Principles of Electricity
applied to

Telephone and Telegraph Work

1961 Edition

This publication is distributed in
Canada for those interested in the
Telecommunications Art;, by



Principles of Electricity

applied 1o

Telephone and Telegraph Work

A Training Course Text
Prepared for Emplovees of the

Long Lines Department

AMERICAN TELEPHONE AND TELEGRAPH COMPANY
June, 1961




COPYRIGHT 1961
AMERICAN TELEPHONE & TELEGRAPH Co.

Printed in U.S.A.




Spirit of Conomitnication



PREFACE

latest prior edition being dated 1953. Its purpose has remained the same throughout
the period-—namely, to serve as a basic test on elementary electrical principles for use
in the technical training of employees in the Long Lines Department of the American Tele-

THIS book has appeared in a number of editions during the past four decades, the

phone and Telegraph Company.

Although truly fundamental principles do not change with time, the rapid growth and
development of the communications art over the years has necessitated the incorporation of
numerous new or changed illustrative applications in each succeeding edition. This, of course,
remains true for the present volume. In addition, the introduction of new technologies and
new instrumentzlities of first importance has made it desirable to include much new material
in such fields as semi-conductor theory and the transmission of high-frequency electromag-
netic waves. This, in turn, has required the introduction of certain basic concepts and prin-
ciples not dealt with in earlier editinns, as well as numerous examples to illustrate their
applications in practice.

The variety and scope of the subjects covered in the book make it necessarily rather
voluminous even though considerable material included in previous editions has been omitted
in this. Kvery effort has nevertheless been made to treat each subject taken up as briefly
as is consistent with a reasonably adequate presentation of the related theory and fields of
application.

It is important for the reader to recognize that the book is not, and is not intended to be,
a comprehensive treatise embracing the entire field of electrical communications. Its subject
is electrical theory. Such descriptions of communication equipment and circuits as are in-
cluded were selected primarily to illustrate practical applications and many of them have
been somewhat arbitrarily chosen. The objective has been only to cover the essential general
principles of basic electrical theory and to illustrate each principle briefly by one or more of
its significant applications in the communications field.

The use of higher mathematics is avoided entirely in this bock, and even the more ele-
mentary branches are employed as sparingly as possible. A general knowledge on the part
of the reader is assumed of only those branches of mathematics ordinarily taught in High
Schools, including Algebra, Geometry, Logarithms and Trigonometry. In addition, it has
been thought desirable, in the Chapters dealing with the solution of alternating-current net-
works and with wire transmission theory, to make some use of simple Vector Notation. This
may involve the introduction of certain mathematical concepts not familiar to all readers,
but it is believed that the great simplification that may be effected with this convenient mathe-
matical tool will more than justify any additional study time that the reader may find needed
to master its practical use.

A general knowledge of elementary Physies and Mechanies is also assumed. The first
Chapter of the text, however, reviews very briefly some of the fundamental physical princi-
ples that are particularly applicable to various subjects discussed in later Chapters.

A word of caution is perhaps needed regarding the use of the circuit drawings, tables, and



other statistical data included at various points in the text. The circuit drawings are pre-
sented primarily as a means of illustrating the principles under discussion. Although they
may be reasonably representative of actual practice, they may or may not conform in detail
with any situation familiar to the reader. 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 data issued in current formal instructions.

Previous editions of this text have also been signed by L. S. Crosby, General Personnel
Supervisor, who is now retired. His major contributions to the original planning and content
of the work are cordially acknowledged.

C.F. MYERS
Supervisor of Instruction
32 Avenue of the Americas,
New York, N. Y.,
June, 1961
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CHAPTER 1
BASIC PHYSICAL CONCEPTFS

1.1 Introduction

Electricity is an agency of remarkable flexi-
bility, with almost unlimited applications. By
means of electricity, energy available af one place,
in the form., for example, of burning coal or fall-
ing water may be transferred to another place
perhaps many miles away, and utilized there in
any convenient form, such as heat, light, or me-
chanical work. Electricity may be used to change
the physical or chemieal state of substances, and
it may be employed to control processes, to check
quality, and even to perform mathematical com-
putations. Through the electron, basic unit of
electricity, we may probe the physical and bio-
logical worlds, and study hidden secrets of the
universe.

The power engineer is able, by applying his
knowledge of the behavior of electricity, to ac-
complish the transformation and transmission of
large amounts of energy that may be neeced for
many and various purposes; and the generation,
flow and delivery of this energy also can be con-
trolled electrically. The communications engineer,
by similarly applying his knowledge of the same
basic principles, is able to transmit intelligence
in a variety of forms over great distunces and
without loss of meanings. The source may be a
human voice, a musical instrument, printed page
or picture, and it can be reproduced in like form,
completely recognizable and intelligible, wherever
needed.

Since this book is prepared primarily for tele-
phone people, we shall discuss these basic princi-
ples with reference, naturally, to applications in
the communications field. This will mean, in gen-
eral, that we will be interested mostly in small
values of electrical energy, and in the transmis-
sion of such energy over relatively great distances.
This interest will embrace both direct current and
alternating current eoncepts and in the underly-
ing alternating current phenomena, the scope will
cover a wide range of frequencies, including en-
ergy flowing over wires and energy radiated
through space.

There are various possible approaches to be-
ginning the study of electricity. In this book, we

[ 1]

shall adhere to the conventional, classical ap-
proach, beginning with the study of direct cur-
rent and direct-eurrent circuits, and proceeding
from there to alternating current theory, with
particnlar emphasis in the later Chapters on elec-
tronics and high-frequency phenomena.

