrical characteristics. 

__ J - lp/2 

'~'2 __ 4 - 7 

--~ 

::f 
FIGURE 400 

R f ---NW\11,---- I 
- r ip 
lp/2 - • ( I I ) 

lp/2 + 

Resistance unbalance is particularly important when 
two pairs are used to create a phantom circuit. Here, 
under ideal conditions, exactly half of the phantom 
circuit current flows in each of the four wires, as shown 
in Figure 400. The phantom currents in wires 1 and 
2 are then equal and in the same direction, and they 
therefore cause no current to flow through the terminal 
stations connected to these wires. The same is true 
of the side circuit made up of wires 3 and 4. A bad 
joint, or resistance unbalance of any other kind, in 
any one of the four wires will reduce the current in 
that wire somewhat. As a result, the phantom cur­
rents in the two wires of the pair concerned will no 
longer be equal and an unbalance current will flow 
through the side circuit terminal. In other words, 
the phantom circuit will crosstalk into the side circuit, 
or vice versa. The effect of resistance unbalance in 
this situation is ordinarily much more serious than its 
effect on crosstalk between two side circuits or two 
non-phantomed circuits. 

193. Crosstalk Reduction Practices 

it is desirable first to consider the effects of certain 
basic design features of l9ng circuits with respect to 
crosstalk. In general, these will apply equally to both 
open wire and cable facilities, and at either voice or 
carrier frequencies. One such important . feature is 
the effect of the location of telephone repeaters on cross­
talk. Thus, it is obvious that if two circuits are in 
close proximity at a point near a repeater station, and 
one circuit is carrying the high current levels coming 
from the output of a repeater while the other circuit 
is carrying the low current levels approaching the in­
put of a repeater, the tendency of the first circuit to 
interfere with the second circuit is very great. The 
very small percentage of the current in the first circuit 
which may be induced into the second circuit will be 
amplified by the repeater on that circuit along with, 
and to the same degree as, the normal transmission. 
The best practical remedy for this condition, of course, 
is to avoid such situations by keeping circuits carrying 
high level energy away from low level circuits as much 
as possible. Where such physical separation between 
circuits is not feasible, differences in energy level be­
tween adjacent circuits can frequently be minimized 
by proper adjustment of repeater gains when the cir­
cuit is designed. 

Another basic element of circuit design is that in 
most of the longer voice-frequency cable circuits and 
in all carrier circuits, the effect of near-end crosstalk 
is minimized by the use of separate paths for trans­
mission in the two directions. In cable circuits, the 
wires carrying the transmission in the two directions 
are physically separated as much as possible by plac­
ing them in different layers or segments of the cable; 
or, in the special case of cable carrier circuits, in differ­
ent cables. An equally effective separation is obtained 
in open wire carrier circuits by using entirely different 
bands of frequencies for transmission in the two direc­
tions. 

Furthermore, any near-end crosstalk occurring in 
spite of these physical separations is returned on the 
disturbed circuit to the output of an amplifier. Since 
the amplifier is a one-way device, the crosstalk can 
proceed no farther and does not reach the terminal 
of the circuit. Near-end crosstalk in such circuits is 
therefore of little importance, except in so far as it 
may be converted into far-end crosstalk by reflection 
from an impedance irregularity. To avoid this latter 
effect, it is essential that all circuit impedances be so 
matched as to eliminate important reflection possi­
bilities. 

Aside from the above techniques for avoiding cross­
talk through circuit design methods, practical proce­
dures differ considerably depending upon the type of 

In considering practical methods for keeping the facility. It is desirable, accordingly, to analyze the 
crosstalk in long toll circuits at a reasonable minimum, problem separately for open wire and cable facilities. 
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Fto. 401. STANDARD TRANSPOSITION CODE 

In the case of open wire lines, crosstalk reduction 
depends upon three principal factors-namely, wire 
configuration on the poles, transpositions, and resis­
tance balance. Resistance balance is primarily a ques­
tion of maintenance and ordinarily presents no great 
difficulty. The use of high-frequency carrier systems, 
with their much greater crosstalk possibilities, has led 
to the development of new configurations of open wire 
lines in which the wires of individual pairs are spaced 
closer together and the pairs are spaced farther apart. 
One standard pole-head configuration of this kind is 
illustrated in Figure 276 of Chapter XXII, where it 
may be noted that the separation of the wires of each 
pair is 8 inches and the horizontal separation on the 
crossarm between any two wires of different pairs is at 
least 26 inches. The vertical separation between cross­
arms is 36 inches. ~ix inch spacing between the wires 
of a pair has also been used in a limited number of 
cases, but the danger of such closely spaced wires 
swinging together in the spans tends to restrict this 
practice to situations where weather conditions ai:e 
particularly favorable. 

The basic principle of transpositions was outlined 
in the preceding article. It was noted there that a 
large number of transpositions was needed in any long 
section of line to reduce crosstalk to the desired extent. 
In the entire discussion, moreover, only two pairs were 
considered. In practice an open wire line usually car-
ries many more wires than this, and obviously there are 
crosstalk possibilities between any two pairs on such a 
line. These possibilities are greater between the pairs 
that are adjacent to each other, but all of the other 
possibilities are sufficiently large that they must be 
taken into consideration in designing a transposition 
system for the line. A practical system must also 
guard against crosstalk between side and phantom 
circuits and between the phantoms themselves, when 
such circuits are used. 

There is still another extremely important factor 
which has not been considered up to this time. This 
is the possibility of crosstalk from one circuit to another 
via a third circuit. In a line carrying many circuits, 
there are a large number of these tertiary circuits via 
which crosstalk might be carried from any one pair 
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to any other pair. Even the hypothetical line that we 
considered in the first place, carrying only four wires, 
has two such tertiary circuits. These a.re the phantom 
circuit, ma.de up of the two wires of one pair trans­
mitting in one direction and the two wires of the other 
pair transmitting in the opposite direction; and the 
"ghost" circuit, ma.de up of the four wires acting as one 
side of a. circuit, with a. ground return. (Note that 
these circuits exist as tertiary crosstalk paths regardless 
of whether a working phantom circuit is actually 
applied to the four wires.) Needless to say, the pres­
ence of these tertiary circuits in a line complicates the 
problem of designing effective transposition systems. 
So much so, indeed, that no attempt can be ma.de here 
to analyze this problem in detail. 

Transposition systems for open wire lines a.re de­
signed for unit lengths ranging from a. few hundred feet 
to some six or eight miles. The purpose of the design 
is to approach as closely a.s possible to a. complete cross­
talk balance in each such unit section. Any number 
of sections can then be connected in tandem. The 
non-uniformity in the length of sections is required 
because of discontinuities in the line, such as junctions 
with other lines, wires dropped off or added, etc. It 
is naturally desirable that such points of discontinuity 
should coincide with junctions between transposition 
sections, where the crosstalk is balanced out. 

Figure 401 illustrates the fundamental transposition 
designs used in a section with 32 or less transposition 
poles. These fundamental types a.re frequently ex­
tended to include 64, 128, or even as many as 256 trans­
position poles per section, on lines to which high­
frequency carrier systems a.re applied. 

Physically, there a.re two standard methods for 
effecting transpositions between wires on pole lines. 
These, known as "point type" and "drop bracket" 
transpositions, are shown respectively in Figures 402 
and 403. The former (point type) is widely used on 
lines carrying carrier systems because it does not change 
the configuration of the wires in the adjacent spans, 
as does the drop bracket type. Where very high fre­
quencies a.re used, as in the Type-J carrier system, this 

1 becomes extremely important. In fact, the sensitivity 
of these carrier systems to crosstalk is so great that 
every possible effort has to be ma.de to avoid even slight 
deviations in the amount of sag of the wires in the 
spans between poles. 

Turning now to cable, the most striking feature of 
this type of facility with respect to crosstalk is that 
the conductors are crowded closely together. This is 
particularly true of the two wires of each circuit pair, 
which are separated by only thin coatings of paper in­
sulation. As we have already seen, this close spacing 
of the two wires of a pair in which equal and opposite 
currents are flowing tends to minimize the external 

F10. 402. POINT-TYPE TRANSPOSITION 

effect of the electromagnetic field of the pair. More­
over, in the process of manufacture, the cable conduc­
tors a.re very thoroughly transposed by twisting the 
two wires of each pair together, by twisting the two 
pairs of ea.ch group of four wires together to form quads, 
and by spiralling the quads in opposite directions about 
the cable core. Cables are also so manufactured and 
installed that their conductors are practically free from 
series resistance unbalances or insulation leakages. 
On the other hand, the close spacing of many circuits 
within the cable sheath, as well as their proximity to 
the sheath itself, offsets the above advantages to a 
considerable extent. 

F10. 403. DROP-BRACKET TRANSPOSITION 

At voice frequencies, magnetic induction (inductive 
coupling) between circuits in a cable is normally so 
small as to be of relatively little importance in creating 
crosstalk. The same cannot be said of electric induc­
tion (capacity coupling). Despite the most careful 
manufacturing methods, the capacity unbalances be­
tween cable conductors usually remain large enough to 
cause objectionable crosstalk in long circuits. This 
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unbalance within the quad and 
no crosstalk. However, if it is 
found, for example, that capacity 
A in a certain quad of one section 
of the cable is too low, this quad 
can be spliced to a quad in an ad­
jacent section of equal length in 
which capacity A is too high by 
an approximately equal amount. 
The net unbalance of the con­
nected quad over the two sections 
will thus be made to approach zero. 

TRANSPOSITIONS IN 8-INCI{ SPACED OPEN WmE LINE USING PoI~IT-TYPE FIXTURES 

In current practice, it is usually 
found more economical to counter­
act the unbalances in part by con­
necting small balancing condensers 

crosstalk is guarded against in practice by the use of 
additional balancing techniques when a toll cable is 
installed. 

Voice-frequency crosstalk between circuits in differ­
ent quads of a cable can be reduced to a satisfactory 
minimum at that time by splicing the successive lengths 
of cable in a more or less random manner such that no 
two quads are adjacent for more than a small part of 
their tota.l length. This technique of course has no 
effect upon the crosstalk between circuits in the same 
quad. To reduce this crosstalk, it is necessary to 
measure the capacity unbalances of each quad at the 
time of installation and then to correct such unbalances 
as are found large enough to be likely to cause serious 
crosstalk. 

There are two principal methods of effecting this 
latter correction. The method most extensively used 
until quite recently depended upon measuring the un­
balances at several equally spaced splicing points within 
each loading section, and then splicing the quads to­
gether in such a way that a given unbalance in one 
section would be counteracted by an equal and opposite 

FIGURE 404 

unbalance in the adjacent 
section. This will perhaps be 
made clearer by referring to 
Figure 404 where the four wires 
of a quad are shown in cross-

. section, with the capacitances 
between the wires indicated by 
small condensers. The wires 
marked 1 and 2 form one pair 
of the quad, and the wires 
marked 3 and 4 the other. 

(The capacities between the pairs themselves are not 
shown because they have no effect on crosstalk.) The 
ideal condition in such a quad is that the values of all 
four capacities A, B, C, and D shall be equal, and that 
capacity E shall equal capacity F and capacity G 
shall equal capacity H. In this case there is no 
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into the circuits at one or two points in each loading 
section. This, combined with a limited number of "test 
splices" as above, effects the net result desired with 
greater accuracy, and reduces the number of capacity 
unbalance tests that have to be made when a cable 
is installed. These balancing condensers consist of 
short lengths of two parallel insulated fine-gage wires 
wound helically around a non-conducting core. Two 
terminals of this tiny condenser are connected across 
the two line conductors whose capacity it is desired to 
increase, and the other ends of the wires can be cut off 
at whatever point is necessary to give the_ condenser 
the precise value of capacity required. A large num-

TRANSPOSITIONS IN 12-INCH SPACED OPEN WIRE LINE 
USING DROP-BRACKET FIXTURES 
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-

her of these condensers can be included within the lead tions are likewise kept separated within the terminal 
sleeve at a splicing point. In certain cases, where the offices and r~peater stations, and shielded office wiring 
cable conductors are to be used for 4-wire circuits, it is is used in all cases. This means that the energy levels 
practicable to balance the capacities for a whole re- of the carrier currents are approximately the same in all 
peater section by adding condensers of this type at one physically adjacent conductors, and that near-end 
end. crosstalk possibilities are completely eliminated (as-

The capacity balancing methods outlined above have suming that reflection effects have been properly 
been found adequate in practice for keeping crosstalk guarded against). 
to a tolerable minimum in voice-frequency cable cir- Far-end crosstalk between carrier pairs is minimized 
cuits. When carrier systems are applied to cable by balancing out the capacity and inductive couplings. 
circuits, the crosstalk problem becomes much more In addition, special precautions are taken to prevent 
severe. In this case, while capacity coupling is still of crosstalk between carrier pairs via the voice-frequency 
consequence, inductive coupling becomes much more pairs in the cable. Most effective in accomplishing this 

I important as a ca.use of crosstalk. In fact, at the latter, is the complete transposition of the entire group 
highest frequencies of the Type-K carrier systems, it of carrier pairs between the two cables at each repeater 
predominates over capacity coupling as a cause of station. AB may be seen from Figure 405, this auto-
crosstalk in the ratio of about 3 to 1. · Accordingly, matically eliminates crosstalk via the voice-frequency 
additional crosstalk reduction measures must be applied pairs from the outputs of the amplifiers in the carrier 
to cable conductors used for carrier systems. pairs to the inputs of amplifiers in other carrier pairs. 

The crosstalk possibilities at these high frequencies Carrier filters or noise suppressio~ coils are also in-
are so great, in fact, that a number of basic changes serted in the voice-frequency pairs at voice-frequency 
in circuit design are required. . In the first place, the repeater stations, and certain other points, to discour-
ca.rrier pairs are used for carrier transmission only. age the transmission of induced currents of carrier fre-
Next, the transmitting paths in the two directions are quencies over the voice-frequency conductors. 
kept entirely separated by using separate cables for The methods of balancing out capacity coupling 
transmission Ea.st to West and West to Ea.st (or a between the carrier pairs themselves are essentially the 
special cable, with a shield between pairs transmitting same as were discussed above in connection with voice-
in opposite directions). The circuits in the two direc- frequency transmission. In balancing out crosstalk 
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CABLE BALANCING CAPACITANCES-OLDER TYPE SHIELDED 
TwISTED PAIR AT LEFT-NEWER TYPE SPIRALLY WOUND 

PAIR AT RIGHT- UNIT USED AT END OF REPEATER 
SECTION IN CENTER 

due to inductive coupling, entirely new methods have 
had to be devised. The fundamental problem is to bal­
ance every carrier pair against every other carrier pair 
in the same cable, in each repeater section. The 
method used depends upon counteracting the crosstalk 
currents with equal currents flowing in the opposite 
direction. Thus, if in a given disturbed circuit a 
crosstalk current is flowing in a clockwise direction, it is 
desired to set up an equal current in the circuit flowing 
in a counterclockwise direction. 

This result can be effected by means of tiny trans­
formers connected between each carrier pair and every 
other carrier pair. However, since it is necessary to 
control the magnitude of the artificially induced cur­
rents and also to cause them to flow in either direction, 
depending upon the direction of the crosstalk current, 
the tranflformers must be designed so that the coupling 
between circuits can be adjusted and so that they can 
be poled in either direction. The method ·used to ob­
tain this result is indicated schematically in Figure 406. 
Here, it may be noted that there are really two separate 
t~ansformers, one having a reversed winding in the dis­
turbing circuit so that a current, I, flowing in the dis­
turbing circuit will induce oppositely poled voltages in 
the disturbed circuit. If the cores of the two trans­
former~ are centered as shown in the drawing, the 
induced voltages will be exactly equal and the net 
effect on the disturbed circuit will be nil. By moving 
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the two cores as a unit in either direction, however, 
one or the other of the induced voltages can be made to 
predominate. Thus, if the cores are moved to the left, 
voltage e1 will be increased while voltage e1 will be 
decreased by a like amount. The result will be a cur­
rent flowing in a counterclockwise direction in the dis­
turbed circuit. On the other hand, moving the cores 
to the right will cause a clockwise current in the dis­
turbed circuit, the value of which will depend upon the 
extent of the movement of the cores. 

Disturbing Circuit 
2 

3 

ez 
4 Disturbed Circuit 

FIG. 406. PRINCIPLE OF CROSSTALK BALANCING COIL 

In practice, the balancing coils are designed to have a 
mutual inductance ranging from approximately + 1.6 
to -1.6 microhenrys for the two limiting positions of 
the cores. The coils are mounted in small cylindrical 
containers about 4½ inches long and 1 ¾ inches in diam­
eter and arranged for rack mounting. The position 
of the coil cores is controlled by a screw by means of 

CONSTRUCTION OF CROSSTALK BALANCING COIL 
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which the core can be moved through its maximum 
travel of½ inch in about 16 complete turns. 

In using these coils to balance out crosstalk, mea­
surements of the inductive coupling between each pair of 
conductors must be made and each coil adjusted to 
eounteract this coupling. In a cable containing a large 
number of carrier pairs, the number of coils required at 
each repeater station becomes rather large since one 
coil is required for every possible combination of pairs. 
In practice, also, an additional coil is used for each 
quad to provide sufficient margin for balancing out 
side-to-side crosstalk. Thus, 20 pairs require a total 
of 200 coils, 40 pairs require 800 coils, and the maxi­
mum of 100 pairs requires 5,000 coils. The coils are 
installed in unit panels arranged for balancing 20 pairs, 
and additional intergroup panels are added as suc­
cessive 20 pair carrier groups are put into service. A 
special crisscross wiring arrangement, such as is indi­
cated in Figure 407, is employed. This is necessary 
in order that the currents in any two pairs shall flow 
through the same number of coils before reaching the 
coil that balances these two pairs, thus insuring that 
the phase shift up to the balancing coil will be approxi­
mately the same on both pairs. 