Before beginning the study of electric circuits
and the electrical transmission of energy, how-
ever, we shall consider briefly, in this Chapter,
some of the more fundamental concepts of the
physics of electricity.

1.2 Eleetric Charge

The earliest recorded recognition of electrical
phenomena dates back several thousand years
when it was discovered that rubbing a piece of
amber with woolen cloth would cause it to attract
olher light bodies, such as bits of paper. The am-
ber had thus acquired a property by virtue of
which it exerted a certain force on other mate-
rials in its vieinity. This property became known
as an electric charge. Then it was discovered that
a similar phenomenon occurred when glass was
rubbed with silk. Subsequent experimentation
demonstrated, however, that the charge on the
glass was opposite in sign from the charge on
the amber. To distinguish them, the former was
labeled “positive charge” and the latter ‘“nega-
tive charge”. In both cases the magnitude of the
charge depended upon the extent of the surface
rubbed and the intensity of the friction.

It was also found that two like bodies, such as
two pieces of glass or amber, when so treated
would exert a repelling force on each other. In
other words, positive charges repel each other and
negative charges repel each other. On the other
hand. a force of attraction was found to exist
between a positively charged substance and a
negatively charged substance. These attracting
and repelling forces although small are millions
of times larger than the force of attraction ex-
erted by gravity between similar uncharged
bodies.

The “practical” electrical unit for measure-
ment of these electric charges is called the cou-



Fic. 1-3 FIELD BETWEEN OPPOSITE CHARGES

physical reality but the concept is so convenient
that the line of electric force or induction is gen-
erally used as a basic unit of measurement. The
strength of a field at any point may then be stated
as the number of lines per square centimeter,
where each line is considered as extending be-
tween unit charges of opposite sign.

1.5 The Magnetic Field

Also of long standing in the classical theory of
electricity is the concept of the magnetic field.
This field, as discussed more extensively in Chap-
ter 4, represents the forces to be found in the
vicinity of magnets. Like the electric field, its
intensity at any point is directly proportional to
the strength of the magnetic poles to which the
field is due, and inversely proportional to the
square of the distance from the poles. This field
is similarly pictured by lines of magnetic force or
induction and its intensity is measured in terms of
number of lines of magnetic force per square cen-
timeter. Unlike the electric field, however, mag-
netic lines of force are not thought of as termi-
nating but as always forming closed loops.

A magnetic field is not only present in the space
within and surrounding any magnet but, as is
pointed out in Chapter 4, such a field may be de-
tected in the space surrounding any conductor in
which electric current is flowing. This phenome-
non seems to require the introduction of a new
concept, since there is no apparent identity be-
tween a static field produced by a magnet and a
field associated with current flow in a conductor

and having nothing to do with any magnets or
magnetic materials. Yet the two fields appear to
have precisely the same characteristics.

Modern electrical theory resolves this problem
by considering the magnetic field as a result or
accompaniment of a moving electric field. Thus,
current flow in a conductor is a movement of elec-
trons, which are tiny electric charges. These
charges have accompanying electric fields which
of course must move as the electrons move. Lix-
tending this idea further, the magnetic field of a
magnet is ascribed to the spinning movements of
electrons in the magnetic material. From this
view, the magnetic field may even be thought of
as merely an aspect of the moving electric field.
Nevertheless, the concept of the magnetic field
as such, and of lines of magnetic force, continues
to be very useful in the practical analysis of many
electrical phenomena, and it need not be discarded.

1.6 Electro-Magnetic Fields

Under the field concepts discussed above, either
an electric field or a magnetic field may exist alone
only under static conditions. Under dynamic con-
ditions, where either type of field is changing or
moving, the total field must be electro-magnetic—
i.e., both an electric field and a magnetic field must
exist simultaneously. This is a necessary result
of the fact that the moving electric field is always
accompanied by a magnetic field, and vice versa.
In dealing with electro-dynamic phenomena, ac-
cordingly, it is reasonable in many situations to
consider only a single composite field which may
be designated electro-magnetic. There are often
distinet advantages, however, in viewing certain
dynamic phenomena on the basis of coexistent
electric and magnetic fields, each with its force
lines always at right angles to those of the other.

In our study of direct currents and direct-cur-
rent circuits in the immediately following Chap-
ters, we shall not be much concerned with fields
other than static magnetic fields. As we go into
the study of high-frequency alternating currents
and the behavior of various electronic devices,
however, we shall find that dynamic electric and
magnetic fields will assume a place of increasing
importance—particularly in connection with radio
transmission and other transmission at high and
super-high frequencies.




CHAPTER 2
DIRECT CURRENT AND DIRECT-CURRENT CIRCUITS

2.1 Direct Current Flow

In discussing electrons in the preceding Chapter
it was pointed out that the movement of a stream
of electrons through a conductor constitutes an
electric current. Where such a flow of electrons
is continuous in one direction it is called a dired
current. It has long been customary to begin the
practical study of electricity with an analysis of
the behavior of sueh direct currents, primarily be-
cause the phenomena involved are relatively easy
to deal with. We shall conform to this well-estab-
lished study procedure in the beginning of this
book although we shall later have to consider in
some detail the behavior of currents which reverse
their direction of flow at periodic intervals. These
latter are called alternating currents.