,-11 11-13 13-15 IS-17 1/.19 

F10. 407. METHOD OF CONNECTING CROSSTALK 
BALANCING COILS 
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Currents within the voice-frequency range, induced 
into a telephone circuit from electrical power circuits, 
are manifested to a listener on a disturbed telephone 
circuit as noise. In many cases crosstalk currents 
may also appear merely as noise. This is particularly 
true in the case of cable circuits where any crosstalk 
heard is likely to come simultaneously from a consider­
able number of other circuits, and appears to the 

listener on the disturbed circuit as a special form of 
noise, called "babble". In other words, it is just an 
unintelligible conglomeration of speech sounds coming 
from a large number of sources. 
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FIG. 408. RELATIVE INTERFERING EFFECT OF NOISE AT 
DIFFERENT FREQUENCIES 

The disturbing effect of noise to a listener depends 
first, of course, upon its volume. It also depends upon 
the frequency of the noise currents. Figure 408 shows 
the results of tests that have been made to determine 
the relative disturbing effects of various noise fre­
quencies. It will be noted that the disturbing effect 
peaks up rather sharply in the neighborhood of 1100 
cycles. Where noise is of appreciable volume- par­
ticularly in the more sensitive frequency range-it is 
naturally annoying to the telephone user and may seri­
ously reduce the intelligibility of conversation. It is 
accordingly necessary to keep the noise in working tele­
phone circuits below those limits where its interfering 
effect on conversation will be important. 

Since noise is essentially an induced effect like cross­
talk, similar measures are used to counteract it. Care­
ful resistance balancing of the telephone conductors, 
the use of transposition systems, and other measures 
taken to avoid crosstalk, are likewise effective in re­
ducing noise. However, such measures alone may be 
inadequate to keep noise within the desired limits. 
This is a result of the fact that paralleling power lines 
a.re the principal source of noise, and the power carried 
over such lines is greater by tremendous percentages 
than that carried over any telephone circuit. 

Of course, the usual fundamental frequency of power 
transmission is 60 cycles and this frequency is too low 
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to interfere appreciably with telephone transmission. 
Unfortunately, however, the currents transmitted over 
the power line usually include several harmonics 
of the fundamental frequency, and these may lie well 
within the range of telephone frequencies. In high 
tension power lines, such harmonics may have energy 
values as high as 10,000 watts and when this is com­
pared with the energy in the telephone circuit, which 
may be as low as .00001 watt, it will be evident that, 
even for a considerable physical separation between the 
power and telephone conductors, the danger of serious 
interference is great. 

The ideal way of eliminating such interference is to 
avoid any parallels, of small separation and appreciable 
length, between power and telephone lines. This is 
done whenever practicable. In many cases, however, 
parallels with fairly close separation, such as lines on the 
opposite sides of a highway, cannot be avoided. In 
these cases, it is frequently necessary to make use of 
certain measures additional to balancing and transpos­
ing the telephone conductors. These usually require 
the cooperation of the power companies. The par­
ticular techniques to be used vary somewhat with each 
situation but include such measures as rearrangements 
of the transformer connections in the power circuits, 
or the insertion of filters to reduce harmonics. Other 
methods frequently employed include changes in the 
configuration of the power wires on their poles to make 
for better electrical balance, and transpositions of the 
power wires. Such power line transpositions have 
essentially the same effect in balancing out the mag­
netic fields as do transpositions in a disturbing tele­
phone circuit. 

195. Crosstalk and Noise Measurements 

The ideal objective of the various methods discussed 
above for counteracting crosstalk and noise induction 
in telephone circuits is, of course, to eliminate their 
effects altogether. In practice this ideal is rarely at­
tained. But certain practical limits are established, and 
every reasonable effort is made to keep the crosstalk 
and noise below these limits. In designing and main­
taining circuits, therefore, it is necessary to be able to 
make definite quantitative measurements of both 
crosstalk and noise. As in any other kind of measure­
ment, this requires the establishment of definite units. 

Since crosstalk represents the transmission of tele­
phone currents from one circuit to another, it can be 
measured directly in terms of the transmission loss 
between the two circuits in the same way as direct 
telephone transmission. This loss may be expressed 
either in terms of decibels or as "crosstalk units". 
The number of crosstalk units ( CU) is equal, by 
definition, to 108 times the ratio of the current in the 
disturbed circuit to that in the disturbing circuit at the 
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FIG. 409. RELATION BETWEEN DECIBELS AND 
CROSSTALK UNITS 

two points under consideration; or, if the circuit im­
pedances are not identical, 108 times the square root 
of the power ratios. Expressed as an equation-

No. of crosstalk units or CU = 108 X /;: (174) 

where Pa is the power in the dis.turbed circuit and 

Psis the power in the disturbing circuit. 

Therefore, since we know that -

No. of decibels or N = 10 log;: or 20 log~ 

the relationship between decibels and crosstalk units 
is as follows-

108 
N = 20 log CU (175) 

This relationship may also be taken from the curve 
of Figure 409. 

In practice, crosstalk coupling is measured with 
special apparatus designed specifically for the purpose. 
In this connection, it may be noted that far-end cross­
t alk is not usually measured directly. As may be seen 
from Figure 410, a direct measurement of far-end cross­
t alk would involve determining the ratio of the current 
I,. at one end of the disturbing circuit A to the current 

Disturbed 
Circuit B 

Disturbing 
Circuit A 
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i. at the other end of the disturbed circuit B. It is 
usually more convenient to measure the ratio between 
i. and the current '.;. at the far end of the disturbing 
circuit. This ratio is called the "measured far-end" 
crosstalk. If desired, it can be readily converted into 
true far-end crosstalk by multiplying by the current 

ratio ;: of the current in the disturbing circuit-or, if 

the measured crosstalk is expressed in decibels, by 
simply adding the transmission loss of the disturbing 
circuit in decibels. 

For measuring noise, a basic reference point has been 
selected, which is equal to 10- 12 watts of I()()()..cycle 
power. -Noise may then be measured as the number of 
decibels above this reference noise. A unit known as 
the Noise Unit is also employed. Its value is such that 
the reference noise defined above is equal approxi­
mately to seven Noise Units. The relationship be­
tween Noise Units and decibels above reference noise 
is given approximately by the curve of Figure 411. 

Noise measuring meters are now in general use by 
means of which the noise on a circuit can be read 
directly from a scale calibrated in decibels above refer­
ence noise (see Article 207). These same meters are 
also used to measure crosstalk volume in the same 
terms. This gives a general measure of the magnitude 
of the cr~talk on a circuit. The meter is so arranged 
that either measurement can be made without taking 
the circuit out of service. The noise meter may also 
be used to measure crosstalk coupling in decibels but 
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such a measurement requires removing the two circuits 
in question from service. The power source applied to 
the disturbing circuit is preferably an oscillator of the 
"warbler" type, as described in Article 208. Then if 
the output volume of this oscillator (which is applied to 
the disturbing circuit) is first measured with the noise 
meter in terms of decibels above reference noise and the 
crosstalk coming from this same source is measured on 
the disturbed circuit, the difference between the two 
measureme~ts gives the crosstalk coupling in decibels 
directly. This, of course, can be readily converted to 
crosstalk units if desired. 
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CHAPTER XXXII 

ALTERNATING-CURRENT TESTS AND MEASUREMENTS 

196. A.C. vs. D.C. Measurements 

Though much of the technique regarding electrical 
measurements of direct currents is equally applicable 
to measurements of alternating currents, it may be 
said that in g~neral A.C. measurements are more 
difficult. In direct-current work our fundamental 
measurements are concerned only with voltage, cur­
rent power and resistance. In alternating-current 
work, while voltage, current, and power are sti~l the 
fundamental quantities, their interrelationship 1s no 
longer simple but involves considerations of phase, 
frequency, etc. Again, the measurement of alternat­
ing Yoltages and currents must presuppose some 
standard wave shape and make some supposition as to 
the basis of measuring a quantity which is ever varying, 
i.e., we may measure an instantaneous value, an effec­
tive value or a maximum value. Furthermore, in 
dealing with wave shapes other than sine waves, we 
must effect some analysis into a fundamental sine 
wave and harmonics of this fundamental, ~n order to 
analyze the conditions correctly (see Appendix IV). 
These new conditions are responsible for complications 
incidental to the measurement of the quantities which 
correspond to those we encounter in direct-current 
work and introduce the necessity for more elaborate 
and ~ainstaking methods for the complete analysis of 
A.C. phenomena. Moreover, it may be said that a 
degree of instability is inherent in certain of the prop­
erties. met with in A.C. work, whereas in D.C. work this 
difficulty is not encountered. To illustrate, the direct­
current resistance of a coil winding remains practically 
fixed, \\ith the exception of minor changes in values d~e 
to temperature, while the alternating-curren_t res1~­
tancc of the coil may be less stable due to certam addi­
tional factors upon which it depends. These include 
the magnetic properties of the iron core and the phys­
ical relationship of the winding to the iron core, both 
having to do with certain power losses which in turn 
affect the resistance to alternating current. 

It is not always the practice in alternating-current 
work to make measurements with the basic units, i.e., 
ampere, volt, watt, etc. We may employ as stand~rds 
other units based either directly or indirectly upon the 
fundamental units. For instance, in telephone trans­
mission work it is quite possible to determine the atten­
uation from the relationship-

! I. a= 2.303 og I, 

by making current measurements, but this method is 
seldom used in practice. Instead, as we know, the 
decibel is used as a comparison standard and the mea­
surement is expressed in decibels rather than as a 
numerical value of a. 

On the other hand, the instruments designed to 
measure fundamental quantities are none the less 
important because apart from their field use, which 
may be limited in some cases, the same principles of 
operation employed in these devices are frequently 
employed in connection with other measuring appara­
tus. We shall, therefore, consider first of all the 
measurement of the fundamental alternating-current 
quantities. 

197. A.C. Ammeters, Voltmeters, and Wattmeters 

Indicating instruments, such as ammeters, volt­
meters, and wattmeters for alternating-current mea­
surements are similar in appearance and in manipula­
tion to direct-current instruments but have certain 
differences in design. A direct-current ammeter, such 
as was described in Chapter IV, if connected in series 
with an alternating E.M.F., would tend to indicate the 
instantaneous value of the current in the circuit. Now 
this value is constantly changing, and in the case of a 
60-cycle power circuit, for example, the change is from 
zero to a maximum to zero 120 times a second, 60 
such changes occurring while the current flow is in one 
direction and the remaining 60 while the current flow 
is in the 'opposite direction. It is not possible for the 
needle to fluctuate so rapidly and consequently it would 
stand at zero not responding to any value of current 
through the i~strument. However, by substituting a 
coil winding for the permanent magnet of the D.C. 
instrument, we can obtain a definite deflection on the 
ammeter scale and this indication will depend upon 
the effective value of the current. 

This, briefly, is the fundamental difference ~etween 
D.C. and A.C. ammeters and voltmeters of thIS type. 
The coil winding and the moving element are connected 
in series so that whenever the current reverses in one, 
there is a similar reversal in the other. Consequently, 
the reaction between the magnetic field of the coil and 
the current in the moving element is always such as to 
turn the moving element in the same direction. T~is !s 
illustrated by Figure 412. Here a movable coil lS 

suspended within, and by means of a spiral spring ~ 
held perpendicular to, a stationary coil. The magnetic 
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FIG. 412. DYNAMOMETER TYPE A.C. METER 

field of the movable coil tends to align itself with that 
of the stationary coil, and the direction of rotation of 
the movable coil is the same regardless of the direction 
of the current through the two coils in series. If the 
instrument is a voltmeter it must, of course, have a 
high resistance; if an ammeter, it must have a low 
resistance, which can be secured by the use of a shunt. 

In alternating-current work, unless the angle of lead 
or la.g between the voltage and current is known, it is 
not possible to use an ammeter and a voltmeter for the 
measurement of power, inasmuch as the power equa­
tion is-

p = EI cos IJ 

instead of 

P = EI 

The power, therefore, cannot be determined by simply 
multiplying together the measured voltage and current 
values; a wattmeter must be used for accuracy. The 
A.C. wattmeter likewise employs two coils, but in con­
necting such an instrument in the circuit, one coil is 
connected in series so that the current in it varies as 
the line current, while the other coil is connected across 
the circuit so the current in it is proportional to the 

quen<'ies heca.use ~uch in:struments have considerable 
inductance which impairs their accuracy at high fre­
quencies. But there are other designs of instrument:s 
that are independent of .freq11cncy, and employ the 
heating effect of a current as the basis of their opera­
tion. The so-called "hot wire" ammeter perhaps best 
illustrates this series. In Figure 413, h represents a 
small wire which rapidly increases ill temperature with 
an increase in current flowing through it. lV 1 and 
W 2 are the instrument connections to this hot wire, and 
both ends of the ,\ire arc permanently fixed, though 
insulated from the ca.'lc. The middle of the wire is 
connected through the insulating link L to the needle 
which is pivoted at P. As in other indicating instru­
ments the needle has a spring attach<'d to it, but unlike 
other indicating instruments, when the temperature 
of the wire is above normal this spring tends to make it 
stand at full scale reading. However, when the hot 
wire is at normal temperature, it is so constructed as to 
pull the needle to the zero position. A.o, the current 
flows through the wire and increases its temperature, 
the wire expands and the needle is allowed to give a 
scale rrading. Th<' ~cale is so calibrated as to indicate 

Scale 
C)~ 

Spring 
)-.... llflM'1---(o 

voltage. Such an arrangement automatically takes Fw. 413. HoT Wrn1,; TnB A.C. METER 

care of any phase difference between voltage and cur-
rent, and the indication of the wattmeter, therefore, the effective value of the current flowing through the 
depends upon the power in the circuit. wire. To take care of changes in atmospheric tem-

'Fhe ammeter, voltmeter, and wattmeter described peratures, the wire is so mounted on the case that the 
in the foregoing are said to employ the "dynamometer" expansion between the mountings compensates for the 
principle. The commercial types of these instruments effect of changes in temperature on the wire itself. 
for alternating-current work are usually designed for a Although the hot wire type of instrument is inde-
single frequency, or at best a narrow band of fre- pendent of frequency, it has other practical limitations. 
quencies. It is not possible, for example, to use the It is not only sluggish in action, since time is required 
rotating coil mechanism designed for 60-cycle power for the heating of the wire, but there is danger of burn-
circuits in connection with telephone current fre- ing out the instrument because any appreciable over-
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load will produce a temperature great enough to melt 
the wire. 

Neither the dynamometer nor the hot wire type of 
instrument is suitable for measuring extremely small 
alternating-current quantities such as are often en­
countered in communication work. The actual voice 
current, when transmitted over a telephone circuit, 
may vary from less than 10 milliamperes at the talking 
station to '(jfth of one milliampere at the receiving 
station. For the high degree of sensitivity that is 
required for such measurements, amplifying and recti­
fying devices are often used in connection with direct­
current meters in preference to the types of instruments 
we have discussed in the foregoing. 

198. The Use of Rectifying and Amplifying Devices in 
Connection With Measuring Instruments 

The simplest method of measuring high-frequency 
alternating currents, employing a direct-current meter, 
is to use a thermocouple connected to a sensitive milli­
voltmeter or microammeter. Such an arrangement is 
used in various transmission measuring sets and is 
illustrated in Figure 414. Here we have a thermo­
couple, as described in Article 52, carrying an alter­
nating current which may vary from zero to 60 milli­
amperes and which heats the junction of two dissimilar 
metals. The direct E.M.F. created at the junction 
gives a reading on the scale of the sensitive instrument, 
and this scale may be calibrated for use in connection 
with the thermocouple to read milliamperes direct. 

A.C. 
Input 

Model 319 Weston D.C. 
Micro-Ammeter 

+ 0 

Thermocouple 

Fro. 414. THJ:RKOCOUPLE A.C. MET:&R 

rectifier may be greater than the maximum current the 
meter will carry, there is usually a. shunt or adjusting 
potentiometer associated with a meter circuit of this 
type. This also increases the overall range of the 
measuring device. 

In telephone work there are many other testing 
circuits which employ some form of rectification, or 
both rectification and amplification, in connection with 
direct-current instruments. Such circuits are em­
ployed in connection with the telephone interference 
factor meter, the 3-B, 4-B, and 6-A transmission mea­
suring sets, the telephone repeater gain measuring set, 
the impedance unbalance measuring set, etc. The 
principle of operation is the same in all of these mea­
suring sets, but the amplifying and rectifying circuits 
as well as the type of direct-current instrument used 
may vary in detail. 

199. Transmission Measurements 

Although the apparatus used in making transmission 
measurements is somewhat complexi this is due en­
tirely to the difficulties inherent in the measuring of 
high-frequency currents of low value, and not in any 
way to the theory involved. The most obvious way 
of determining the attenuation of a circuit is to measure 
the currents sent and received at the two terminals, 
and thus learn the value of the current ratio, from which 
the attenuation may be determined. However, this 
method does not lend itself to rapid work and for rou­
tine measurements, transmission measuring sets reading 
directly in decibels are much more suitable. These sets 
are arranged either to make measurements directly, or 
to compare the loss of the circuit under test with a 
known calibrated loss. The former types are con­
sidered in the next article. The general arrangement 
of the comparison types for making transmission 
measurements is illustrated in Figure 415. The set is 
first calibrated by connecting a voltage to a fixed 
artificial line which causes a definite known loss. The 
entering current, after passing through this line, is 
amplified and rectified and passes through a potentiom-

Where current values of less than a few milliamperes eter to a D.C. meter. The value of the applied voltage 
a.re to be recorded, the same model or a similar but more is then adjusted to such a value as to give any desired 
sensitive model of instrument may be used in connec- deflection of the D.C. meter, usually mid-scale. 
tion with an amplifying and rectifying circuit. Such After calibrating, connections are changed so that the 
an arrangement is commonly employed in transmission same voltage is applied to a variable artificial line in 
measuring circuits. In this case only the sensitive series with the circuit whose equivalent is to be deter-
D. C. meter is used in the output circuit of the rectifying mined. By cutting out sections of the artificial line the 
device, no thermocouple being necessary. The ampli- total loss in the circuit is made the same as that in the 
fying circuit, of course, amplifies the weak alternating calibrating circuit, so that the D.C. meter gives the 
voltages impressed on its input while the rectifying same deflection in both cases. The dials are arranged 
circuit converts these amplified voltages into direct to read the loss in the "unknown" circuit directly. 
current to be measured on the D.C. meter. To take This is accomplished by constructing the variable 
care of the possibility that the output current of the artificial line to cause a maximum loss exactly equal to 

[ 312] 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

) 
1oil ,.,..._ __ Sending C1<t,~. ---

1 

I 
Osei llator I ~ 

A.C.Meter 

Calibrate 

\ 
\ 
\ 

\ 
\ 
\ 

2,wo 

Receiving Ckt 
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the loss caused by the fixed artificial line. When for the various conditions, results most closely approxi-
the measuring dials are set at zero, the variable line will mating the talking equivalents. This, however, does 
cause the maximum loss; with the dials set at 10 db, not mean that measurements are not sometimes made 
the total loss caused by the variable line will be the at other frequencies. The transmission measuring set 
maximum minus 10, and so on. is often employed in the study of a circuit's "quality" 

Considering the component parts of the complete by making measurements over the entire voice-fre-
circuit, we have a generator or sending element, a load quency band and charting the "loss-frequency" curves 
or receiving element, and a line connecting the two, (see Article 139). The filter is of course cut out when 
which may be the calibrating standard or the circuit such measurements are made. 
under test, depending upon the position of the switch- Certain models of transmission measuring sets are 
ing key. In order that any reflection losses on the con- adapted to permanent office installations. The testing 
nection may be reduced, there are associated with the circuits of these models terminate in cords or jacks for 
sending and receiving elements variable networks which the sending and '\"eceiving conneations, and are equipped 
may be adjusted to have impedance values closely ap- with a reversing key to send and receive in either direc-
proximating those of the circuits to which the elements tion without interchanging the connections. Trunks 
are connected. Also, in order that line noises caused- are usually installed between the transmission mea-
by inductive effects may not appreciably impair the suring set and the testboard, switchboard, repeater 
accuracy of the readings, a filter which stops all currents bays, etc. A talking circuit is also provided at the 
except those between 850 and 1150 cycles is connected measuring set, which may be used to talk over a circuit 
in the receiving element. It is obvious that noise will connection to the trunks or over a call circuit to a test 
cause an error inasmuch as it increases the received operator in the toll operating room. Portable trans-
energy and the ratio of energy received to energy sent mission measuring sets are also available which can be 
will, therefore, be incorrect. conveniently used for measuring the transmission 

Since all artificial lines, networks, etc. in this appara- equivalents of cord circuits, composite sets, switching 
tus are made up of resistances, it is possible to make trunks, and miscellaneous equipment units that affect 
measurements at any desired frequency in the voice the transmission features of a talking connection. 
band. A study of the equivalents of the majority of These do not have the range of the permanently 
circuits measured at a single frequency and measured mounted sets but their principle of operation is not 
with a band of voice frequencies for comparison, has widely different. 
led to the standardization of 1000 cycles for tests of In making measurements with the types of sets dis-
this nature. This particular single frequency gives cussed above two methods are employed. One is 
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known as the "straight-away" method, in which case 
there is a testing set located at each end of the circuit. 
A testing current of a given frequency and magnitude, 
determined by the accurately calibrated meters in the 
set, is delivered to the circuit by the sending element of 
one set and received by the receiving ·element of the 
other set. This permits a direct measurement of the 
circuit and does not require any calculations to deter­
mine the circuit's equivalent. The other method is 
known as the "loop test" and involves sending over one 
circuit and receiving on another, the two circuits being 
connected together at the distant terminal. In this 
case; the equivalent measured is naturally the sum of 
the equivalents of the two circuits and, as in the case 
of the Wheatstone bridge measurement of a single wire's 
resistance by the loop method, described in Article 38, 
it is necessary to employ at least three circuits, making 
all loop combinations between them. Then, to deter-

mine the equivalent of one circuit, the three loop 
equivalents are added together and divided by two to 
give the total equivalent of the three circuits; subtract­
ing from this total the loop equivalent of the other two 
circuits, leaves the equivalent of the circuit in question. 

200. Direct Reading Transmission Measuring Sets 

The principle employed in making transmission 
measurements, as discussed above, consists of supply­
ing a standard testing power at one end of a circuit and 
measuring the power received at the other end. The 
ratio of these two powers, expressed in decibel'>, is a 
measurement of the transmission loss or gain of the cir­
cuit under test. Since the magnitude of these testing 
powers is very small, sometimes ranging fro~ one­
hundredth to one-millionth of a watt, very sensitive 
meters must be used and in some cases it is necessary to 

amplify the power before measuring it. As 
direct-current meters are more sensitive than 
alternating-current meters, it is the usual prac­
tice to convert the alternating current to di­
rect current by means of vacuum tube or 
copper-oxide rectifiers and then measure with 
direct-current meters. 

In accordance with these principles, the 
simplest transmission measuring arrangement 
would consist in connecting a known source of 
power to one end of the unknown circuit and 

,,,. a direct reading meter, calibrated in decibels, 
to the other end of the circuit. Until quite re-

l cently, such a simple arrangement has not been 
feasible, either because sufficiently sensitive 
meters were not available or because the am­
plifiers used for increasing the currents to the 
required values were not sufficiently stable. It 
has been necessary accordingly to employ the 
comparison method, described in the preceding 
article. This method obviates errors due to 
variations in the amplifier circuit because it 
consists in making two successive measure­
ments, which merely compare the unknown 
circuit with a known loss, and does not mea­
sure absolute values. 

TRANSMISSION TESTBOARD SHOWING VARIABLE OSCILLATORS 
AND TRANSMISSION MEASURING SETS 

The development of highly stable negative 
feedback amplifiers, copper-oxide rectifiers, and 
more sensitive direct-current meters bas made 
possible direct reading measuring systems. 
Meters employing some of the newer alloy 
steels are now available, which will measure 
transmission losses of around 20 db below one 
milliwatt without an amplifier. Figure 416 is 
a simplified circuit of such a measuring set that 
accurately measures losses up to 20 db. In 
using this set, one milliwatt of power at 1000 
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cycles is applied at one end of the circuit under test. 
This power is supplied by a. small magneto gen­
erator designed especially for furnishing transmission 
testing power. The transmission testing set is con­
nected at the other end of the circuit, where the in­
coming 1000-cycle power is rectified by the copper­
oxide units and led to the direct reading decibel meter. 
Two pads, which may be cut in or out, are included in 
the input circuit to extend the range of the set to values 
beyond the scale of the meter. 

Where transmission measurements involving values 
greater than 20 db are to be made, the simple copper-

Filter Out Out Calibrating 
Resistance 

'\ db 
I 

(mpedance 
Meter 

I M I 
I Improving I I I /Network I I 

15 L _____ J 
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Fm. 416. DIRECT READING TRANSMISSION MEASURING SET 

oxide rectifier and meter circuit illustrated in Figure 
416 is inadequate. To meet this condition, a negative 
feedback amplifier is included in the measuring set. 
As we know, such an amplifier is very stable and may 
be operated over long periods without adjustments. 
The amplifier is shown in Figure 417. It consists of a 
high impedance input transformer, T, bridged across 
a 600-ohm terminating resistance (which may be re­
moved when level measurements are made), two 
pentode tubes, a copper-oxide rectifier, R, and a meter, 
M, calibrated directly in decibels. The negative feed-

310-A 
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T 

:1J1 C 

B 

A 

ONE-THOUSAND CYCLE GENERATOR FOR .SUPPLYING TRANS­
MISSION TESTING CURRENT 

back voltage is introduced into the control grid cir­
cuit of the first tube through resistances A, B, and C 
by connecting one of the rectifier terminals to contact 
P of the potentiometer. These resistances, together 
with resistance D, form the cathode drop resistance of 
the control grid circuit, and any potential applied across 
them affects the potential on the control grid of the 
first tube. With the potentiometer, P, contact as 
shown in Figure 417, the negative feedback is a maxi­
mum and the net overall amplification of the amplifier 
is therefore a minimum. Changing the potentiometer 
contact to a lower step gives less feedback and results 
in a greater net gain of the amplifier. 

When a constant potential is applied to the input 
terminals of the amplifier, a constant voltage is also 
applied to the controkgrid of the first tube. As long 

311-A 
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as the tube, or rectifier characteristics, or power supply 
do not change, the output of the rectifier will also 
be constant. If, however, due to any cause the power 
supply changes, or the characteristics of a vacuum 
tube or the rectifier changes in such a way as to change 
the output to a higher value, the voltage fed back will 
also be increased. Because it is negative with respect 
to the input, this reduces the input sufficiently to lower 
the net output voltage to its proper value again. If 
the change were in the reverse direction, the output 
voltage would first be lowered thereby decreasing the 
voltage fed back to the input, which effectively in­
creases the input voltage and the amplifier returns 
again to its proper output voltage. 

The meters used with this measuring system have a 
range of 15 db, which is less than the maximum range 

. required. This range is increased by changing the 
amplifier gain in steps of 10 db. The resistances A, 
B and a in the feedback path are used for this purpose. 
In practice the contact arm of the potentiometer, P, 
may be controlled by relays which in turn are remotely 
controlled by keys, jacks, or dials at various points 
in the office. The db meters may be located where de­
sired, without reference to the amplifier-rectifier. 
They may also be placed in lantern slide projectors to 
throw a greatly enlarged met<>r scale on a screen, which 
can be read from a distance of 50 feet or more. These 
arrangements are extremely flexible since a single 
amplifier-rectifier and one or more associated decibel 
meters may be used to make measurements from any 
one of several points in an office. 

The amplifier-rectifier circuit is designed to give a 

constant gain through a wide range of frequencies. 
It may, therefore, be used, with an appropriate variable 
qscillator at the sending end, to measure the loss­
frequency characteristics of any circuit through the 
voice-frequency range. It may also be used in con­
nection with a recording device to measure the varia­
tions in the loss of a circuit over a period of time. 

201. Decibel Meters 

The decibel meter, associated with the amplifier­
rectifier circuit discussed in the preceding article, is 
merely a special D.C. ammeter· designed so that its 
scale reads decibels directly. The meter must read 
full scale for the ·amount of current corresponding to the 
fixed input power (usually one milliwatt) used in trans-

A B 
FIG. 418. DECIBEL METER 

mission measuring, and this full scale deflection of the 
meter is marked "zero" loss. If the meter is of the 
usual ammeter design, the points on the scale for sub­
sequent units of db loss are not evenly spaced, but 
crowded together as illustrated in Figure 418-A, because 
the decibel is a logarithmic unit. 

Of course, the D.C. ammeter is or­
dinarily designed to have equal spac­
ing on its scale for equal increments of 
current. This is a result of the fact 
that the moving coil, to which the 
pointer or indicator is attached, ro­
tates in an air gap · of uniform flux 
density, as may be noted from Figure 
418-A. As the flux is constant, the 
torque on the coil is proportional to 
the current, and since the pointer acts 
against a spring wluch provides a re­
storing force directly proportional to 
the deflection, equal deflections are ob­
tained for equal increments of current. 

SECONDARY TOLL TESTBOARD SHOWING PROJECTION METER FOR TRANSMISSION 
MEASUREMENTS 

Because of the practical convenien.ce 
of even scale meters, it is desirable to 
have a similar even scale on the dec­
ibel meter. This may be accom­
plished by varying the width of the 
air gap from one extreme position of 
the coil to the other as shown in Figure 
418-B, so that the flux instead of being 
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the same at all positions of the moving coil, increases 
logarithmically toward the position of greater loss. With 
this arrangement, the position for maximum current on 
the right-hand end of the scale is still marked zero db 
loss. But in order that the movement of the pointer 
along the scale shall be the same for each decibel, the 
air gap is so proportioned as to make the flux corre­
spondingly larger toward the larger loss end, thus 
offsetting the decreasing increments of current. How­
ever, a meter of this type requires a higher operating 
current than the ordinary ammeter because the flux 
is less at maximum current. 

202. Carrier-Frequency Transmission Measurements 

The principle employed in making carrier-frequency 
transmission measurements is generally similar to the 
comparison method for measuring voice-frequency cir­
cuits, as discussed in Article 199. In measuring a 
gain at carrier frequencies, a known input power is 
transmitted through a calibrated attenuator in series 
with the unknown gain, and on into a metering cir­
cuit which consists of a thermocouple and D.C. milli­
ammeter. By adjusting the loss in the attenuator 
until the output of the unknown gain device is equal 
to the input power at the attenuator, the loss in the 
attenuator is made equal to the unknown gain. In 
the case of measuring a loss, the same basic principle is 
employed. The known input power is now transmitted 
through a calibrated attenuator, the unknown loss, and 
a fixed known gain. Then when the attenuator is 
adjusted so that the output of the known gain device 
is equal to the input power, the unknown loss is equal 
to the difference between the known gain and the cali­
brated loss. 
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HIGH-FREQUENCY OSCILLATOR (50 TO 150,000 CYCLES) FOR 
BROAD-BAND CARRIER TESTING WORK 

A transmission measuring set using this principle was 
developed primarily for making carrier-frequency mea-

surements on the Types-C, -J, and -K 
carrier telephone systems. It consists 
essentially of a thermocouple, mil­
liammeter, attenuators, keys, jacks 
and repeating coils, ~rranged in such 
a manner as to facilitate the various 
types of tests which are required. Be­
cause of the wide range of frequencies 
involved heterodyne oscillators, capa­
ble of furnishing frequencies in the 
carrier range, are required for making 
measurements. 

TRANSMISSION MEASURING SET FOR TESTING BROAD-BAND CARRIER CIRCUITS 

A simplified schematic of this mea­
suring set is shown in Figure 419. 
Two paths, which are controlled by a 
switching key, are provided between 
the input to the set and the thermo­
couple and meter. 0ne path contains 
an adjustable attenuator while both 
paths contain suitable jacks for in­
serting l~sses or gains to be measured. 
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The set can thus be used for making measurements by 
the comparison method as well as by the "straightfor­
ward" method outlined above. A potentiometer is 
provided in the input to the set for accurately adjusting 
the testing power, and three key-controlled pads are pro-

vided ahead of the meter for protection against burning 
out the sensitive thermocouple. The thermocouple and 
milliammeter are arranged to read with reference to a 
test power of one milliwatt. The set is calibrated on 
direct current from a dry cell battery contained in the set. 
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I 

CHAPTER XXXIII 

ALTERNATING-CURRENT TESTS AND MEASUREMENTS- ( Continued) 

203. The Impedance Bridge 

In Chapter V we first encountered the Wheatstone 
bridge and learned the theory of "balance" which per­
mits us to measure the D.C. resistance of any circuit. 
Later we saw that the principle of balance can also be 
applied to alternating currents and in Article 117 we 
discussed briefly an A.C. Wheatstone bridge circuit. 
In telephone work it is frequently necessary to make 
A.O. bridge measurements, and to this end we utilize 
the "impedance bridge" illustrated in Figure 420. It 
can be seen that this is merely a modification of the 
Wheatstone bridge, with an alternating source of 
E.M.F. substituted for the battery, a telephone re­
ceiver (where the frequencies are within the voice­
current range) substituted for the galvanometer, and a 
variable impedance consisting of resistance and in­
ductive or capacitive reactance, substituted for the 
adjustable resistance arm of the Wheatstone bridge. 

FIG. 420. PRINCIPLE OF bolPEDANCE BRIDGE 

Th~ similarity here needs no further discussion, but 
it will be noted that the construction of an adjustable 
impedance introduces the necessity of having some 
means of varying either or both the resistance and the 
reactance. The variable impedance arm must be ad­
justable with respect to two distinct components­
resistance and reactance, and provision must be made 
to make the balancing reactance either positive or 

negative. Theoretically, a device such as that illus­
trated may be used in obtaining the balance. Here 
we have two distinct adjustments, one of which is a 

.simple resistance and the other of which is an arrange­
ment by which the reactance may be made any value, 
either positive (inductive) or negative (capacitive). 
With the capacity or inductance values known, the 
reactance component can be calculated for any given 
adjustment from the formula-

or 

X = _ 1,000,000 
21rfC 

X = 21rfL 

11,s the case may be. 
T.bere is a more practicable arrangement, however, 

which will accomplish the same result as that illustrated 
by Figure 420. It eliminates the use of the variable 
capacity and employs only an adjustable inductance 
in the form of an inductometer. This is illustrated in 
Figure 421. The inductometer is a device consisting 
of two similar coils, one of which may be rotated with 
respect to the other. Such an arrangement permits of 
a variation of inductance from almost zero, when the 
magnetic fields of the two coils oppose each other, to a 
maximum when the fields aid each oth~r and the in­
ductances add directly. The condenser is eliminated 
by introducing a transfer switch by which the in-

FIG. 421. IMPEDANCE BRIDGE WITH INDUCTOMBTICK 
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ductometer may be connected in series with the un­
known impedance so as to neutralize a negative reac­
ts.nee component rather than balance it. Inasmuch as 
the inductometer is calibrated in terms of millihenrys 
or henrys, as the case·may be, the reactance component 
must be calculated by the _use of the formula-

X = 27r/L 

This component will be negative when the switch is 
so thrown that the inductometer is in series with the 
unknown impedance, and positive when the switch 
is so thrown that the inductometer is in series with the 
adjustable resistance arm. 

In the actual construction of an impedance bridge it 
is of course not possible to employ an inductometer 
having zero resistance. It is necessary, therefore, to 
have a compensating resistance which is similarly con­
nected to switch contacts so as to always be in the 
opposite arm to the one in which the inductometer is 
connected. Figure 422 is a diagram of connections of 
the 1-B Impedance Bridge used in the telephone plant 
for measuring line impedances. Due to the fact that 
it is not possible to secure absolute zero inductance 
with the inductometer, a second fixed inductance is 
used, which may be switched from one arm to the 
other. Zero inductance can then be secured by throw-

LINE RES. 

1000..:) 

osc. 

REC. 

ing the fixed inductance on one side of the bridge and 
the inductometer on the opposite ~ide, so that the fixed 
one neutralizes its value on the scale of the other. 
Since either inductance unit may be switched to either 
side of the bridge, it can be seen that the reactance" 
values that can be meMured range from zero to a 
value of ± 27f/ ( La + Lb), where La and Lb denote the 
values of the two inductance units. Like the induc­
tometer, the fixed inductance also has a compensating 
resistance which is so wired to the transfer switch that 
it will always be in the proper arm of the bridge to 
balance the resistance of the coil. 

A vacuum tube oscillator is used. in connection with 
the bridge as the A.C. supply, and to permit measure­
ments over the entire range of voice frequencies the 
oscillator has an adjustable resonant circuit which 
allows any desired frequency value within this range 
to be obtained. It is also equipped with a filter for 
eliminating the harmonics of the particular frequency 
used, thereby affording a sine wave testing current. 