2.2 Electric Pressure or Electromotive Force

In order to establish a flow of current througn
a conductor it is necessary that there be connected
in the circuit a source of electric pressure which
sets up what is krown as an electromotive force.
When this condition is met the flow of electricity
through a circuit is analogous in many respects to
the flow of water through a closed system of pipes.
Figure 2-1 shows a simple electric circuit consist-
ing of a battery connected to a resistor al. IFigure
2-2 shows a simple water circulating system. In
the water mechanism, the pump creates a differ-
ence in pressure between the points « and 6. This
difference in pressure. or “pressure head”, will
cause water to flow from the outlet pipe «, through
the small pipe to the flow meter, and return to
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the low pressure side of the pump at b. The
amount of water that will low will depend upon
this difference in pressure and upon the nature
of the small pipe. In the electric circuit, the bat-
tery supplies the electric pressure or electromo-
tive force which causes electricity to flow from the
“high potential” side of the battery. The amount
of electricity that will flow depends upon this
electromotive force and the nature of the resistor.

g .
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=4 Small Pipe - ‘?
11
A | )
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Fi6. 2-2 WATER CIRCULATING SYSTEM ANALOGOUS TO
SiM>LE ELECTRIC CIRCUIT

If a differential pressure gage were connected
between the points ¢ and b in the water system,
it would register the difference in water pressure
in some suitable unit such as “difference of head
in feet”. The electromotive force of the electrie
circuit. on the otker hand, is measured in terms of
a unit called the volt.

Since a source of electromotive force is by defi-
nition capable of exerting electric pressure on any
external circuit connected to its terminals, it is
customary to say that the “electric potential™ of
the positive terminal is higher than that of the
negative terminal. The difference is the electro-
motive force of the battery or other source. In a
closed circuit, such as shown in Figure 2-3, the
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potential at point b will be lower than that at
point «, that at ¢ will be lower than at point b
and so on around the circuit. Thus we say that
there is a potential drop from « to b that may be
measured in volts, the magnitude of which de-
pends on the resistance of the conductor between
« and b. Similarly there is another potential drop
between b and ¢, and ¢ and d.

2.3 Resistance

In Figure 2-2, if the small pipe is made longer
the flow of water will be decreased although the
pump maintains a constant difference in pressure
between the points « and b. Also, if the small
pipe is decreased in size the flow of water will like-
wise be decreased. Though there is no simple unit
for measuring this resistance to flow of water in
a pipe, it is analogous to an electric resistance in
many respects. The resistance offered to a flow of
water in a pipe is due primarily to friction be-
tween the moving molecules of water and the inner
walls of the pipe. Resistance to the flow of electric
current in a conductor is considered to be due to
the multitudinous interactions or collisions be-
tween the moving electrons and the atoms of the
conducting material. The practical unit of electric
resistance is called the ohm, which by an act of the
U. S. Congress, approved July 21, 1950, is defined
as being equal to one thousand million units o)
of resistance of the centimeter-gram-second (cgs)
system of electromagnetic units,

Note: As defined in standard textbooks on phys-
ics, the cgs electromagnetic units are de-
rived from the fundamental mechanical units
of length., mass and time according to the
basic principles of electromagnetism, with the
value of the permeability of free space arbi-
trarily chosen as unity.

2.4 Current

In our water circulating mechanism we can de-
scribe the “rate of flow”, or the current, as the
amount of water being circulated in gallons per
second. The practical unit of electric current is
the ampere which is defined by law as being equal
to one-tenth of the unit of current of the centi-
meter-gram-second system of electromagnetic
units.

2.5 The Volt

The volt is the practical unit of electric pres-
sure. It is the electromotive force that, steadily
applied to a conductor whose resistance is one
ohm, will produce a current of one ampere.

2.6 Open Circuits

The electric 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 start-
ing and stopping the flow of water, switches,
push-buttons, keys, ete. are used for opening and
closing electric circuits. Figure 2-4 shows a cir-
cuit opened by means of a switch. Its metallic
continuity is interrupted by the switch and when
s0 interrupted there is no flow of electricity. This
protects the source of electromotive force against
unnecessary losses, since when the circuit is open
it cannot absorb any energy.

2.7 Electrical Symbols and Circuit Conventions

In the foregoing circuit diagrams we have rep-
resented 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 resist-
ances by small circles. These are circuit conven-
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tions. Thus, Figure 2-5 illustrates an actual door
bell circuit and Figure 2-6 shows the electrical
properties of the same circuit drawn in aecord-
ance with standard electrical conventions. There
are many such conventions and different ones are
used for different purposes. For example, on
drawings which are to guide the electrical in-
staller when connecting wires to various units of
apparatus, a somewhat different set of conven-
tions is used than on drawings to illustrate a cir-
cuit’s theory of operation. Figure 2-7 shows a few
simple conventions that should be learned =zt this
time.

In addition to the circuit conventions used in
illustrating the theory of electrical circuits by dia-
grams, certain symbols are necessary for repre-
senting electrical quantities in simple mathemati-
cal equations. Table I gives standard symbols for
electrical quantities. It is necessary to learn now
those applying to the quantities we have defined.
The table can later be referred to for other quan-
tities treated.

2.8 Ohm’s Law

A German physicist named George Simon Ohm
was the first to discover the relationship between
current, electromotive force and resistance. The
discovery is called Ohm’s Law and simply ex-
pressed is—that for any circuit or part of a cir-
cuit under consideration the current in amperes
is equal to the electromotive force in volts divided
by the resistance in chms.

S
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This law, mathematically expressed, is as fol-
lows:
Electromotive Force

Current = .
Resistance

If in the above expression we substitute the
proper symbols for current. electromotive force
and resistance we have the following eguation:

K
R

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 ex-
pressed as shown, permits us to calculate the cur-
rent that may be expected 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.

I :1)

Example: In Figure 2-8 if the electromotive
force of the battery is 24 volts and the resist-
ance of the lamp connected to it is 112 ohms,
what will be the value ot the current flowing
through the lamp when the circuit is closed?