204. Line Impedance Measurements 

In Chapter XXVIII we learned that the successful 
operation of 22-type telephone repeaters necessitates 
the use of a balancing network for each line with which 
the repeater is associated. In maintaining the re-

A 

B 
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F10. 422. CIRCUIT or No. 1-B LINE IMPEDANCE BRIDGE 
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quired degree of balance between the network and the 
line, measurements throughout the voice range of fre­
quencies are sometimes required in order to check the 
impedance values and to locate any irregularities in 

1400 

1300 

1200 
~ 

I +60 

I\ +40 

+20 

the line circuit that may seriously affect the balance. 1100 / r /'\I -
I "- V ~\./ , I ,_,, --~ \ 

Here an impedance irregularity means any condition ; 
<31000 throughout the length of the line that may cause a 

I 

partial reflection of the electrical wave. From our 
earlier considerations of wave propagation we know 
that any wave will suffer both attenuation and phase 
displacement as it travels along a line, and this is, of 
course, also true of the reflected wave. Consequently, 
the magnitude of this wave and its phase position rela­
tive to the wave just leaving the generator, will change 
as it moves from the point of reflection to the sending 
end. Further, a little consideration will show that the 
phase of the reflected wave when it reached the genera­
tor will depend on the time it takes to travel from the 
irregularity to the generator, or what amounts to the 
same thing, on the distance from the irregularity to the 
generator. 

For a clearer analysis of the effect of an irregularity 
on a line, let us resolve the current entering the line 
into two components, one the current that would enter 
the circuit if there were no irregularity, and the other 
the reflected current that is present due to the irregu­
larity. Let us consider the case where the distance 
from the sending end to the irregularity is such that 
in this distance there are, for a particular frequency, an 
even number of waves. Any current that may be 
reflected will reach the generator in phase with the 
component of current entering the line at that point, 
so the resultant line current will be the arithmetic sum 
of the two. 

Now if the frequency is increased slightly, the wave­
length will decrease so that there will no longer be an 
even number of waves in the distance from the irregu­
larity to the generator. The reflected current reach­
ing the sending end will not be in phase with the 
"smooth-line" component and the resultant current 
will consequently be less than before. If we continue 
to increase the frequency, we will again obtain a con­
dition such that an even number of waves appear in 
the given distance, but now there is one more wave 
'than previously. However, as before, the two com­
ponent currents, being in phase, combine arithmetically 
to give the resultant current. In other words, the 
sending end current will vary with frequency. There­
fore, since Z = E/I, if we measure the impedance of 
the circuit, we will find periodic variations such as 
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Fro. 423. IMPEDANCE CHARACTERISTIC OF CIRCUIT WITH SINO LE 
IRREGULARITY 

regularity is such that the reflected current is exactly 
opposite in phase to the outgoing current at the send­
ing end, and points P, Q and R to frequencies where 
the reflected current is exactly in phase with the out­
going current at the s~nding end. 

Such a curve permits a determination of the distance 
from the sending end to the irregularity by the use of 
the following formula: 

w 
d = 2(/2 -/1) 

(176) 

where dis distance to the irregularity, Wis the average 
velocity of propagation of the telephone currents over 
the particular line in question, which may be taken 
from Tables XII and XIII, and '2-/1 is the average 
frequency interval between the adjacent "humps" of 
the impedance curve. If, in the case of a loaded cir­
cuit, we employ the number of "loads per second" for 
the term W, d will give the number of loading points 
between the sending end and the irregularity. If we 
employ miles per second for W, the distance will be in 
miles, etc. 

FIGURE 424 

appear in the curve of Figure 423. This is a typical Equation (176) may be derived by referring to Fig-
impedance curve obtained by making measurements ure 424 and setting up two equations with number of 
with the impedance bridge on a circuit having an im- wave-lengths and distance as unknowns. Here the 
pedance irregularity. Here points, M, N and O cor- conditions are such that the reflected current is oppo-
respond to frequencies where the distance to the ir- site in phase to the smooth-line component, so the im-
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pedance Z = E/1 is a maximum. If we increase the 
frequency, thereby decreasing the wave-length, so that 
there a.re two and three-quarter waves in the distance 
d instead of two and one-quarter as shown, we will a.gain 
have the same phase relation between the two com­
ponent currents, and the impedance will again be a 
maximum . . That is, -by -changing the frequency so 
the distance includes an additional half wave, the 
phase relations are maintained undisturbed. If / 1 is 
the- frequency when d includes two and one-quarter 
waves, we may write-

d = n>.1 

where >-1 is the wave-length corresponding to the fre­
quency /1 and n is the number of such wave-lengths in 
the distance d. (In this particular case, n = 2¼ . .) 
For the second case, where d includes an additional 
half wave-length, we may write-

d = (n + ½) >., 

But 

w 
>-1 = -/1 

and (from Equation 95). 

Substituting these values of >.1 and >-t in the above 
equations, we have-

d = n W 
/1 

d ~ (n + ½) W 
Is 

Here we have two equations with two unknowns, 
namely d and n, and since we are not interested in n 
we will eliminate it; thus-

n = d ~ 
Wllence, we have-

or 

d - d~ = ½ W = d (1 -~) 
/t ft ft 

from which 

d- W _ W 

- Z/1 [ 1 - ~] - 2(/, - /i) 
(176) 

To illustrate the use of Equation (176) let us con­
sider a _typical example. 

Example: Calculate the distance to the irregularity 
on the 19-gage H-44 cable circuit whose impedance 
curve is shown in Figure 423. 

Solution: On the R curve, we have "peaks" at 1000 
and 3200 so that ('2 - /1) = ½ (3200 - 1000) 
= ½ X 2200 = 733. Similarly from the L 
curve, (/2 - /1) = ½ (3040 · - 860) = 727. 
Using the average value of (/2 - / 1) we have--

W 17640 
d = 2('2 _ 

11
) = 2 X 730 = 12.1 loads, ans. 

As a matter of fact, the fault was located at the twelfth 
loading point. \ 

It will be noted that the fault location secured in the 
above example is rather approximate. In modern 
practice considerably more accurate locations are de­
sirable since clearing the trouble usually involves 
opening a cable splice. The standard instructions, 
covering fault location by means of impedance mea­
surements, describe several refinements which may be 
applied to the basic technique described above in order 
to secure greater accuracy. 

206. The Capacity Bridge 

From the theory of the impedance bridge, it can be 
seen that it would be quite possible to measure capacity 
values with this device. However, since condensers 
are practically pure negative reactances it is more 
convenient to eliminate the variable resistance, thus 
simplifying the manipulation. Figure 425 shows the 

St.and:ird 
.Condenser 

Slide Wire 50·55"' 

X-C:ip~ity 

L------------cTone o---------__.J 
FIG. 425. PRINCIPLE 01' THE CAPACITY BRIDOB 

impedance bridge when modified to measure capacities, 
in which form it is known as a "capacity bridge". 
Here, instead of having fixed ratio arms, we have 
variable arms and obtain balance by adjusting them 
until no sound is heard in the receiver. In this ca­
pacity bridge, the scale reading gives the ratio of the 
resistance arms, so the value of the unknown capacity 
18-

c,, = Scale Reading X C. 
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where C. is the capacity ,·alue of the standard con­
denser. 

206. Frequency Meters 

As mentioned earlier, in alternating-current work we 
need to know the value of the frequency. There are 
several methods of determining this, the one employed 
in each case depending entirely upon "the conditions. 
For frequency values lower than about 200 cycles, a 
simple vibrating reed device will give direct readings 

FIOURE 426 

within a reasonable degree of accuracy. The theory 
of this instrument is illustrated by Figure 426. Here 
we have a comb shaped arrangement of metal reeds of 
varying lengths, each ha.Ying a different natural period 
of vibration. A coil winding is connected to the circuit 
for which the frequency if- to be determined and the 
core of this coil has long narrow pole pieces of the same 
length a.c; the group of vibrating reeds. The reeds are 

FIG. 427. VIBRATING REED FREQU~NCY METER 

inserted in the air gap between the pole pieces. There 
is a magnetic attraction, therefore, for each reed due to 
the alternating current in the coil, in the same way 
that there is magnetic· attraction for the diaphragm 
of a telephone receiver. The particular reed which 
has a mechanical period of vibration corresponding to 

the current frequency will _vibrate but other reeds will 
not respond to the magnetic pulses. The ends of the 
reeds are aligned under· a scale as illustrated by Figure 
427, and the frequency can be read by· noting the long 
white line created by the reed vibrating with the great­
est amplitude. This form of', meter is employed in 
telephone offices for checking the 135-cycle ringing 
current. 

The vibrating reed meter depends for its operation 
upon mechanical resonance, but for higher frequencies 
than 200, such as are used in telephone, carrier, and 
radio work, electrical resonance is ordinarily employed. 
Any resonant circuit with adjustable capacity or in­
ductance values can be used for determining frequency. 
One illustration of such an application is the wave 
meter which is shown in Figure 428. In circuit A, if 

R 

L C 

A B 

FIG. 428. WAVE METERS 

an inductance L and a condenser C are so adjusted as 
to give resonance, the meter M will give a maximum 
reading. In circuit B, the resonant condition will 
obtain when maximum sound is heard in the telephone 
receivers which are connected in series with a rectify­
ing device, R. 

Instead of using the resonant circuit in the manner 
illustrated by Figure 428, it may be used in connection 

FlO. 429. IMPEDANCE BRIDGE ARRANGED FOR M11:A8l1RIN'O 
FREQUENCY 
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with the impedance bridge, as illustrated by Figure 429. 
Here when the variable capacity and the variable in­
ductance are resonant to the impressed frequency, it 
is possible to s~cure a bridge balance by means of the 
variable resistance arm alone. This scheme may be 
employed for calibrating vacuum tube oscillators. 

207. Noise Measurements 

From the early days of telephone service, some means 
of measuring the noise on telephone circuits has been 
in use. This at first consisted of merely listening on 
the circuit with a telephone receiver, which obviously 
resulted in a wide variety of ideas as to the amount of 
noise that was present. This led to the use of the 
1-A Noise Measuring Set which consisted of a "buzzer" 
to produce a noise, and a potentiometer . with 
which this noise volume could be varied over a wide 
range. By comparing the noise on a circuit to that of 
the buzzer in the· measuring set, which was adjusted 
by the potentiometer, it was possible to find a point 
where the two were judged to produce the same inter­
fering effect. The reading of the potentiometer at 
this position was a quantitative measurement of the 
noise on the circuit. 

2-A NOISE MEASUBING SET 

The 1-A Noise Measuring Set was obviously an 
improvement over the original listening tests but it 
failed to attain the degree of objectivity desirable,.for 
it depended in the ultimate analysis upon personal 
judgment. This judgment required the balancing or 
comparing of an adjustable amount of standard buzzer 
noise against the unknown amount of noise on the. cir'­
cuit, on the basis of its interfering effect to the inter­
pretation of speech and not on the basis of equal 
loudness. Unless the utmost precaution and care was 
exercised in making these tests, two noises that were 
judged to be equal by use of the 1-A set might be 
found to have quite different interfering effects on a 
transmitted conversation. 

These objections to the 1-A set were overcome to a 
large extent by the development of the 1-A Noise Am­
plifier. By using this amplifier in conjunction with a 
standard transmission measuring set, the ear was 
eliminated as the basis for determining the magnitude 
of the noise. This amplifier employed "frequency 
weighting" which was based on the information avail­
able as to the relative interfering effects of single 
frequency tones. While this amplifier was quite an 
improvement it fell short of being the ideal in other 
ways, such as portability and dynamic characteristics 
of the indicating instruments. 

The development of the 2-A Noise Measuring Set 
was a step toward realizing the primary objective of 
noise measuring equipment. This set carries its own 
power supply in the form of dry batteries and is de­
signed as a portable )lleasuring instrument. The in­
terfering effect of noise depends, in general, on its 
frequency composition, the relative magnitude and 
spacing of the various frequencies, the time duration 
of the noise, the type of circuit on which it occurs, and 
the person who is listening to it. These factors ob­
viously complicate the design of a satisfactory noise 
measuring set. It is desirable to employ a meter to 

give the indication of noise; but be­
fore such a method can be satisfac­
torily used, the interfering effect of 
different noises on speech as heard 
by the ear must be determined, and 
then circuits must be incorporated 
in the set between the noise input 
and the meter which simulate the 
action of the ear. 

As the effect of noise depends 
to a large extent on its component 
frequencies, a weighting network is 
included in the set which attenuates 
the frequencies in an inverse ratio 
to · their interfering effects. The 
importance of various frequencies 
depends on the type of circuit and 

the point in the circuit where the noise is to be mea­
sured. For example, in a representative telephone 
circuit that does not transmit frequencies above 
3000 cycles, a noise frequency of 5000 cycles would 
have practically no effect, yet on a program circuit 
this noise might be quite objectionable. in a similar 
manner, the subscriber's telephone subset which in­
cludes an induction coil and a condenser, affects the 
frequencies transmitted primarily in the.low-frequency 
range. Therefore, the weighting that should be made 
in the measuring set would be different depending upon 
whether the measuring set was to be used at a sub­
scriber's receiver or at a central office. 

In the event the noise was of a single frequency, the 
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·weighting networks would insure that its measured 

effect would be the same as that determined by the 
average ear. The noise, however, usually comprises 
many frequencies, and the action of the ear must be 
col)Sidered in combining these different frequencies. 
The copper-oxide rectifier, which converts the amplified 
noise currents into direct current to operate the meter, 
is designed to combine the weighted noise currents in 
such a manner that the sum is approximately equal to 

the square root of the !um of the squares of all the 
weighted components. It has been found that the 
ear combines most ordinary noises in a very similar 
manner to this. 

Following these adjustments, it is necessary to con­
sider the effect of the time interval the noise is present 
on the circuit. It has been found that most telephone 
circuit noises must exist for at least 0.2 second to ap­
preciably affect the ear. In order to incorporate this 
time factor in the noise measuring set, the meter has 
been given such dynamic characteristics that a noise 
duration of 0.2 second produces about the same de­
flection as a continuous noise of the same intensity. 
Noises of shorter duration produce proportion~lly 
smaller deflections. 

The complete 2-A Noise Measuring Set includes (1) 
an input circuit which presents the proper impedance 
to the circuit to which the set is to be connected; (2) 
weighting networks for frequency discrimination so 
that for each type of measurements, the noises of differ­

ent frequencies will be measured in aecordance with 
their interfering effects; (3) a graduated potentiometer 
which provides a means of measuring a wide range of 
noise magnitudes; (4) an amplifier to raise the level of 
the noise currents sufficiently to operate a meter; (5) 
a copper-oxide rectifier to convert the amplifier output 
currents into direct current; and (6) a noi!e indicating 
meter calibrated in decibels. Figure 430 shows sche­
matically this circuit arrangement. When measuring 

noise on ordinary types of telephone circuits at the 
central offices, the weighting network used bas the 
characteristics illustrated by Figure 431. 

As it is sometimes desirable to measure the noise on a 
telephone circuit without breaking the circuit, provision 
is made for bridging a high impedance input circuit 
across the circuit to be measured. The output of this 
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high impedance bridging circuit connects to the noise 
measuring set ahead of the weighting network. 

208. Crosstalk Measurements 

As pointed out in Chapter XXXI, crosstalk is the 
term used to designate a disturbance introduced into 
one telephone circuit by the telephone currents flowing 
in another. This disturbance may be caused by in­
ductance, capacitance, or resistance coupling between 
the two circuits, or by combinations of these three 
general types of coupling. 

The amount of crosstalk induced from one circuit 

into another is, of course, determined by the degree of 
coupling between the two circuits. A measurement of 
this coupling in terms of loss is therefore a measurement 

of the crosstalk. If the loss is low, the crosstalk is 
obviously large, and vice versa. While this loss could 
be measured with a standard transmission measuring 
set, using a calibrated amplifier in the receiving side if 
the loss was beyond the measuring range of the set, 
the results would only be for single frequency values. 
AB the crosstalk may occur at practically any frequency 
in the band transmitted, a single frequency measure­
ment is not an adequate indication of the crosstalk in­
tensity. Accordingly, a variable frequency (warbler) 
oscillator is usually used as the testing tone, which 
sweeps continuously back and forth over the frequency 
range of 830 to 1230 cycles, making about seven sweep­
ing cycles per second. It has been found that this 
testing frequency band provides reasonably accurate 
results as compared to the normal voice frequencies 
encountered in crosstalk. 

Figure 432 illustrates schematically the method em­
ployed in making near-end crosstalk measurements. 
The testing tone is alternately connected by means of 
Key 3 to the disturbing circuit and the metering (or 
loss measuring) circuit, and the potentiometer (cross­
talk meter) in the measuring circuit is adjusted until 
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the volume of the tone heard in the receivers is the 
same for both positions of the key. When the vqlume 
of the testing tone is the same over both paths, the loss 
injected by the potentiometer is obviously equal to 
the coupling loss between the two circuits. The set­
ting of the potentiometer then gives a quantitative 
measurement of the near-end crosstalk from the dis­
turbing to the disturbed circuit. By having this po­
tentiometer calibrated directly in Crosstalk Units and 
Decibels, a direct reading is obtained. 

It is important to note that in making near-end cross­
talk measurements, any line noise on the disturbed 
circuit is present in the receivers when listening to the 
testing tone for both positions· of Key 3. Therefore, 
such noise has no effect on the measurements. 

In making far-end crosstalk measurements, the test­
ing tone must be appl_ied at the far-end of the disturb­
ing circuit. The circuit arrangement used is illustrated 
in Figure 433. By operating Key 3, the disturbing 
circuit is connected to the calibrated potentiometer 
(crosstalk meter) where sufficient loss may be added to 
attenuate the testing tone to the same magnitude as 
that present in the receivers when Key 3 is operated to 
t-erminate the disturbing circuit. The loss measured 

Distant 
Office 

FIG. 433. CROSSTALK MEASURING SET ARRANGED POR FAR-END 
CROSSTALK MEASUREMENT 

by the potentiometer is then the measured far-end 
crosstalk. (As was pointed out in Article 195, it is 
necessary to add the line loss of the disturbing circuit 
to this value in order to get the true far-end cross­
talk.) 

In making crosstalk tests at frequencies above the 
voice band, some provision must be made in order that 
the crosstalk frequencies, which are above the audible 
range, may be heard in the regular telephone receiver. 
To accomplish this a detector-amplifier is usually em­
ployed, which functions as a heterodyne detector in 
that the presence of the high-frequency currents in its 
input is made known by an audible frequency in the 
receiver. This audible frequency is produced by beat­
ing the incoming high frequency with that of an oscil­
lator included ,vithin the detector-amplifier itself. The 
arrangements illustrated in Figures 432 and 433 for 
near- and far-end crosstalk measurements, respectively, 
are used with the addition of a detector-amplifier in 
making crosstalk tests at these higher frequencies. 
The input test tone is supplied at a single frequency. 
A series of tests at various frequencies is normally 
made to determine the relative amount of crosstalk 
throughout the frequency band being considered. 
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APPENDIX I 

PHYSICAL QUANTITIES AND THEIR UNITS OF MEASUREMENT 

1. Mecb•oical Quantities 

In addition to the general physical quantities, force, 

work and energy the essential ones belonging to the 

mechanical group are time, length, area, Tolume, mass, 
density, speed, acceleration, and power. The com­

bined group consists of two classes, viz. (a) those that 
are fundamental, and (b) those that may be defined 

from their relations to the fundamental ones. 
In dealing with any one physical quantity we need 

first to know its definition or exact nature and next the 

method whereby it may be measured. Its measure­
ment will always require a comparison with some unit 

which is either a fixed standard or may be derived from 

some fixed standard or standards. In addition to 

this it may sometimes require the fixing of a positive 

or negative sign to the numerical size of the quantity. 

2. The Three Fundamental Units 

There are three units that are fundamental to all 

mechanical measurements. We may either use these 

directly to measure any quantity in which we are in­
terested or to derive other units with which the quan­

tity may be measured. These fundamental units, 

which. we must preserve as standards and which must 
be remembered at a ll times because they cannot be 

produced mathematically, are the unit of time, the 

unit of length and the unit of mass. 
We daily express periods of time by comparison 

with familiar units such as second, minute, hour,- day 

and year and have vivid conceptions of their size or 
greatness, for example: 10 minutes, 2 hours, 3 years, 

platinum and an indirect method must be used. The 

earth exerts a force of attraction called gravity on the 

mass of all bodies and in practice we merely compare 

these forces (or weights) rather than make a direct 

comparison of masses. But what are being compared 

are in reality forces and not amounts of matter. 
From the same units with which we express dis­

tances, that is, from the units of length, we may derive 

mathematically units for area or volume. For area, 

such units are the square inch, the square foot, the 

square mile, etc. and for volume they are the cubic 

inch, cubic foot, cubic yard, etc. 

3. Density and Specific Gravity 

Density is defined as the mass per unit volume of a 

::1ubstance. To measure it we employ the unit of 

volume (length X length X length) and the unit of 

mass, i.e., mass divided .by volume. In practice we 

seldom use density in the absolute sense but use in­
stead specific gravity. The specific gravity of any 

material is the ratio of the weight of a given volume 

of that materia l to the weight of an equal volume of 

water. For example, the specific gravity of cast iron, 

a cubic foot of which weighs approximately 500 lbs., 

is 7.7 since a cubic foot of water weighs approximately 
62½ lbs. Likewise the specific gravity of the electro­

lyte (diluted sulphuric acid) which is ordinarily used 

in storage batteries is about 1.200, which means that 

any unit of its volume will weigh 1.2 times as much as 

the same volume of water. 

4. Velocity or Speed 

etc. We likewise express distances by comparing them We may express speed or velocity as the time rate 

with simple units of length such as inch, foot, yard, of traveling distance. If any body in motion, such as 

mile, etc. a train, continues its motion without change for one 

Though the fundamental units of time and length unit of time, such as the hour, the distance is a quan-

are too familiar to require discussion, the conception titative measure of its speed. For example, a train's 

of the third fundamental unit or the unit of mass is speed may be thirty miles per hour which means if it 

easily confused with the conception of force, and the keeps moving for one hour with the same speed as at 

every day term weight may be wrongly taken to mean the instant observed, it will cover a distance of thirty 

mass: miles. This does not mean, however, that the train 

Mass is defined as amount of matter. There is a will keep moving for one hour or that it will eventually 

piece of platinum carefully preserved in the Standards move the distance of tnirty miles; it merely means 

Office at Westminster which is called the "Imperial that if the conditions under which the train is moving 

Avoirdupois Pound", and this is our standard unit of at the instant observed are unchanged during a one 

mass. There is no direct method of comparing the hour period the train will traverse a distance of thirty 

mass of bodies of other material with this piece of miles. 
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Ii. Acceleration 

If the train at any time should either acquire more 
speed or "slow down" it would be accelerated. Ac­
celeration is defined as the time rate of changing 
speed. A train is positively accelerated when getting 
up to speed and negatively accelerated when slowing 
down. This quantity is an ideal example of a mea­
surement requiring more than a mere numerical com­
parison. If in one minute's time the train should 
increase its speed one mile per minute, it would have 
one unit's positive acceleration or an acceleration of 
plus one mile-per minute- per minute; if in the same 
length of time it decreased ~ts speed one mile per 
minute, it would have negative acceleration of one 
mile-per minute-per minute. 

6. Force 

Mass, such as the piece of platinum already men­
tioned, is drawn toward the center of the earth by the 
force of gravity. If it were free to fall, the force of 
gravity would give to it an acceleration of about 32 
feet- per second- per second; that is, at the end of 
the first second from tµe time it started to fall it would 
have a velocity of 32 feet per second and at the end of 
the next second a velocity of 64 feet per second, etc. 
That influence which tends to set any body in motion or 
to change the direction or speed of any body already 
in motion is called force. The unit of force is that 
force which the influence of gravity exerts on the stand­
ard pound of mass when at sea level. It is called the 
pound of force. 

When the forces acting upon a body in any one di­
rection are equal to those acting in the opposite di­
rection, the body is in equilibrium or at rest. When 
these forces become unbalanced, the body is set in 
motion and work is performed. 

7. Work 

Work is done when a force moves a body in the 
direction of the force. It is measured by the product 
of the force and the distance through which it acts. 
If a pound of force acts upon a body through a distance 
of one foot, one foot-pound of work is performed. If a 
six pound hammer is raised from the floor to a bench 
three feet in height, six times three, or eighteen foot­
pounds of work is performed. If the vertical distance 
between the two floors of a building is 12 feet and a 
man weighing 150 pounds ascends from one floor to 
another he performs 12 X 150 or 1800 foot-pounds of 
work. Here it should be noted that the force acts 
through the vertical distance only and not through 
any horizontal distance he may travel while ascending 
flights of stairs. The distance must be measured paral­
lel to the direction of the force. 

Work in its scientific sense is measured by the result 
and not by effort or exertion. A man may attempt 
to move a weight until he is fatigued, but he performs 
no mechanical work unless he succeeds in elevating 
the weight against the force of gravity, changing its 
position in a given plane against the friction and 
inertia tending to hold it at rest, or overcoming any 
other resisting forces that may be acting upon it. 

8. Power 

In the same sense that speed is the time rate of 
traversing distance, power is the time rate of doing 
work. Its unit of measurement, therefore, not only 
requires the fundamental uniai of foot and pound for 
its derivation but must include time also. If a ma­
chine is capable of performing 33,000 foot-pounds of 
work, we have no conception of the size of the machine. 
It may be a small machine capable of performing this 
amount of work in fifteen days or a large machine 
capable of performing the work in three seconds, but a 
machine that can perform 33,000 foot-pounds of work 
in one minute is rated at one horse power. 

9. Energy 

Energy is-ability to do work or is stored work and 
may therefore be expressed in the same units as work. 
A suspended weight or a fly wheel in motion are said 
to have stored mechanical energy by virtue of their 
ability to perform useful work. 

Energy also exists in forms other than mechanical. 
A strong acid may have the ability to dissolve metals; 
a solution may have the ability to generate an elec­
tric current when in contact with two dissimilar ~etals. 
Food, when digested, permits man to perform useful 
tasks. These are examples of ability to perform work, 
but the energy is in a chemical and not a mechanical 
state. 

Another very common form of chemical e_nergy is 
that of coal which when burned gives off large quan­
tities of heat. Heat is within itself a form of energy 
and may be made to perform work. It may be applied 
to a boiler in such manner as to generate steam under 
pressure and the steam may be us~ to operate an 
engine or turbine. The amount of heat required to 
raise the temperature of one pound of water one degree 
Fahrenheit is the British Thermal Unit. 

The following have approximately equal energy 
values, viz.: 10,000,000 foot-pounds: 

1. One pound of coal. 
2. One da~•s supply of food for adult man of average 

muscular vigor. 
3. Medium sized 24-volt storage battery fully 

charged. 
4. Amount of water in average railroad water tank 

when elevated from ground level. 
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Energy may be converted from one form to another 
but can never be produced or destroyed. This does 
not mean, however, that one pound of coal could be 
made to pump sufficient water to fill the railroad water 
tank mentioned in the foregoing. The best known 
devices for converting heat or chemical energy into 
mechanical energy are very inefficient and only a small 
part of the coal's energy value can be made to produce 
useful work, the greater portion being lost by heat 
radiation or conduction rather than utilized by con­
version. 

10. The Metric System of Measurements . 

The system of measurements used by all civilized 
countries except Great Britain and the United States 
is called the metric system. It is based upon mul­
tiples of ten or upon the decimal plan, in a manner 
similar to that of our money system in this country. 
On account of its marked advantages over our awk­
ward pound, foot, acre, quart, bushel, etc., it has been 
standardized for all scientific work, and consequently 
the electrical units are based upon this more con­
venient system. In the same manner that our money 
system greatly facilitates calculations by being based 
on the multiples of ten (namely, mil, cent, dime, 
dollar and eagle) the metric system provides units for 
measurement of all physical quantities which facilitate 
simple calculations involving these quantities. 

A system of prefixes is used in the metric system to 
indicate multiples of ten or decimal parts. This is 
illustrated in Table I, which gives the metric units for 
measurements of length. 

F10. 1. COMPARISON OJ' ENGLISH AND METRIC UNITS 

The measurement of volume and liquid capacity 
is based upon the litre, which is a cube with each di­
mension ten centimeters in length. It is, therefore, 
equal to 1000 cubic centimeters. It can be remem­
bered as being a little larger than our quart. 

The measurement of mass is based upon the gram, 
a very small unit and approximately equal to the mass 
of one cubic centimeter of water. It can be remem­
bered as equal to one-fifth of our five-cent piece. In 

other words, a U. S. five-cent piece weighs 5 grams. 
The kilogram or 1000-gram weight is more commonly 
used. It can be best remembered as being a little 
larger than two pounds. 

TABLE I 

METRIC UNITS OF LENGTH 

'ONJT 

1 Millimeter 
1 Centimeter 
1 Decimeter 
1 Meter 
1 Dekameter 
1 Hectometer 
I Kilometer 

DBC'IIIAL 

.001 meter 

.01 meter 

.1 meter 

10. 
100. 

1000. 

meters 
meters 
meters 

There is only one system for measuring time, and 
the second has the same meaning in the scientific 
system as in our system. 

Temperature is based upon the Centi­
grade scale instead of the Fahrenheit 
wherever the metric system is used. 
Zero degrees on the Centigrade scale 
corresponds to freezing point of water at 
sea-level atmospheric pressure (14.7 lbs. 
per square inch) or 32 degrees on the 
Fahrenheit scale; 100 degrees on the 
Centigrade scale is the temperature of 
boiling water and corresponds to 212 
degrees on the Fahrenheit scale. All 
intermediate degrees are proportional, 
which meani:, that one degree Fahrenheit 
is equal to five-ninths degree Centigrade.* 
Figure 2 illustrates the thermometer 
showing both scales. 

Table II gives the conversion factors 
between the English and metric systems 
for the units of various physical quanti­
ties. Included in this table are several 
units that have not been discussed in the 
preceding pages, such as watt, dyne and 
joule, but the significance and use of such 
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units is explained in the body of the text. 
Particularly important from our point 
of view are the relations between the Fro. 2· CoM-

PAR1soN OF 
watt or kilowatt and the horse power, FAHRENHEIT 

and between the joule and the foot- ~~!:&;~;
8 

pound. 

• For converting temperatures from Fahrenheit to Centi­
grade the above relations may be expressed as a formula-

C 0 = (F0 
- 32) 5/9 

and for converting Centigrade to Fahrenheit--

F 0 
- cc· x 9/5) + 32 
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TABLE II 
RBLATION BETWEEN METRIC AND ENGLISH UNITS 

COlfT:&UJOlf rBOM 11.JrrJIIC TO SMOLIBB CONVKIUSI ON PAOII ltKOLfBB TO MSTBIC 
QO~Y 

Name Abbre-- V,.lue viation I Ena:lisb equivalent Name )letric Equivalent 

TIME Second sec. (Same in both systems) second (Same in both systems) 
LENGTH centimeter cm. .01 meter .39 inch inch 2 .54 cm. 

meter m. - 1.094 yards foot .30'5 meter kilometer km. l000 meters .625 mile yard .915 meter 
mile 1.609 kilometers 

MASS gram {m. - .035 ounce (avoir.) ounce 28.35 grams 
kilogram g. 1000 grams 2.204 pounds pound .454 kilogram 

AREA square-centimeter sq. cm. . 155 sq. in. square-inch 6 .45 sq. ems. square-meter sq. m. 1.2 sq. yd. 

VOLUME cubic centimeter cu. cm. .001' litre .061 cu. in. cubic-inch 16. 39 cu. ems. litre 1000 cu. ems. 1.06 quarts cubic-foot 28.3 litres 
gallon 3 .8 litres 

FORCE dyne {seldom used) .00102 gram .454 kilogram 
gram (of force) 980 dynes . 035 -ounce ( of force) pound (of force) (of force) kilogram (of force) 1000 grams 2 .20 pounds (of force) 

WORK erg (seldom used) 1 dyne-centimeter foot-pound 1.35 joules joule 10,000,000 ergs . 738 ft. lb. 

HEAT gram-calorie gm.-cal. gm. of water 1 • C 3.087 ft.-lbs. British thermal 1055 joules (Energy) large-calorie 1000 calories 3 . 963 B.t.u.'s unit 255 gram-calories 
POWER watt joule per second .74 ft .-lb. per sec. horse power 746 watts or 

kilowatt kw. 1000 watts 1.34 horse power i kw. approximately 

Note :- The decimal fra('t1ons m the above table are not carried further than 1s essential for the applications made in this text. 

11. Electrical Units ing to move. The electrostatic unit of charge or quan-
All of the practical -units as well as some of the tity of electricity is that possessed by each of two bodies 

so-called scientific or absolute units for measuring which repel or attract each other with a force of one 
electrical and magnetic quantities are defined and dis- dyne when the bodies are one centimeter apart. This 
cussed in the body of the text. definition depends upon the arbitrary selection of 

There are three systems of units for measuring such unity as the dielectric constant of air at O"C. The 
quantities, the utility of each depending upon the electrostatic unit of charge is a very small one, one 
nature of the calculations or measurements to be made. coulomb being equal to 3 X 10' electrostatic units. 
In general, except for certain kinds of theoretica1 From this the relationships between other electrostatic 
calculations and laboratory experimentation, the famil- units and the corresponding practical units may be 
iar practical system ts to be preferred. determined; for instance, the electrostatic unit of 

The other two systems are the c.g.s. (centimeter- current is equal to ½ X 10--- amperes, the electrostatic 
gram-second) electrostatic system and the c.g.s. elec- unit of E.M.F. equals 300 volts, etc. 
tromagnetic system. The first of these systems is The c~.s. electromagnetic system of units is de-
based on a consideration of electric charges and electric veloped from a consideration of magnetism and mag-
or electrostatic fields. As is well known electric netic fields of force. Its fundamental definition, as 
charges or so-called "static electricity" may be pro- given in the text, is that of the unit of magnetic pole 
duced on the surface of substances such as amber, strength, i.e., unit pole strength is that possessed by 
rubber or glass by rubbing them vigorously with dry each of two magnetic poles that repel or attract each 
silk or fur. Such charges are accompanierl by an other with a force of one dyne when placed one cen-
electric or "static" field of force which, acting in the timeter apart. This definition depends upon the ar-
space around a charged body, causes it to attract non- bitrary selection of unity as the permeability of air at 
charged bodies such as small bits of paper and to 0°C. The c.g.s. electromagnetic unit of E.M.F. is 
attract or repel other charged bodies, depending on equal to 10-a volts, while the electromagnetic unit of 
whether the other bodies are charged with electricity current equals 10 amperes. Other relationships be-
of the opposite or the same sign. An electric field is t~een electromagnetic and practical unit.~ may be 
always present wherever electricity is moving or tend- derived from these. 
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APPENDIX II 

CIRCUIT DIAGRAM READING 

A casual glance at a complicated telephone circuit 
drawing often leads the student to think that circuit 
reading is like a strange language acquired only by 
the most difficult study. He is confronted with a 
maze of apparatus parts connected by a complex en­
tanglement of wires, and he despairs at the thought 
of memorizing hundreds of such circuits, each different 
from the others. Fortunately, this impression is more 
or less of an illusion. Though circuit reading is some­
what of a "knack", it depends for the most part upon 
skill to be acquired by learning the underlying prin­
ciples step by step. Furthermore, while the best 
telephone men may diligently study these principles 
and apply them in practice, they never attempt to mem­
orize circuit drawings. The large number of compli­
cated circuits that are essential to the proper handling 
of telephone service can never be mastered in this way. 

Accordingly, the following hints are given not as a 
key to every telephone circuit, but as a review of the 
underlying principles and as a recommended procedure 
for those not familiar with toll central office circuits: 

(a) Learn the principles of current flow including 
Ohm's and Kirchoff's Laws. 

(b) Memorize the conventional circuit symbols for 
the commonly used units of telephone ap­
paratus. 

(c) Learn the functions of the elementary appara­
tus parts~uch as transmitter, receiver, con­
denser, ringer, induction coil, jack, key, relay, 
etc. 

(i) Start with very simple circuits and step by step 
take up more complicated circuits. For in­
stance, study Figures 7, 10, 17, 20, 80, 81, 111, 
112, 113, etc. of the text in the order given. 