Solution: £ 24
R 112
1 i, 12142 .21 ampere, ans.

2.9 Other Ways of Expressing Ohm’s Law

Equation (2:1) states that the current is equal
to the electromotive force divided by the resist-
ance; then by simple algebra the electromotive
force must be equal to the current multiplied by

the resistance, or the equation may be expressed—
E IR (2:2)

I'rom this equation we may find the electromotive
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force acting in any circuit if we know the resist-
ance and the current,

Example: In Figure 2-6 the resistance of the
door bell winding is 4 ohms. [If during the
instant the cireuit is closed the current is .2
ampere, what is the voltage of the dry cell?

Solution: I 4
1 .2
K in 2 % 4 .8 volt, ans.

The third case is one where current and electro-
motive force are known and it is desired to find
the resistance. Ohm’s Law may likewise be stated
to cover these conditions. If the electromotive
force is equal to the resistance multiplied by the
current, the resistance must be equal to the elec-
tromotive “orce divided by the current or, alge-
braically expressed—

E

r
1

(2:3)
Example: What is the resistance connected he-
tween the points « and b in Figure 2-1 if the
voltage of the battery is 1.3 volts and the

current is .5 ampere?

Solution: E - 1.3 volts

1 .5 ampere
N E 1.3 e
R I 5 2.6 ohms, ans.

2.10 Potential Differences in a Closed Circuit

We have spoken of how the differential pres-
sure gage may measure the difference in pres-
sure head of the two sides of the water pump
shown by Figure 2-2. The electrical instrument
used for measuring the electric pressure of a
source of electromotive force, or the pofential dif-

191

TABLE I
SYMBOLS USED IN ICLECTRICAL WORK

Current in Amperes
l<lectromotive Force in Volts
Resistance in Ohms

Power in Watts

Quantity in (‘oulombs

Potential Drop in Volts
Conductance in Mhos (is reciprocal of I¥)
Time in Seconds

Capacitance in Farads
Inductance in Henrys

Frequency in Cycles per Second
Reactance in Ohms

Impedance in Ohms

Admittance in Mhos

MN T ONOSS TR

ference between any two points in a circuit, is
called the voltmeter.

Figure 2-9 shows a voltmeter being used to
measure the voltage of a dry
cell on an open circuit. Figure
2-10 shows the voltmeter con-

r — —
CR)

|
nected to measure the voltage I \

\'
of a source of electromotive \NO /|
force in a closed circuit. In this l—‘\—';_mJ
case we have a simple circuit N\ ’/
with three resistors in series. 'k‘g"'é’
If the voltmeter is connected (L3
across the points « and b as
shown in Figure 2-11, which 5
represents the same circuit as
Figure 2-10, its reading will Fliure 2-9
be lower than when connected
across the battery. Moreover if the voltmeter is
connected across the resistors b and ¢, and ¢ and
d, the three readings, that is, the readings across
« and b, b and ¢, and ¢ and d when added to-
gether, will be equal to the voltage of the battery

5
|
|
f

R2 R3

/v\)
L %m&r_ ]

Fic. 2-10 VOLTAGE OF BATTERY ON CLOSED CIRCUIT




TABLLE 11

Risigrivery oF Vartovs Meran Conpurerors ar 207 L

MATERIAL RESISTIVITY
(MICROTIIM-CM)

Nilver 1.62
Copper (Anncaled) 1.72
Copper (Hard-drawn) 1.77
Chromium 2.7
Aluminum 2.82
Tungsten (Annealed) 14.37
Molybdenum 5.7
Zine 5.92
Brass 7.9
("admium 7.60
[ron (Pure) 10).

Platinum 10.0
Nickel (Commercial) 11.0
Phosphor Bronze 1.5
Tin 11.5
Tantalum 15.5
Lead 22.0
German Silver 33.8
Mercury 95.8

(measured while the circuit is closed). We learn,
therefore, that the sum of the potential differ-
ences measured across all parts of the circuit,
beginning at the positive pole of the battery and
returning to the negative, is equal to the volt-
age of the battery, or we might say, the applied
voltage distributes itself proportionately through-
out the closed circuit. If in Figure 2-11 the value
of the resistance from « to d and the voltage of
the electromotive force are known, it is possi-
ble to calculate the resistance of that part of

+~1||||||+—_

F1G. 2-11 VOLTAGE DROP ACR0SS ONE RESISTANCE OF
CLOSED CIRCUIT
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the circuit between « and b from the voltmeter
reading.

Example: The total resistance of the circuit
shown by Figure 2-11 is 15 ohms, the voltage
of the electromotive force on closed circuit is
10 volts, the potential drop across 12, is 3
volts; what is the resistance of R,?

Solution: For entire circuit:

E 10
I n 15 .67 ampere.
For the part of the circuit in question—
E — 3 volts

Therefore,

I .6t ampere

FE — 3 volts

R E 3

I, ] 67 4.5 ohms, ans.

2.11 Internal Resistance

If a dry cell, as shown in Figure 2-9, is placed in
a closed circuit like that of Figure 2-1 and its volt-
age 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 elec-
tromotive force is decreased. This is due to a po-
tential drop within the cell itself, which is merely
a drop across a resistance, excepting that in this
case the resistance is inside the dry cell. Any elec-
trical current leaving the positive pole of the dry
cell and returning to the negative pole from the
external circuit must likewise flow from the nega-
tive to the positive through the chemicals in the

dry cell. These chemi-

R cals have a definite re-

| sistance called the in-
——I' VW ternal resistance. In

our consideration of the
simple circuit, there-
fore, 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 cir-
cuit, The absolute convention for this source of

FIGURE 2-12




TABLE III

FLEcTRICAL PROPERTIES OF COPPER CONDUCTORS STANDARDIZED BY LoxNG LiNks DEPARTMENT

CONDUCTORS . NO.