(e) Remember that voice currents are very feeble 
alternating currents ranging in frequency 
somewhere between 200 and 3000 cycles, that 
ringing currents are alternating currents of 
20, 136, or 1000 cycles, and that the majority 
of relays are operated with direct currents. 
On most drawings, the direct path of voice 
currents is shown by heavy solid lines and the 
path for direct or ringing currents, when not 
over the same conductors as voice currents, is 
shown by light lines. 

(f) Bear in mind that direct currents will not flow 
through condensers and will flow through re-
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tardation coils and that alternating currents 
will effectively flow through condensers but 
are greatly reduced in their flow through re­
tardation coils. Also, that direct current will 
not flow from one winding to another of an 
induction coil, repeating coil or transformer, 
and that alternating currents will flow, or to 
be more exact, are induced across from one 
winding to another of these coils. • 

(g) Learn first the purpose of operation, or in other 
words, that which the circuit is designed to 
accomplish. For example, in Figure 113 of 
the text we might say that the circuits shown 
are designed to permit local telephone con­
nections where one operator can establish all 
·connections and the circuit design must per­
mit common battery single position operation 
as follows: 

Subscriber takes receiver off hook and sub­
set circuit in conjunction with line circuit 
must give operator signal by lighting lamp in 
face of switchboard in front of her. Operator 
must be able to answer subscriber by con­
necting her telephone set to some one of her 
cord circuits and connecting this cord circuit 
to calling party's line. Line circuit must 
contain relay features which will extinguish 
lamp when operator makes this connection. 
Cord circuit must permit operator to make 
similar connections to called party's line and 
to ring called party. Ringing current must 
not reach ear of operator or calling party. 
Operator must have signal associated with 
cord circuit that will tell her when called party 
has answered and when both parties are 
through talking and hang up. The system 
must be so designed as to provide direct cur­
rent over line to subscribers' telephones for 
transmitter supply. The circuits must be de­
signed to give an efficient voice-current path 
from one subscriber to the other and from each 
subscriber to operator. Keys must be pro­
vided to permit operator to disconnect her 
head set from, or connect her head set to, cord 
circuit at will, thereby permitting her to handle 
connections with other cord circuits while two 
particular subscribers are talking. 
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We thus have the detailed performances for 
which the circuit must be designed. These 
are requirements for mechanical and electrical 
features that should be provided in a some­
what automatic manner. Knowing these, or 
in other words, knowing the operating proce­
dure for establishing connections between two 
common battery subscribers, each part of the 
circuit will stand out as having a specific pur­
pose and make circuit reading comparatively 
simple. 

(h) Get an approximate mental picture of the lay­
out of the various apparatus parts. For ex­
ample, in Figure 113, we may think of the 
transmitter, receiver and hook switch in the 

· telephone set located on a table or desk at the 
subscriber's office or residence; the condenser, 
induction coil and bell located in the bell­
box at the subscriber's office or residence; the 
protector and relay equipment of the sub­
scriber's line circuit located in the central 
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office terminal room; the jack and lamp lo­
cated in the face of the switchboard in front 
of the operator; the cord circuit equipment 
located somewhere in the switchboard position, 
with the plugs, keys and supervisory lamps of 
this circuit in the key-shelf where the super­
visory lamps are visible and the plugs and keys 
are readily accessible. 

(i) Do not attempt to read wiring diagrams. These 
are intended to assist the wireman in making 
the proper connections of cable pairs and other 
wires to the apparatus terminals and are not 
intended for circuit study. Make sure that 
the circuit drawing is a schematic or theory 
drawing and not a wiring diagram. 

(j) Learn thoroughly the operation of a few im­
portant telephone circuits pertaining to your 
particular branch of telephone work. 

(k) If the circuit is a difficult and unusual one, ask 
someone to explain it to you in preference to 
following a written explanation of it. 
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APPENDIX III 

CONSTRUCTION AND USES OF CURVES 

The use of graphical charts or curves is usually the 
most convenient and effective method of presenting 
data where two interdependent variables a.re involved. 
Such charts and curves a.re in most cases more readily 
understood than the corresponding mathematical equa­
tions and are not only easier to follow but take up less 
space than tables. 

~' 
Q) ·-
E II) 

<( 

.25 

.20 

• I 5 

.I 0 

.05 

---- K 

0 ,__ __ .__ ___ ....._ _______ .__ ___ _ 
.04 . , 2 St:CONOS 

FIGURE 1 

Any relationship between two variables, such for 
instance as y = ax, where y varies as x varies (or is 
said to be a. "function of x") may be clearly pictured 
on a simple plane cha.rt where one variable, say x, is 
plotted on a horizontal scale and the other variable, 
y, is plotted on a vertical scale. The two scales do not 
need to be alike, although ea.ch one must itself be uni­
form. Thus, Figure 1 shows the rather complex re­
lationship between time an~ the current in the primary 
of a telephone subset induction coil when a certain 
vowel sound is spoken into the transmitter. Here we 
have a. horizontal sea.le representing time, beginning at 
some instant designated as zero time and charted to the 
right in graduations of tenths of seconds and a. vertical 
scale representing current values charted upward in 
graduations of .05 ampere. Thus curve K shows all 

0 .o4 ., .2 Seconds 

.05 

.10 

.15 K 

.20 

25 

FIGURE 2 

values of the current in the circuit for the interval of 
time considered and conveys a. better and more com­
plete idea of what is actually ta.king place in the circuit 
than could be expressed in words. During the interval 
of time between zero and .04 second, i.e., during the 
first .04 second considered, there is a steady current 
through the transmitter and induction coil primary of 
.18 ampere; but beginning at the instant represented 
by .04 second a. vowel sound is spoken into the trans­
mitter and its resistance is alternately lowered and 
increased causing fluctuations in the current value 
which are represented by the irregular portion of the 
curve between .04 and .2 second. The value of the 
current could of course be charted over any period of 
time but in this case we have sufficient values to show 
clearly the effect on the transmitter current of a certain 
spoken vowel. 

.. 
f .. 
0. 

+.2 

-.2 
FIGURE 3 

'l'he cha.rt of Figure 1 is adequate for showing the 
magnitude of a current varying with time. Fre­
quently, however, cases are encountered where it is 
desirable to show not only the magnitude of the current 
but its direction as well. To take care of this a con­
vention has been adopted that values plotted upward 
on the vertical scale shall be considered as positive and 
values plotted downward as negative. Similarly, 
values plotted to the right on the ·horizontal scale are 
positive and to the left, negative. Thus, if the battery 
causing the current in Figure 1, which we have con­
sidered positive, were reversed, we would have a cur­
rent in the opposite or negative direction and our 
current-time diagram would be that of Figure 2. In 
the same way, to represent an alternating current we 
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may use a current-time curve such as that shown by 
Figure 3, which beginning at zero time represents a 
sequence of positive current values decreasing to zero 
value after the time ti, and followed by a sequence of 
negative current values (i.e., current in the opposite 
direction) increa'Sing from zero at time t1• 

Obviously curves such a.s those illustrated and dis­
cussed above may be used for other purposes than 
charting the relation between current and time. They 
may quite as frequently be used to chart relations 
between voltage and time or, in fact, between any 
two quantities that are so related that one is a function 
of, or is dependent on the other. There are frequent 
occasions, also, for charting the relationship between 
two quantities both of which may be either positive or 
negative. For this purpose a diagram known a.s a 
"complete rectangular coordinate diagram" such a.s 
that illustrated by Figure 4 is used. The hysteresis 
curves shown by Figures 42 and 43 in Chapter III of 
the text are good examples of diagrams of this kind. 
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-4 

FIGURE 4 

A curve charted so as to show the relation between 
two quantities, one of which is time, may be used not 
only to determine values at any specific instant but 
also to determine the rate of change of the value at 
any instant. The curve of Figure 5, for instance, 
which represents the relation between distance covered 
by some moving object and the time required to cover 
this distance, will tell us how far the object is from the 
starting point at any instant and also the speed or rate 
of change of distance at that instant. This speed or 
rate of change of distance is defined as the slope of 
the curve at the designated instant. Thus, the speed 
at which the moving object of Figure 5 is traveling .2 
minute after it leaves the starting point may be deter-

convenient size but having one leg, a.s be, vertical and 
the other, ab, horizontal; then the value of be measured 
on the vertical scale of the chart divided by the value 
of ab measured on the horizontal scale is the slope of 
the curve at the point P. This quantity is distance 
divided by time and therefore is a measure of rate of 
change 'of distance or, in more useful terms, the speed 
at which the body is moving .2 minute after it leaves 
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FIGURlt 5 

the starting point. At this point the speed is positive 
because the distance is becoming greater and the motion 
of the body is away from the starting point. There­
fore, we may say that when the slope of the curve 
is upward from left to right, it is positive and represents 
a positive rate of change. On the other band, if the 
body ceases to move away from the starting point and 
returns toward it, it may be said to have negative 
speed. Such a condition is illustrated by point Q 
of Figure 5 and here the slope of the curve is downward 
from left to right and is negative. 

2 

lime Minutes 
.I .2 .3 

.. 
Q 

FIGURE 6 

mined by finding the slope of the curve at the point P, Now if we calculate the speed for a sequence of 
where a vertical line drawn upward from the .2 minute points along the curve of Figure 5 by the method -
graduation on the time scale intersects the curve. just -described and chart these values against time, we 

The slope may be determined by drawing through the obtain the curve of Figure 6. In this case the slope 
point on the curve a straight line tangent to or having of the curve gives us rate of change of speed or ac-
the same direction as the curve at the point and con- celeration. Thus the acceleration at the point P 
structing on this straight line a right triangle of any of Figure 6, or .2 minute after the body starts to move, 
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may be measured by drawing a tangent to the curve 
at the point, constructing a triangle as shown, and 
dividing the length of the line be as projected on the 
speed scale by the length of the line ab as projected 
on the time sea.le. As before, we have positive ac­
celeration meaning increasing speed, which is repre-
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sented by positive slope, and negative acceleration 
meaning decreasing speed or "slowing down", which 
is represented by negative slope. At point P the 
acceleration is negative since the body is slowing down 
prior to reversing its direction of motion and returning 
toward the starting point. 

http://www.SteamPoweredRadio.Com


www.SteamPoweredRadio.Com

APPENDIX IV 

WAVE M OTION FREQUENCY SCALES 

1. Vibratory Motion 

Manifestations of vibratory or wave motion are 
common in all nature and many forms take place about 
us continuously. Perhaps the most obvious form is 
the water wave which everyone has observed to be a 
form of vibratory motion. By means of condensations 
and rarefactions of t he atmosphere, which are as truly 
a form of wave motion as the water wave, we experi­
ence the sensation called sound. By virtue of still 
another form of wave motion consisting of a vibration 
in t he mysterious substance which fills all space, called 
"ether", we recognize the color of some brilliant o?ject. 
To go further, if this vibration is of a certain particular 
frequency, the color registered by the retina of the eye 
may be red but if nearly twice this particular fre­
quency, we are conscious of violet color instead of red. 
In an electrical conductor, we may think of an electrical 
current fl.owing first in one direction and then in the 
other, as another example of wave phenomena not 
altogether different from that of light, and although 
belonging to an entirely different categ~ry, similar in 
some respects to that of sound or even water waves. 

Audible sound is defined as a disturbance in the 
atmosphere whereby a form of wave motion is propa­
gated from some source with a velocity of approxi­
mately 1075 feet per second, the transmission being by 
means of alternate condensations and rarefactions of 
t he atmosphere in cycles having a. fundamental fre­
quency ranging somewhere between 16 and 32,000 
cycles per second. In ·Figure 1, we have a scale ar­
ranged by frequencies corresponding to periodic recur­
ring octaves. It shows the musical staff notation, 

C1 C D E F G A B C d e f a 
Relative Pitch ½ 1 t ¼ t ½ t t 2 ! ! t 3 
Frequencies 32 64 72 k15• 80 96 IIOO 12( 121 14' 161 170 1\f", 

a 
w 

1 

and the frequencies of t he notes vary as numbers whose 
logarithms can be shown as ·a simple progressive scale. 
Figure 2 shows another sound scale as a simple table of 
frequeµcies again arranged by graduations correspond­
ing to octaves or logarithms. Here, however, fre­
quencies are shown by tens, hundreds and thousands 
instead of as notes of the musical scale. This figure 
also extends the frequencies to the absolute limits of 
human hearing or the so-called "limits of audibility". 
Vibrations coming within the limits of this scale are 
referred to as audio-frequencies , and an alternating 
electrical current having a frequency, for example, of 
1000 cycles, would be carrying the equivalent of a 
monotonous pure tone lying somewhere between C" 
and C111 of the musical scale. 

Figure 3 illustrates a scale of ether vibrations which 
t ransmit light, radiated heat, and the electromagnetic 
waves of wireless -telephony and telegraphy. This 
scale is likewise arranged by graduations proportional 
to octaves. The number shown opposite each grad­
uation corresponds to frequency, and the wave-lengths 
at the important division points are given in Angstrom 
units. As noted on the drawing, this is a very small 
unit equal to one ten-millionth of a millimeter. The 
division points are rather arbitrarily chosen in most 
cases and are intended only to group the various classi­
fications in a general way. Except in the case of 
visible light, there is naturally no sharp dividing line 
between the different classes of radiation. 

2. Alternating-Current Frequency Scales 

All alternating-current freqltencies that have any 
general application in practice, can be grouped and 

b c' d' P.' f ' n' a' b' c# d• e" f· a• a• b" ,c"' ~ :m: 

:l 4 t 5 -'f 6i ~ 8 9 10 ¥ 12 f 15 16 32 
vn8 320 341 

c... ·- 12 7,' . .... 
68 V I 2048 v -

F10. 1. MUSICAL SCALE 
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graphically pictured opposite 25 cycles which covers a frequency often used 
similarly to the fore- in power work when alternating-current railways are 
going scales for involved and lighting is a secondary consideration. But 
sound and light. 60 cycles is indicated as the ~tandard frequency used 
Thus, we have rep- most extensively in power work. Each standard has 
rese!,l_ted in' Figure its advantages. Alternating-current machinery de-
4 a chart of the alter- signed for 25 cycles need not be 'designed to operate at 
nating-current fre- high speeds, and in some cases permits better power con-
quencies used in trol than 60 cycles. On the other hand, 25 cycles is not 
bothpowerandcom- desirable for 
munication w.ork. lighting inas-
This chart naturally much as the or-
includes many of the dinary lamp fila-
same frequency ment will suf-
values shown in the ficiently cool 
foregoing scales, be- between positive 10' 
cause frequencies and negative 
identical in value current peaks of 107 

with those of sound the cycle (or in 
are commonly used the nth second 108 

in telephone circuits, interval) to cause 
and frequencies used the light to 109 

in wireless telephony "flicker". The 
and telegraphy are 60-cycle sys- 1010 

also often used for tem is ideally 
various wire appli- adapted to light-
cations, such as ing and for most 
carrier. A study of applications is 
Figure 4 gives us the well adapted to 
entire field of use of power work. 
electricity in the Near the bot-
alternating-current tom of this col-
form, so ordered that umn is a note 
we see at a glance explaining that 1015 

the wide range of lightning fre-
freq uency values quencies range 
and their adaptabil- from a few hun-
ity to different util- dred thousand 
itarian applications. cycles to the 

This chart is di- higher wireless 1018 

vided into four col- frequencies. Of 
umns, representing course, all ex- 1019 

four different fields posed power and 
of use of electricity. communication ro2 

The first column is lines, as well as 

3x10 14 

Practical Radio Waves 

sx1010 
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FIG. 2. LooA.RITHMic MusrcAL ScALE headed "Power radio receiving 102 
Co$mic: 

·work", the second and transmitting 
"Telegraph", the third "Telephone", and the fourth circuits, are sub-
"Telephone Signaling". Adjacent to each column, ject to lightning 
either on the right orleft, is a scale of frequencies which hazards, and 

-is again arranged by octaves with the actual frequency protection de-
values shown. In other words, it is a log9trithmic rather sign is an appli-
than an arithmetic scale, which shows frequencies from cation to circuits 
10 cycles upward. involving these 

In the "Power" column, we find a bracketed note frequencies. 
[ 337] 
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The second column of Figure 4 headed "Telegraph", 
covers four classes of telegraph transmission. First, 
the more common system designated "ordinary tele­
graph", including the familiar grounded neutral and 
polar systems and metallic cable systems; second, 
the voice-frequency carrier current telegraph system; 
third, the superposed carrier current telegraph; and 
fourth, the radio telegraph. The first application, or 
the more common telegraph :;ystem which makes and 
breaks a direct-current ·circuit is usually thought of as 
a direct-current system, but considering the rapidity 
of the makes and breaks and the wave-like nature of 
the telegraphic pulses, we have an approximation to an 
alternating-current transmission that we could describe 
as a telegraphic band of frequencies beginning at zero 
and shading into about 25 cycles. 

The other applications make and break a steady flow 
of alternating current rather than direct current. The 
voice-frequency cable carrier system makes use of a 
series of frequencies beginning at 425 cycles and ex­
tending to 2295 cycles or higher. By this means twelve 
two-way telegraph channels are secured over a 4-wire 
cable circuit, with a separation in frequency between 
channels of 170 cycles. The-use of the 4-wire circuit 
permits transmitting in both directions at the same 
frequency. It will be noted, however, that the fre­
quencies used in this telegraph application are within 
the ordinary voice range so that a cable circuit used for 
a voice-frequency carrier telegraph system cannot at 
the same time be used as a telephone circuit. 

Due to the greater cost of the wire facilities, it is not 
economical to operate the voice-frequency carrier sys­
tem on open wire circuits since this would not permit 
the use of the facilities as telephone circuits. Open wire 
circuits, however, are capable of transmitting much 
higher frequencies than are cable circuits. This feature 
makes possible the superimposing on an open wire tele­
phone circuit higher frequency carrier . telegraph sys­
tems. As shown in Figure 4, these carrier systems use 
frequencies between 3300 and 11,250 cycles, ten fre­
quencies being used for transmitting West to East and 
ten higher frequencies for transmitting East to West 
in each case. The use of different frequencies for 
transmitting in the two directions makes possible the 
application of the system on an ordinary 2-wire circuit. 

The radio telegraph employs frequencies from about 
10,000 cycles to more than 60,000,000 cycles. The 
wave-lengths corresponding to any radio frequency 

· (or any ethereal vibration whatsoever) are calculated 
from the formula-

of ethereal waves, which is 300,000,000 meters per 
second. The number of wave-lengths in one second 
(or frequency) times the length of one wave must equal 
the distance traveled in one second, or 300,000,000 
meters. 