GAGE

Open Wire 8 B.W. G
10 N.B.ox,

12 N.B. =
Cable 10 AW Gl
(side eireunits of standard 13 AW G
quadded cable) 16 AW G
19 AW, G,

e resistanee values for open wire eireuits are for 20

SIZE WEIGHT

RESISTANCE

DIAMETER LB=. PER *OHMS PER | OHMS PER
IN WIRE LOOP 1000 rEET
INCHES MILE MILE {SINGLEWIRE)
165 435 4.10 .389
128 2064 6.82 645
104 174 10.3 975
102 | 168 10.1 955
072 82.06 20.5 1.99
051 412 40.2 3.81
036 205 84.1 795

¢ oor 65° F.Add 210 of 19 per degree Fahrenheit for

higher temperatures. The resistanec values for eable cireuits are for 1280° € or 33° F.
Nore: A, W, G s Ameriean Wire Gage and is same as B, & 8. which is Brown and Sharpe Gaze. B. W. G is
Birmingham Wire Gage and N. B. 8. G. is New British Standard Gage.

electromotive force would be that shown by Fig-
ure 2-12, which represents the open circuit voltage
plus a series resistor equal to the internal resist-
ance of the cell.

The ordinary dry cell has an internal resistance
averaging about one ohm, but this greatly in-
creases with the aging of the cell. In the tele-
phone central office storage batteries are used ai-
most exclusively because the internal resistance
is negligible for most direct current considera-
tions.

2.12 Electric Power

In the simple circuits we have thus far consid-
ered we have only dealt with resistance, electro-
motive force, and electric current, but each of
these circuits is actually converting energy from
chemical to heat or some other form. They,
therefore. have a definite power consumption or
represent a definite transfer of power to some ex-
ternal device. In the electric circuit if we multi-
ply the electromotive force in volts by the current
in amperes we have an expression for the power in
watts. The watt may, therefore, be defined as the
power expended in a circuit having an electromo-
tive force of one volt and a current of one ampere.

The following equation should be considered
second only to Ohm’s Law in importance:

P FEI (2:4)

A somewhat more convenient form for deter-
mining the power expended in any given resist-
ance is

P - I'R (2:5)

This latter equation is apparent from Ohm’s
Law, which states that F IR and we may,
therefcre, substitute IR for E in equation (2-4),
which gives us I*R.

Example: In Figure 2-10, what is the power ex-
pended in the resistor between terminais «
ard b if the potential difference is equal to
10 volts and the resistance is 5 ohms?

Solution: P — EI, and

E 10
R~ 5

then P=FI=10Xx2

—

1 2,

20 watts, ans.

2.13 Properties of Electric Conductors

Dr. Ohm investigated the conducting properties
of various kinds of metals and called those offer-
ing very high resistance to the flow of electricity
“poor conductors” and those offering compara-
tively little resistance to the flow of electricity
“good conductors”. There is another classification
for material having extremely high resistance, in
fact so high as to give an open circuit for all prac-
tical purposes. These are called insulators.

[ 11



Table I1 shows a few conductors in the order of
conductivity. Those offering the least resistance
are at the top of the list. Materials which are
commonly used as insulators include: glass, miea,
polystyrene, rubber, ebonite, cotton, silk, paper,
bakelite, asbestos, porcelain and resins. There
are many other good insulators but they are not
all adaptable for use as such in practice.

In addition to the law showing the relation be-
tween electromotive force, current, and resistance,
Ohm investigated the properties of conductors
and established in addition to their relative values
the following laws:

The resistance of any uniform conductor
varies directly with its length.

b. The resistance of any uniform conductor

varies inversely with its cross-sectional area.

Here we have the analogy to the water pipe
previously mentioned but fartunately the electric
conductors have more exact laws governing their
electric resistances than water pipes have govern-
ing their resistance to the flow of water.

Copper is the most universally used conductor
in electrical work. It offers very low resistance.
does not deteriorate rapidly with age and has
many mechanical advantages. There are several
standard wire gages for designating the cross-
sectional area or diameter of copper wire, and

da.

[12]

three apply to the standard conductors used by
the Long Lines Department.

Table IIT shows the principal standard gages
of wire used by the Long Lines Department and
their resistance values.

Simple rules for remembering the approxi-
mate constants of the cable conductors are as
follows:

a. Four sizes of cable conductors are standard
for most uses in the Long Lines Depart-
ment and all are AW.G. (or B and S).
The largest size is #10 A.W.G. Add three
gages for successive smaller sizes,—thus
#10, £#13, #16 and #19.

The diameter of #10 AW.G. is slightly
greater than one-tenth inch and its resist-
ance is slightly greater than ten ohms per
loop mile.

Smaller sizes double resistance by the addi-
tion of each three gages beginning with #10
as a base.

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

Three sizes of conductors are standard for
open wire; 1604 (# 12 N.B.S.G5.), 128 (# 10
N.B.S.G.) and 165 (#8 B.W.G.)

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

b.

.




CHAPTER 3
THE SOLUTION OF D-C NETWORKS

3.1 Series Circuits

A simple circuit may contain any number of re-
sistances. Figure 3-1 shows such a circuit witn
two resistors which, when connected as shown,
are said to be in series. Figure 3-2 shows arother
circuit with the same resistors connected in paral-
lel. Any number may be so connected in either
case.

il
FiG. 3-1 SERIES CIRCUIT

The current from a battery in a parallel cir-
cuit will divide between the various resistance
branches; bat 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. It follows then that the total re-
sistance of a series circuit is equal to the sum of
all the individual resisiances. Thus, in Figure 3-1
the total resistance is the sum of the two resist-
ances; namely, that connected between « and b
or I?,, and that connected between ¢ and d or I?..

R =L + R (3:1)

3.2 Parallel Circuits

If we apply Ohm’s Law to either of the two
parallel resistors of Figure 3-2, we shall find that
the current in either case must be equal to the
potential measured across the particular resistor
divided by its value in ohms; and for this particu-
lar circuit, the potential measured across either
resistor is the emf of the battery. The batteryv is
in reality supplying two currents, one through the
resistor ab and tke other through the resistor cd.

[13]

These two currents are united and flow together
in the conductors connecting the poles of the bat-
tery with the junctions of the two resistors. For
any circuit having two resistors connected in
parallel, the current supplied to the combination
must therefore be greater than the current sup-
plied to either of the resistors. If we think of
the combination of resistors in Figure 3-2 as
equivalent to a single resistor that might be sub-
stituted in their stead, it is accordingly clear that
the combined value in ohms of two resistors in
parallel must be less than that of either resistor
taken singly.

We may make calculations for determining the
current in a parallel circuit such as is shown by
Figure 3-2, but these are more complicated than
for a simple series circuit having more than one
resistance. such as is shown in Figure 3-1. The
solution of a parallel circuit is accomplished with
the aid of Kirchoff’s Laws in addition to Ohm's
Laxw.

3.3 Kirchoff’s First lLaw

Kirchoft's FFirst Law states that at any point in
a circuit there is as much current tlowing to the
point as there is away from it. This applies re-
gardless of the number of branches that may be
connected to the point in question. The law can
be interpreted by its application to point /” in
Figure 3-2. If [ is the current being supplied by

{111
+ -
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the battery to the combination of the two resistors
in parallel, and I, and I. are the respective cur-
rents through the two parallel resistors, then

I -1 + 1. (3:2)

If we apply Ohm’s Law to the entire circuit and
let I represent the value of the combined resist-
ances in parallel, we have

E N E
R i or R 11 + 1:
But
FE E
I, R, and 1. R,
Therefore,
) E
R B . B
R, I,

In this latter equation, the E’s can be cancelled
and the equation written—

1
11 (3:3)
R, ' R,
and if we simplify this compound fraction by
simple algebra—

R

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

R (3:4)

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:

) R R, 16.4 < 22 . .
R R, 4 I, 16.4 1+ 22 9.4 ohms, ans.

Figure 3-3 shows a circuit having three resis-
tors in parallel. An equation similar to (3:3) can
be worked out for combinations of this kind, or
calculations can be made to obtain the combined
resistance of «b and ed and this value then com-
bined with the value of ef. But for problems in-
volving more than two resistors in parallel, it is
usually simpler to use the conductance method.

| 14 |
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Fi1c. 3-3 THREE RESISTORS IN PARALLEL

3.4 Conductance

Conductance is defined as the reciprocal of re-
sistance. It is expressed by the symbol G5, and for
any single resistance—

G ! (3:5)
R

For a combination of resistors in parallel, such
as is shown by Figure 3-3, the conductance of the
combination is equal to the sum of the individual
conductances, or

G=G +G,+ Gy (3:6)

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

Example: If a B-3 relay has an inductive wind-
ing of 16.4 ohms, a non-inductive winding of
31 ohms, and these are shunted by an 18-U
resistance (of 100 ohms), what is the resist-
ance of the combination?

Solution:
&y 13’, 161.4 AL
G. 1},: G 032
G~ p, 100~ 010

G G, + Gs + Gy
.061 + .032 + .010 —.103

1 1

G 103 9.7 ohms, ans.
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3.5 Direct-Current Networks

Several resistors may be connected in such a
manner as to form very complicated networks. In
practice many circuits are of this type. For ex-
ample, Figure 3-4 illustrates a 110-volt power dis-
tribution limme supplying a residence and a street
light. We may represent the electrical character-
istics of such a circuit by the network shown by
Figure 3-5, and can further simplify this network
as shown by Figure 3-6. Power supply systems
are usually eomplicated networks of this sort.

In the same way, many telephone circuits may
be analyzed by drawing their equivalent network
diagrams. Figure 3-7 represents an A-board
local cord circuit connected to a local switehing
trunk having 1, mile of 19-gage cable. The equiv-
alent network is shown by Figure 3-8.

In the solution of d-c¢ networks, it is usually de-
sired to know the current in the various branches,
having given the resistance values of each indi-
vidual branch and the voltage of the source or
sources of emf.

Example: What is the value of the current
through each winding of the B-59 relay in
Figure 3-7?

WYV

21
é %c{ %C.‘ ;
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Fi1G. 3-5 CONVENTION FOR CIRCUIT OF FI:. 3-4

| 15 )

Solution: We must first find the total current
through both windings and have:

I . where E is 24 volts and
R
Il)| R‘)
a9. =
R 1394 + R, + R,
27 12000
« .
1894 + 50\ 12000
394 + 26.9 166.3 ohms
Then [ = .14432 ampere.
166.3

But the potential drop V across the fwo
windings is equal to the current times the
combined resistance of the two windings. or

R R
Vo IX v R
144 < 26.9
3.B8 volts
— WA
40
,()‘ o - o e %c:
2 T78 GgrE e
FIGURE 3-6

Then, applying Ohm’s Law to each winding
independently, we have—

I V 3.88
! R, 27
.144 ampere, ans.
and
I V 3.88
== R 12000

.00032 ampere, ans.