Wave-lengths are assigned for radio telegraph and 
radio telephone communication through Government 
or International Conference regulation and are accord­
ingly subject to change from time to time. In the 
earlier days of the radio art, the long wave-lengths (low 
frequencies) ·were used exclusively, but in modern prac­
tice both long and short waves are extensively em­
ployed. The longer waves require considerably more 
power for transmission over a given distance but they 
arc less subject to "fading" than the short waves. 
On the other hand, the short waves are relatively free 
from certain kinds of "static interference" which some­
times prevents satisfactory transmission with the long 
waves. 

Alternating-current frequencies employed in tele­
phone transmission are in· every case "bands" repre­
senting the range of voice frequencies es.sential for 
intelligibility in a telephone conversation, and in this 
respect the application is unlike that of telegraph. 
The ordinary telephone circuit, to give good intelligi­
bility, must employ a band from 200 to 2700 cycles, as 
shown by the bracket in this column. To preserve 
quality, the range of frequencies from 500 to 1800 
should be transmitted with very little distortion, and 
the distortion that is permissible for other frequencies 
will, of course, depend upon the nature of the service. 
For example, in program supply service where good 
quality is very essential, it is necessary to extend the 
entire band of frequencies to include at least 3000 cycles 
if only speech is to be transmitted, and to include at 
lea.st 5000 cycles if music is to be transmitted. 

Carrier current telephone transmission is accom­
plished by "modulating" a single frequency with the 
band of voice frequencies. A typical case is the first 
channel of the Type-CN system which represents a 
7600-cycle frequency varying to a lower value, which 
variation would represent the frequency of the voice. 
Thus, each carrier channel is shown as a band shading 
away from the designated value of the carrier fre­
quency. It will be noted that the graphical representa­
tion of the bands is of decreasing width from the lower 
frequencies to the higher frequencies. This means 
that each band will have a width corresponding to the 
range of voice frequency. Because the frequency is 
plotted on a logarithmic scale, the scalar width of the 

300,000,000 band represents the ratio of the band to the carrier 
f frequency. In other words, a 3000-cycle band at 

where>. is the symbol for wave-length in meters and f 30,000 cycles would represent only a 10% variation in 
is the frequency. This is evident from the known speed the carrier frequency, while a 3000-cycle band with a 
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9000 carrier frequency would represent a 33½% 
variation. 

Frequencies used for radio telephony extend through 
the same range as those employed in radio telegraphy. 
At the lower frequency end, they overlap the carrier 
frequencies and they extend upward far beyond the 
scale of the chart. Because they are subject to fre­
quent change, no attempt is made to show the detailed 
allocations for various purposes. However, the ordi­
nary (long wave) broadcast band is indicated as ex­
tending through the range between 550 and 1500 kc. 
The chart also shows the allocations for the short-wave 
transoceanic telephone circuits and for the single long­
wave circuit between New York and London. 

While telephone signaling is essentially a part of 
telephone communication service, it is, nevertheless, 
di,stinct from the transmission of the human voice. 
The fourth column of Figure 4 shows three telephone 
signaling systems. The standard ringing current for 
ringing telephone bells and signaling over local tele­
phone lines, as well as over short toll lines not equipped 
with composite sets, has a comparatively low fre­
quency of approximately 20 cyoles, and is ordinarily 
referred to as "20-cycle ringing". 

The 20-cycle current would naturally fall within the 
band of frequencies discussed in connection with "ordi­
nary telegraph", which as has been explained, is es­
sentially direct current, but shades into the alternating 
scale to about 25 cycles. Consequently, it would not 
be practicable to separate in the telephone office a 
20-cycle ringing current from .a telegraph current, and a 
ringing current of this frequency transmitted over com­
posited telephone lines would interfere with the tele­
graph service. Conversely, telegraph currents would 
interfere with signaling. For this reason a second 
frequency, well outside the ordinary telegraph range of 
frequencies, is used for ringing over the shorter compos­
ited circuits. The standard frequency value assigned 
for this use is 135 cycles. 

which will ordinarily contain some 1000-cycle notes, 
will not operate the ringer. This type of signaling is 
also used on carrier telephone circuits for similar 
reasons. 

In concluding the foregoing explanation of the vari­
ous frequency values and frequency bands in general 
use, it should be remembered that this "description is 
neither complete nor fundamentally descriptive of the 
distinction between various alternating-current applica­
tions. Though the frequency scale illustrates in one 
sense characteristic differences in the currents, it 
should be remembered that other characteristic differ­
ences such as energy values might illustrate an equally 
wide diversification. Furthermore, the use of a single 
frequency does not mean that no consideration must 
be given to the nature of other frequencies which may 
indirectly become involved in the same application. 
To illustrate, a 60-cycle, 3-phase power line when un­
balanced has a residual current flow of 180 cycles, and 
the same power system with imperfect sine wave form 
may carry harmonics which give a band of frequencies 
extending through the voice-frequency range, resulting 
in serious inductive interference with communication 
circuits paralleling the power lines. Another case is 
radio telegraph transmission. While employing a 
single wave-length, this must have a sufficiently accu­
rate sine wave form so that it will not radiate harmonics 
which would interfere with radio communications em-
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On long voice-frequency telephone circuits equipped 
with a number of telephone repeaters, there are ad­
vantages to be gained in eliminating the special -ap­
paratus which is required at each repeater point to relay 
the 135-cycle current around the telephone repeater 
circuit. This is necessary because the repeater set is 
ordinarily not designed to "pass" the 135-cycle fre­
quency. Of course, the repeater is designed to amplify 
the band of frequencies representing the actual voice, 
and any ringing current within this range of frequencies 
would not only pass through the repeater but would at 
the same time be amplified. Such an arrangement 
would not require relaying equipment for the ringing 
current. This third ringing frequency is 1000 cycles 
interrupted 20 times per second, the latter feature being 
necessary in order that conversation over the circuit, FIG. 5. ANALYSIS OF SOUND WAVE BY :FOURIER'S THEOJlllMI 
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ploying other wave-lengths., The application of alter­
nating currents of a single frequency or a single band of 
frequencies, therefore, may and actually does in the 
majority of instances, involve the suppression of other 
frequencies as well as the use of the individual fre­
quency. 

3. Wave Analysis 

It is known that the characteristic wave forms for 
vowel sounds are complex waves rather than sine waves 
of a designated frequency, and that alternating cur­
rents which represent the tones of the human voice are 
seldom, if ever, a simple sine wave. The same may be 
said for many other cases of alternating-current trans­
mission. We would be hopelessly involved if we should 
attempt to deal with any current wave shape that might 
be encountered as distinct and apart from the sine 
wave, which is the basis of most alternating-current 
circuit calculations. Fortunately, for all practical 
cases, any steady state alternating-current wave form, 
regardless of how irregular, may be considered as a 
series of sine wave currents being simultaneously 
transmitted. That is to say, any irregular current 

wave shape can be analyzed or broken up into a series 
of sine wave shapes. This series can further be re­
stricted to a fundamental frequency and multiples or 
harmonics of this fundamental frequency. For ex­
ample, Figure 5 shows an irregular wave so analyzed, 
and by actually adding the successive and correspond­
ing values of all the sine waves, we can cha.rt the original 
and irregular wave shape. 

The practical treatment of any irregular wave shape 
for electrical transmission, is then, divided into two 
steps: 

a. Analyze the wave shape into a fundamental sine 
wave and its harmonics. 

b. Deal with each of these component sine waves 
individually. 

The actual mechanical analysis, such as that shown 
by Figure 5, is quite difficult, and while. the analysis 
can be made from an "oscillogra.m", this is for the 
most part a combination of a laboratory process and 
involved mathematical calculations. For most pur­
poses, however, we need be concerned with the con­
cept only, rather than with the actual analysis. 
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ACCELERATION, 328, 334. 
Acoustic impedance, 76. 
Active singing point, 269. 
Admittance, 140, 150, 172. 
Air-cell battery, 51. 
Alternating current, theory, 134; calculations, 142, 148; reaiatance, 151; teats and measurements, 310, 319; amme­ters, voltmeters, wattmetera, 310. 
Ammeter, D .C.1 25; A.C., 310. 
Ampere, definition of, 3; symbol for, 6. 
Ampere-turn, 22. 
Amplifier, vacuum tube as, 231 ; UBes of, 239; program, 243; push-pull, 244; negative feedback, 246; diAtortion in, 245, 249, regulating, 276. 
Amplifier-rectifier, 312, 326. 
Anode, 221. 
Anti-resonance, 153. 
Anti-sldetone sub-set, 70, 78. 
Apparatus, inductance value,, 63; telephone, 76. 
Artificial line, 168. 
Atom, l. 
Attenuating pads, 198; types of, 198. 
Attenuation, definition of, 170; symbol for, 170, 173; con­stant, 170; in A.C. circuits, 173; effect of line characteris­tics on, 181; equalizers, 200. 
Attenuation-frequency curves, for open wire lines, 191; for cable circuits, 194; for carrier frequencies, 191, 192, 195, 196. 
Attenuator, variable, 200. 
Audio-frequency, 336. 
Autotralll!former, 160. 

BABBLE, 307 
Balance, wire resistance, 36 159; network, 270. 
Balance tests, 269. 
Balanced-tube modulator, 255. 
Balancing condenser, 304. 
Balancing networks, 270. 
Band-paae filter, 213. 
Battery, convention for, 50; primary, 50; air-cell, 51; dry, 51; storage, 52. 
Beat-frequency oscillator, 236. 
B-H curves, 23, 261. 
Bias distortion, 122. 
Bias in telegraph signals, 114, 122, 124, 128. 
Bias meter, 133. 
Bridge, Wheatstone, 30; #12001, 31, 32; per KS-3011, 31, 33; per KS-5411, 32,34; er088-fire, 93; impedance, 319; capac­

ity, 322. 
Bridged T-equalizer, 201. 
Bridge polar duplex, 96, 97. 
British thermal unit, 328. 
Broad-band carrier systems, 287. 
Building-out, short loading sectiona, 187; sectiona, 272. 

CABLE, stub, 187; quad, 303; standard mile, 180. 
Cable facilities, 192; attenuation-frequency curves for, 194; characteristics of, 192; toll entrance, 195; disc-insulated, 

197. 
Cable loading, 182. 
Cable repeater spacing, 265. 
Calorie, gram and large, 330. 
Capacity, definition or, 63; symbol for, 6; of copper conduc­tors, IO, 190, 192; of condenser, 64; unit of, 64; unbalance in cables, 304; bridge, 322. 
Capacity balancing against cr088talk, 304. 
Carrier, principles of1 251; modulation, 253; demodulation, 256; sou.rces of carrier frequencies, 260; use of tilter,, 251; transmiBllion measuring set, 317; frequencies used, 283, 284. 
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Carrier cr088talk, 302. 
Carrier-frequency oscillator, 317. 
Carrier-frequency supply, 260. 
Carrier telegraph, meana of obtaining circuits, 92; principlea of, 252; voice-frequency 285; high-frequency, 284. Carrier telephone, principles of, 25i; low-frequency systema1 284; Type-C, 286; Types D, G and H, 287; broad-bana systems, 287; Type-J, 288; Type-K, 290; coaxial, 291; regulation, in open wire systems, 291; in cable systelTlll, 294. 
Cathode, 221. 
Cell, definition of, 51; Daniell or gravity, 51; sal ammoniac, 51; Lalande, 51; dry, 51 , 52; counter EMF, 48; emergency, 46; photo-electric, 56, 57. 
Central office power, generators for supplying, 44; circuit., 46. 
Characteristic distortion, 126. 
Characteristic imi;>edance, 172. 
Characteristic resistance, 169. 
Characteristics, of open wire lines, 190; of cable circuits, 192; of various vacuum tubes, 231. 
Choke coil, 46, 62. 
Circuit, simple electrical, 2; aeries, 2; parallel, 3; open, 4; conventions, 4, 5; magnetic, 19; simple telephone, 67; cord, 78; operation of typical long distance central office, 84; telegraph, 92, 117; tuned, 153; resonant, 152; anti­resonant, 153; how to read, 331. 
Circuit facilities, 188. 
Circuit unit, 275. 
Coaxial conductors, 195; carrier systems, 291. Cobalt-steel, 17. 
Code, American Morse, 94; teletypewriter, 110; loading, 193. Coil, convention for, 5; induction, 156; heat, 75; choke, 46, 62; holding, 95; repeating, 160; hybrid, 161; croeetalk balancing, 306; retardation, 84. 
Common battery exchange, 71. 
Commutator, 74. 
Composite filter, 211. 
Composite set, 93. 
Condenser, conventions for, 64; capacity of, 64; building­out, 187; balancing, 304; electrolytic, 46; mica, 84; paper. 

84. 
Conductance, 12. 
Conductivity, 9, 23. 
Conductors, electrical properties of, 10; resistance of, 9; capacity of, 10, 190, 192. 
Configuration of wirea on open wire lines, 188, 189. 
Contacts, auxiliary jack spring, 79. 
Control grid, 223. 
Conventions, circuit, 5; for sources of direct EMF, 00; for sources of alternating EMF, 134. 
Copper, electrical properties of, 9. 
Copper-oxide modulator and demodulator, 257. 
Copper-oxide rectifier, 68. 
Cord, switchboard, construction of, 79. 
Cord circuit, toll, 85. 
Cord-circuit repeater, 90, 282. 
Correctors, phase, 205. 
Coulomb, 9. 
Counter electromotive force, 49. 
Counter EMF cell, 48. 
Cout>ling, capacity, 298; inductive, 155, 297. 
CroBS-fire, 93. 
Crosstalk, electromagnetic, 297; electrostatioi 297; near­end, 298; far-end, 298; causes of, 297; princip ea of reduc­tion, 299; reduction practices, 301; reflection, 301; tertiary circuits, 303; in carrier systems, 302, 305; balancing coil, 306; measurements, 308; unit, 308; measuring set, 326. 
Crystal, quartz, 214: 
Crystal filters, 214. 
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Current, definition of, 3; calculation of, 6; conditions of 
flow of, 59; steady state, 59, 123; transients, 59, 128; rela­
tion to inauced EMF, 157; eddy, 152. 

Curves, construction and use of, 333; slope of, 136, 334. 
Cut-eff frequency, IS., 210. 
Cut-off relay, 71, 82. 
Cut-out, open-space, 74. 

DECIBEL, definition of, 180; meter, 316. 
Delay, transition, in teleJraph circuits, 122. 
Demodul•tion, 256; principle of, 256; in telegraph systems, 

257; in telephone systems, 256. 
Density, 327; flux, 22. 
Deak stand, telephone, 76, 78. 
Detector, vacuum tube, 234, 312. 
Dielectric {>OWer of insulating materials, 65. 
Difference m potential, 2. 
Differential duplex system, principle of, 102. 
Differential relay, 102. 
Diode, 221. 
Direct current, 2; networks, 13; electrical measurements in, 

25; generators, 42, 44; motors, 46, 49. 
Directional filter, 287. 
Disc-insulated cable, 197. 
Distortion, in telephone circuits, 181; effect of loading on, 

182; phase, 205; m amplifiers, 245 249. 
Distortion delay of telegraph signals, 122, 126, 128. 
D1stort1on meBBurements, 128, 130. 
Distortion of telegraph signals, 119, 123; bias, 122· charac-

teristic, 126; fortuitous, 128. ' 
Distributors, operation of, 111; characteristics of various 

types,.1151 117. 
Diverter-po e generator, 46. 
Drop, 69; potential, 7. 
Drop-bracket transposition, 303. 
Dry cell, internal resistance 8, 52; maintenance of 52. 
Duplex, principle off 96; bridge polar, 97; full-duple~ opera-

tion, 97; half-dup1ex service, 98; use as intermediate re­
peater, 99, 100; differential, 102; comparison of differen­
tial and bridge polar systems, 102, 104. 

Dynamometer, 311. 
Dyne, 18, 330. 

ECHO suppre880r, 280. 
Echoes, 279; control of, 279. 
Eddy currents, 152. 
Efficienc.y, power, 167. 
Electric mduction, 155, 297. 
Electricity, static, 330. 
Electrode, 221. 
Electrolyte, 52. 
Electrolytic condenser, 46. 
Electromagnet1 20. 
Electromagnetic units, 330. 
Electromotive fore~, 2; symbol for, 6; induced, 41 ; sources 

of, 50, 134; effective, 140. 
Electron theory, 1, 221. 
Electrostatic units, 330. 
Emergency cell, 46. 
Energy, 328. 
Energy level diagram, 266, 278. 
Equalization, 200. 
Jt;qualizer1, 201; attenuation, 200; bridged T, 201; time-delay 

or phase, 205. 
Equivalent networks, 168. 
Exchange, magneto, 69; common battery, 71. 

FACILITIES, circuit, 188; characteristics of, 188; open wire, 
188; cable, 192; toll entrance cable, 195. 

Fahrenheit acale, 329. 
Far-end eroutalk, 298. 
Farad, tk. 
Fault location, by D.C. measurements, 27, 32, 36, 38; by 

A. C. meuurementa, 320. 
Feedback in amplifiers, 246. 
Field, electromagnetic, 20, 297; electrostatic, 298. 
Field intenaity, 21, 22. 
Filament, vacuum tube, 221. 

Fil~r, 207; types of, 207; theory of, 207; low-paas, 'JIYT· 
high-pass, 207; prototype, 207; m-derived, 210; compoeite: 
211; band-pasa, 213; crystal, 214; Q of, 214; quarts crystal 
214; lattice type, 216; uses of in carrier, 251. ' 

Flat-gain amplifier, 291. 
Flat-gain regulator, 295. 
Floated battery, 45. 
Flux, ma~netic, d4:fi~ition of, 17; symbol for, 17. 
Fl22_ density, definition of, 22; symbol for, 22; calculation of, 

Foot-pound, 328, 330. 
Force1 328. 
Fortuitous distortion, 128. 
Four-wire circuit, 264. 
Four-wire terminating set, 164. 
Frequency, definition of, 135; symbol for, 6; voice, 66; of 

resonance, 152,i__c_ut-off or critical, 184; allocations in car­
rier systems, ~; meter, 323; alternating current scale 
~!38; lightning, 338: carrier, 284 ; radio, 338; aignaling, 

Full duplex, '¥1 . 
Fuse, 74. 

GAGE, wire, 9, 10. 
Gain-frequency characteristics of repeaters, 266. 
Gains, repeater, 267. 
Galvanometer, 25. 
Gauss, 17. 
Generator, conventions _fo~, 45; principle of. D .C., 42; types 

of D.C., 45 ; character1st1cs of D .C., 45; d1verter-pole, 46; 
vacuum tube na, 235. 

Gilbert, 19. 
Grid, vacuum tube, 223. 
Grounded telegraph sy.11tem11, polarential, 105. 

HALF duplex, 98. 
Hand set, telephone, 78. 
Harmonic producer, 261. 
Harmonic ringing system, 72. 
Harmonic wave motion, 66. 
Harmonica, power, 244, 307; analysis of a sine wave by, 135, 

340. 
Heat, 328, 330. 
Heat coil, 75. 
Henry, definition of, 62; symbol for, 6 . 
High-pass filter, 207. 
Holdinc coil, 95. 
Hook switch, 69. 
Horse-power, 328, 330. 
Hot-wire meter, 311 . 
Hybrid coil, 161 . 
Hydrometer, 54, 55. 
Hysteresis, 23. 

IMPEDANCE, definition of, 142; symbol for, 140; acoustic, 
76; calculation of, 144j vector notation for, 147; aending­
end, 172; characteristic, 172; bridge, 319; line measure­
ments, 320. 

Inductance, definit/on of, 60; symbol for, 6; self, 156/· mutual, 
155; values for wue conductors, 190, 192; values or wind­
ings of various apparatus, 63; calculation of, 63. 

Induction coil, 68, 156. 
Induction, self, 155; mutual, 155; magnetic, 297; electric or 

electrostatic, 297 
Inductive interference, 297 
Infinite line, 168, 169, 171. 
Input transformer, 233, 240, 242, 243. 
Instruments, D.C. measuring, 25; precautiona in the use o(, 

39·\ A.C. measuring, 310. 
Insu ation measurements, 27. 
Insulators, materials, 9; dielectric power of various, 64, 65; 

for open wire lines, 189. 
Intelligibility, requirements for, 67,181,205,307. 
Intensity, current, 9; of magnetic field, 18; relation between 

current and field, 21. 
Iron, magnetic propert ies of, 23. 

JACK, uees of, 78; mechanical construction of, 79. 
Joule, 330. 
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KEY, definition of, 4; conventiona for, 6; locking, 6; non­locking, 6; switchboard, 80. 

Kilowatt, 330. 
Kirchoff's Lawa, 11, 13. 

LAMP, convention for, 5; switchboard, 71, 85. Lattice filter, 216. 
Lattice modulator, 269. 
Lattice network, 216. 
Lead-acid batteries, 52. 
Leakage, 27, 168, 172. . 
Leakage compensation telegraph system, 105. 
Left-hand rule. 49. . 
Length, symboi for, 6; unit of, 327, 329. 
Levels, transmission, 265. 
Line circuit, toll, 85; aubecriber'a, 71, 86. 
Lines of magnetic induction, 17. 
Loading code, 193. 
Loading, theory of, 181 j mechanical analogy of, 184; design 

features of, 186; pract1cesbl86; cable, 183; spacing of coils, 183, 193; toll entrance ca le, 195; carrier, 196; limitations of, 264. 
Local central office circuit, 70. 
Long distance central office circuit, 84. 
Loop terminal circuit, telegraph, 117. 
Loop tests, simple, 32; Varley, 36; Metallic Varley, 37, 38; Murray, 38. 
Loss, line, effect of temperature on, 275. 
Low-frequency carrier systems, 284. 
Low-pass filter, 'JJJ7. 

M-DERIVED filter, 210. 
Magnet1 types of, 17; permanent, 17. 
Magnetic cucuit, 19. · 
Magnetic field, 17. 
Magnetic flux, 17. 
Magnetic induction, 297. 
Magnetism, nature of, 17. 
Magneto exchange, 69. 
Magnetomotive force, definition of, 19; symbol for, 19; calcu-lation of, 19. 
Margin measurements of telegraph signals, 128. Marking bias, 122. 
Mass, unit of, 327, 330; measurement of, 327, 330. 
Master regulator, 275, 291, 294. 
Maxwell, 17. 
Measurements, D. C., 25, 30; insulation, 27; tranamiaaion, 312; line impedance, 320; cr088talk, 325; noise, 324; car­rier, 317. 
Megger, 26, 29. 
Megohm, 28. 
Mercury-vapor rectifier; 58, 235. 
Metallic telegraph ayatema, 2-wire, 107; 4-wire, 108. Metallic Varley teat, 37. 
Meter decibel, 316j frequency, 323. 
Microfarad, definition of, 64; symbol for, 6. 
Microphonic noise in vacuum tubes, 237. 
Mile, standard cable, 180. 
Modulation, 253; principle of, 253; in telephone syatems, 253; in telegraph systems 252; multiple stage 287. Modulator, vacuum tube, 254; balanced-tu\,;, 255; copper-oxide, 257; lattice, 259. 
Molybdenum-permalloy, 186. 
Morse code, 94. 
Motor, direct-current1 49. 
Multiple, awitohboara, 73. 
Multiple modulation, 287, 290. 
Multisection uniform network, 168, 171. 
Murray test, 38. 
Mutual induction, 155. 

NEAR-END cr088talk, 298. 
Negative feedback amplifier, 246. 
Net equivalent, 281. _ 
Network, solution of D.C., 11; solution of A.C., 142, 143, 144, 148; equivalent~_168; multiaection uniform, 168, 171; at­ten~atmg, equal!zing and ~ime:-<Ielay correcting, 198; bal­ancing, 270; basic, 270; we1gbtmg, 324. 

Neutral telegraph systems, 93. 
Neutral tranarrussion, 94, 119. 
Neutralizing telegraph wire, 117. 
Noise, 30?; methods of eliminating, 307; measurements, 308, 324; umt, 309; reference, 309; meaaunng aeta, 324. Noise suppression coil, 305. 

OHM, definition of, 3; symbol for, 6. 
Ohm's Law, 6. 
One-way polar telegraph system, 105. 
Open-apace cutout, 74. 
Open wire facilities, 188; attenuation-frequency curves, 191, 192; characteristics of, 100. 
Open wire repeater spacing, 264. 
Operator's position circuit, 86. 
Operator's telephone set circuit, 85. 
Oscillator, vacuum tube aa, 235; beat frequency, 236; carrier frequency, 317. 
Output tranaformer, 240. 

PADS, attenuating, 198; switching, 281. 
Parallax, 40. 
Parallel circuits, 11, 149. 
Passive repeater, 269. 
Passive singing point, 269. 
Patching jack board, 90. 
Pentode, 228. 
Permalloy, 17, 186. 
Permeability, 22. 
Permendur, 17. 
Perminvar, 17. 
Phantom circuit, theory of, 159. 
Phantom set, 160. 
Phase corrector, 205. 
Phase distortion, 205. 
Phase equalizer, 205. 
Phase relations, 137. 
Photo-electric cell, 56, 67. 
Ph:yaical quantities, 327; See force, work, energy,length, time, massi density, speed, acceleration, power. 
Pilot channe , 292. 
Pilot frequency, 292. 
Pilot wire, 'l:15, 294. 
Pilot-wire transmission regulator, 275, 294. 
Plate, vacuum tube, 223. 
Plug, 78. 
Point-type transposition, 303. 
Polar duplex operation, 96. 
Polar operation, definition of, 98. 
Polar telegraph tranamission, 123. 
Polarential telegraph system, 105. 
Pole, north and south magnetic, 18; definition of unit, 18. Pc,llard'a Theorem, 167. 
Position circuit, operator's, 86. 
Potential difference, 2; in a closed circuit, 7; method of re­sistance measurement, 13, 26. 
Pound of force, 828. 
Power, definition of, 828; symbol for, 6; in D.C. circuits, 8; rectifiers, 57; in A.C. circuits, 140; transfer of, 166; effi­

ciency, 167. 
Power factor, .141. 
Power pentode, 228. 
Power plant, telephone, 46; requirements for, 64. 
Power work, frequencies used in, 338. 
Preaaure, electrical, 2. 
Primary batteries 50. 
Primary testboard, 38, 39. 
Program amplifier, 243. 
Propagation constant, 173. 
Protection, 74. 
Proton, 1. 
Prototype filter, 207. 
Push-button, 3. 
Puah-pull amplifier, 244. 

Q of filter, 214. 
Quad, 303. 
Quality, of sound, 66; of telephone speech, 181. 
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Quantities, symbols for electrical, 6; of electricity, 9; physi­
cal, 327. 

Quartz crystal, 214. 

RADIO, telegraph frequencies, 338; telephone frequencies, 
338; telephone circuits, 264. 

Range finder, teletypewriter, 129, 130. 
Reactance, symbols for, 140; inductive, 142; capacity, 143. 
Receiver, telephone, theory of, 68; construction of, 76. 
Receiving leg, duplex circuit, 98. 
Rectangular coordinate diagram, 333. 
Rectifier, power, 57; vacuum tube as, 234; copper-oxide, 58; 

mercury vapor, 58, 235. 
Rectifier, vacuum tube, ha.If-wave, 235; full-wave, 235. 
Reference noise, 309. 
Reflection, crosstalk, 301. 
Reflection, principle of, 179; loss, 179. 
Regenerative repeater, 114. 
Regulating amplifier, 292, 294. 
Regulating repeater, 275. 
Regulation of transmission, in voice-frequency cable sys­

tems, 275; in open wire carrier systems, 291; in cable car­
rier systems, 294. 

Re~ator, master, 275, 291, 294; flat-gain, 295; twist, 296;· 
pilot-wire, transmission, 275, 294. 

Relay, conventions for, 5; definition of, 4, 81; "A" type, 82; 
"B" type, 82; "E" type, 82· 122-type, 83; 150 and 218-
types, 84; "Y" type, 83· "U,/ type, 83; slow release, slow 
operate, marginal, 82; differential, 102. 

Reluctance, 19. 
Remalloy, 17, 76. 
Repeater, carrier, 286, 290. 
Rel)8ater, telegraph, single-line, 95; duplex, 98, 100; differen­

tial; 104; regenerative, 114; metallic, 109. 
Repeater, telephone, uses of, 239; 22-type, 239; 44-ty_pe, 242; 

gains, 265; passive, 269; regulating, 275; cord circuit, 282. 
Repeater spacing, 264; open wire, 265; cable, 265. 
Repeating coil, 158; types of, 160. 
Resistance, definition of, 3; convention for{ 5; internal, 8; 

of standard copper conductors, 10; ca cwation of, 7; 
measurement of, 26; 11-type, 80; 18 and 19 types, 79; 
alternating-current, 151; characteristic, 169; output, 224. 

Resistivity of conductors, 9. 
Resonance, 152. 
Resonant circuits, 152. 
Retardation coil, conventions for, 5; types of, 84. 
Return Jou, 267. 
Rheostat, 47, 48, 49. 
Right-hand rule, 41. 
Ringer, biased, 72. 
Ringing, party line &Jld selective, 72; 20-136-1000 cycle sig­

naling systems, &. 

SATURATION, magnetic, 23, 262; temperature, 222; volt­
age, 223. 

Scale, Centigrade and Fahrenheit, 329; musical, 336; log­
arithmic musical, 337; logarithmic ethereal, 337; alter­
nating-current frequency, 338. 

Screen grid, 225. 
Secondary emiaeion of eleotrone, m. 
Secondary t.tboard, 90, 316. 
Selecting cireuite, carrier, 251. 
Selection, in teletypewriter ayatema, 109. 
Selective ringing, 72. 
Self-inductance, 155. 
Sending leg, duplex circuit, ffl. 
Series circuits, 3, 148. 
Side-bands, 255. 
Signaling, direct-current, RI: 20-cyele, 282; 135-eycle, 282; 

1000-cycle, 282. 
Signals, telegraph, 92, 119. 
Simplex set, 92. 
Simplexing and compoeiting, 92. 
Singing, 162, 239, 247, 267. 
Singing point, 269; paaaive, 269; acti"91 2119. 
Sine wave, definition of, UIS; graphieaa coutruction of, 42, 

43· properties of, 136. 
Single-line repeater, 96. 
Slope, definition of, 334; of sine wave, 111. 

Solenoid, 21. 
Sound, 66. 
Sounder, telegraph, 92; repeating, 98. 
Spacing bias, 122. 
Spacing of load coils, 183, 193. 
Spacing, repeater, 264; open wire, 265; cable, 265. 
Specific gravity, definition of, 327; of storage battery elec-

trolyte, 54. 
Speed, 327. 
Springs, jack, 78; key, 80. 
Standard cable mile, 180. 
Start-Stop system of synchronism, 110. 
Static electricity, 330. 
Storage battery, 52; theory of, 52; types of, 53, 54; charging 

circuit of, 47, 48. 
Stub cable, 187. 
Subscriber's line circuit, 85, 90. 
Subscriber's station circuit, 69, 85. 
Subset, anti-sidetone, 70, 78. 
Su{>pressor grid, 228. 
Switch, types of, 3; conventions for, 5. 
Switchboard, multiple, 73; No. ::i toll, 85. 
Switching pad, 90, 281. 
Switching trunk, 85. 
Symbols, direct-current, 6; alternating-current, 140. 
Synchronism, Start-Stop teletypewriter system, 110. 

TABLES, list of, See Table of Contents. 
Telegraph, means of obtaining circuits, 92; neutral opera­

tion1 93; bridge polar duplex operation, 97; full-duplex 
service, 97; half-duplex service, 97; differential duplex, 
102; metallic systems, 107; Jeaka.ge compensation system, 
105; typical terminating circuit 117; loop terminal cir­
cuit, 98; polarentia.l, 105; signais, 92, 119; transmission 
measuring set, 130; carrier systems, 284. 

Telephone, principle of, 67. 
Telephone set circuit, operator's, 85. 
Teletypewriter, princirle of, 109; principle of selection1 110/· 

Start-Stop system o synchronism, 110; characteristics o 
various types, 112; opera.ting speeds, 113; margin measure­
ments, 128. 

Temperature, measurement of, 329; effect on line loaa, 275. 
Temperature saturation in vacuum tubes, 222. 
Temperature correction in fault location measurements, 39. 
T-eci.ualizer, bridged, 201. 
Tertiary circuits, crosstalk, 303. 
Teat and control board, 90. 
Testboard, primary, 38, 39; secondary, 90, 316. 
Test, 21 balance, 269. 
Tetrode, 225. 
Thermionic emission, 221. 
Thermocouple, 56, 312. 
Thermometer, 329. 
Timbre, 66. 
Time, unit of, 327, 330; measurement of, 327. 
Time-delay equalizer, 205. 
Toll central office circuit, operation of, 85. 
Toll cord circuit, 85. 
Toll entrance cable, 195; loading of, 196. 
Toll line circuit, 85. 
Toll switching trunk circuit, 85. 
Transfer circuit, 260. • 
Transformer, conventions for, 5; theory of, 155; ideal, 156; 

applications to telephone circuits, 158; input, 233,240, 
242; output, 240, 242, 243. 

Transients, 59, 128. 
Transition, in telegraph signals, 119; delay, 122. 
Transition loss, 179. 
Transmission, telephone, 2i4, 275, 283; systems, 166, 264; 

lines, nature of, 165; measurement, 312; measuring set, 
313; measuring set, direct reading, 314; effect of loading on, 
181; units of measurement, 180; carrier current, 191; tele­
graph, 119, 126; radio, 264. 

Transmission levels, 265; diae;ra.m for a 2-wire circuit, 266; 
diagram for a long 4-wire circuit, 278. 

Transmission measuring set, 313; direct r~ading, 314; tele­
graph, 130; carrier, 317. 

Transmiaaion regulation, 2'15; in carrier systems, 291, 294. 
Transmission standards, telephone circuits, 264. 
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Transmission systems, types of, 264; voice-frequency tele­
phone circuits, 264, 275; carrier telephone and telegraph, 
283. 

Transmitter, 68, 77; principle of, 68; mechanical construc­
tion of, 77. 

Transpositions, principle of, 299; systems used for open wire 
lines, 302; for cable, 303; drop-bracket, 303; point-type, 
303. 

Trickle charge, 45. 
Triode, 223. 
Tuned circuit, 153, 285. 
Tungar rectifier, 57, 58. 
Twist, 296. 
Twist regulator, 296. 

UN IT pole, 18. 
Units, 327; fundamental, 327 ; British thermal, 328; electri­

cal, 330; relation between various, 330; electrostatic, 330; 
electromagnetic, 330. 

Upset operation of telegraph circuit, 99. 

VACUUM tube, theory of, 221; two-electrode, 221, 235; three­
electrode, 223; characteristic curve of, 224; output im­
pedance of, 224· screen-grid, 225; four-electrode, 225; 
space-eharge grid, 228; coplanar, 228; five-electrode, 228· 
characteristics of various standard tyrs, 231; electrical 
constants for various types, 230; uses o , 231; as amplifier, 
231; as a rectifying device, 234; as a generator, 235; micro­
phonic noise in, 237. 

Varistor, modulating, 257. 
Varley test, 36. 
Vector notation, 135, 137, 138, 144. 
Vector relations, chart, 147. 
Velocity, 327. 
Vibrating circuit, 104. 
Voice-frequency carrier telegraph system, 285. 
Volt, definition 'of, 3; symbol for, 6. 
Voltage amplifying factor, 223. 
Voltage saturation, 223. 
Voltmeter, D .C., 25; A.C., 310. 

WATT, 8. 
Wattmeter, D.C., 26; A.C., 310. • 
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Wave, sine, 43, 134, 135!· properties of sine, 136; of current 
in A.C. transmission ine, 176, 178; sound and light, 66; 
e thereal, 337; analysis of, ~41. 

Wave-length, 176, 184. 
Wave-length constant, definition of, 173; physical signifi­

cance of, 176. 
Wave motion, harmonic, 135. 
Wave shape, of telegraph signals. 119: in polar teleirranh 

systems, 123. 
Weighting network, 325. 
Wheatstone bridge, theory of, 30: 11112001, 31, 32; per KS-

3011, 31, 33; per KS-5411, 31, 34. 
Wire, sta.ndard gages of. JO. 
Work. 328. 
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