3.6 Kirchoff's Second Law

When current flows through a resistor there is
always a difference in potential between the ends
of the resistor, the value of which depends upon
the current flowing and the value of the resist-
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ance. This difference in potential is commonly
called the IR drop since it is equal to the product
of the current and the resistance. This IR drop
acts in the opposite direction to, or opposes, the
emf which drives the current through the resistor.

In a closed circuit, such as is shown in Figure
3-9, the sum of the /I? drops across the three re-
sistors must be equal to the impressed emf. Thus
if the drop across the resistor I¥;, as measured by
the voltmeter, is represented by V, and those
across 2, and Iy by V. and V,; respectively, we
may write the following equation—

E Vi+ Ve 4V, (3:7)

This fact is known as Kirchoff’s Second Law,
which states that for any closed circuit or any

A%
1394 0

:T-': 24V §

27 0
12000 £
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closed portion of a complicated circuit, the alge-
braic sum of the emf’s and the potential drops is
equal to zero.
In the case of Figure 3-9, Kirchoff’s Second
Law may be written as follows:
E IR, IR, IR, — 0O (3:8)
In solving any network problem, the first thing
to do is to draw a good diagram. When the prob-
lem is to be solved by Kirchoff’s Laws, the next
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 /, and I, have already been assigned
to the currents in two of them, the third current
may be designated as their sum or difference, de-
pending upon the assumed direction of current
flow. That is, instead of using a third unknown
I, we will have (I, + I.) or (I, — I.,). This will
eliminate one equation. However, at least as many
equations as there are unknowns must be written.
In the practical application of Kirchoff’s Laws,
the correct use of algebraic signs is fundamen-
tally important. When one sign has been given to
the electromotive force in the direction of the cur-
rent flow, the opposite sign must be given to the
IR drops. In 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 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 di-
rection as positive, or accept as positive all emf’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 emf’s in the
circuit tending to make current flow in the oppo-
site direction. It is immaterial whether the direc-
tions of current flow assumed are actually correct,
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 equa-
tions is preceded by a minus sign, it merely means
that the actual direction of flow is opposite to the
direction which was assumed.

L —_
R R
a ! b 2 c
N A% o
—ii
A+ l
=€ L8
- |
—0
d
FIGURE 3-9
Example: Find the current values in each
branch of Figure 3-10, if the resistance of
R, 5 ohms, I2. 10 ohms, R, 15 ohms,
and 12, 20 ohms, and the voltage F 24
volts.

Solution: We may first assume that the direc-
tion 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 R; plus the current
flowing through R. and R, equals the total
current flowing through R,. Therefore I,,
the current through R,, is equal to I. + I,.

Considering first only the one closed loop of
the circuit of Figure 3-10 that is shown by

(17 ]

L= 13

| |
a 1 b 2
—o———AAA A g
Ry R2
—-
= 24v RyS I3 R, %IQ
O
e d
FiG. 3-10 SERIES-PARALLEL CIRCUIT

Figure 3-11, we may write in accordance with
Kirchoff’s Second Law.

E Ry (1. 1) Rl 0 (a)

and for the closed loop shown by Figure 3-12
E-R(l.+1)) — R, — R, — 0 (b)

We thus have two independent equations con-
taining two quantities which are unknown,
namely, . and [I;. Substituting the known
values of F, ), R., Ry, and I¥,, these equa-
tions may be written as follows:

24 — 5.+ 1) —151; — 0 (a)

24 — 5 (. + 1) — 101, — 201, - 0 (b)
Simplifying, these equations become—

24 — 51, — 20, - 0 (a)

24 — 3561, — 51, - 0 (b)

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

168 — 3571, — 1401; — 0 (a)
24 — 351, 5I, — 0 (b)
144 1351, = 0
or
144
13 135 1.07 amperes, ans.

— 24V

L

FIGURE 3-11
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have, for example, a network such as is shown by
Fionure 3-13. containing the sources of emf E, and

CHAPTER 4
MAGNETS AND MAGNETIC CIRCUITS

4.1 Nature of Magnetism

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 attraction possessed by it was called
magnetism. It was also discovered at an early
date that a bar or needle-shaped piece of this ore,
when suspended so as to turn freely about a central
axis, would turn so that one end always pointed
to the north. For centuries, before it was dis-
covered that there was any relationship between
magnetism and electricity, this unique property
was put to practical use in the mariner’s compass
—as it still is.

Investigation through the years showed that
this magnetic property could be induced by one
means or another in iron and steel, and to a lesser
degree in nickel and cobalt, as well as in alloys
of these metals. Not until early in the nineteenth
century was it learned that the magnetic property
could be artificially given to these metals by
means of an electric current.

Magnets, as we know them today, are classed
as permanent magnets and electromagnets. A
hard steel bar when magnetized becomes a per-
manent magnet because it tends to retain its mag-
netism 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
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to it. Consequently, permanent magnets are of
steel or of such an alloy as cobalt-steel or remalloy
(iron-cobalt-molybdenum), and cores for electro-
magnets are ordinarily made of soft iron or of iron
alloys such as permalloy (iron-nickel), supermal-
loy (molybdenum-permalloy), perminvar (cobalt-
iron-nickel), or permendur (iron-cobalt).

4.2 Permanent Magnets

Figure 4-1 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 attraction upon other magnets in its

e

FIGURE 4-2

vicinity. The influence of a magnet may be de-
tected in the space surrounding the magnet in
various ways, and is found to vary inversely as
the square of the distance from the magnet. To
account for this phenomenon, the magnet is said
to have a magnetic field, which is represented by
the curved lines in Figure 4-1. 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 ¢. The flux per unit area is known
as the flux density and is designated by B.

The lines of magnetic induction are thought of
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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 the arrows shown on
the lines in Figure 4-1.

Lines of magnetic induction are always closed
loops. A vivid graphical demonstration. not only
of the presence 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 &« magnet. Figure 4-2 shows
how the filings arrainge themselves under such a
condition.

If a second magnet is placed at the end of the
bar magnet shown in Figure 4-1, the magnetic
field will become either like that shown in Figure
4-3 or that shown in Figure 4-4. In the first case
the two magnets will attract each other. 1n the
second case they will repel each other. If they
should attract and estanlish a combined magnetie
field such as that shown by Figure 4-3, merely
changing ends of one magnet will give the effect
in Figure 4-4. 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 onposite influence is called the south pole. The
distine’ion comes from the earth, which is itself
a magnet. When 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 surveyvor's compass is an application
of a bar magnet free fto swing on its pivot. and
its north poie will point to the earth’s magnetic
pole locatcd near the geographical north pole.
(However, since the earth is itself a magnet, it
may be noted that with this conventional detini-
tion, the pole nearest the geographical north is
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the earth’s south magnetic pole inasmuch as it
attracts unlike or north-seeking poles of sus-
pended magnets.)

If the strength of the magnet in Figure 4-1 is
doubled, the magnetic field will be strengthened
in proportion, and may be represented by a more
congested arrangement of lines of magnetic induc-
tion. The force that will be exerted upon a pole
of another magnet located at any point in the
magnetic field will depend upon the intensity of
the field at that point. This field intensity is rep-
resented by the symbol H.

We have said 1 a preceding paragraph that
the flux density B is the number of lines of mag-
netic 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 mag-
netic field. Such i iine may therefore be defined
arbitrarily. In practice, it is usually defined as
that magnetic induction per square centimeter in
air, which exists in a magnetic field having unit
intensity. Thus in air the field intensity / and
the flux density B have the same numerical value.

In Figure 4-1 we see that the magnetic field has
greatest intensity nearest the poles. If we wish
to create a field of greater intensity, we can ac-
complish it by bending the magnet into the form
of a horseshoe like that shown in Figure 4-5. 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 4-1. The strength of
the field between the two poles of a horseshoe
magnet is more ntense than that of a straight
magnet of equal strength. Thus, we not only
shorten each line represented by a closed loop
but, in so doing, create more lines. This gives us
an analogy to the electric circuit, which we may
call 2 magnetic circuit. In the electric circuit, if
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FIGURE 4-5

we have a conductor connected between the posi-
tive and negative poles of a battery and decrease
the resistance by decreasing its length, we in-
crease 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 mag-
netic induction existing in the circuit formed by
the magnet itself and the soft iron used for clos-
ing this circuit between the north and south poles.
This is analogous to decreasing the resistance of
an electric circuit by substituting a conductor of
lower resistance for one of higher resistance.

4.3 The Magnetic Circuit

As electric current is caused to flow in an elec-
tric circuit, so magnetic flux can be established in
a magnetic circuit. Magnetic flux ¢, or the total
number of lines of induction existing in the cir-
cuit, then, is in some respects analogous to elec-
tric current.

The flux density B, or the number of lines of
induction per unit area, may be written—

¢ .
B A (4:1)
where A is the area taken at right angles to the
direction of the flux and ¢ is the flux through and
normal to this area.

Since the lines of magnetic induction are in-
creased by the insertion of some material other
than air in the magnetic field, it follows that the
flux density depends upon the materials of the
completed magnetic circuit and the strength of
the magnet. This corresponds to an electric cir-
cuit wherein the current density in any given
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cross-section of conductor depends upon the resist-
ance of the closed circuit and the electromotive
force applied. There is, therefore, a property of a
maghnetic circuit which is analogous to the resist-
ance of an electric circuit. This property is called
reluctance. Likewise, there is a property of the
magnet which is analogous to the electromotive
force of a battery. This is called the magnetomo-
tive force. For the complete magnetic circuit, we
may apply an equation identical in form to Ohm’s
Law which, in words, may be stated—the fiux for
any given magnetic circuit is equal to the mag-
netomotive force of the magnet divided by the re-
luctance of the circuit. Expressed mathematically,
this may be written—

M
¢ p (4:2)

where the symbol for flux is ¢, for magnetomotive
force, 3, and for reluctance, . This may be com-
pared to Ohm’s Law as expressed by equation
(2:1).
E
4 r
While we see that in many respects the mag-
netie circuit is analogous to the electric circuit, it
is well to remember that the analogy is not com-
plete, since there are other respects in which the
two circuits differ. The two more important of
these to bear in mind are as follows:

(a) A magnetic circuit can never be entirely
opened; a magnetic field must exist at
all times in the vicinity of a magnet.
For this reason the magnetic circuit
would be more nearly analogous to the
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electric circuit submerged in water.
When the continuity of the metal con-
ductors forming such an electric circuit
is broken, the circuit will be completed
through the liquid across its gap. Though
the current strength might be decreased
in this way, the circuit could never he
entirely opened; neither would the cur-
rent be limited to the submerged metal
conductors. There would be other flow
surrounding the conductors but not of
such great intensity as in the metal con-
ductors.

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

1.1 Electromagnets

If a conductor carrying an electric current
pierces a cardboard as shown in Figure 4-6, there
may be detected on the plane of the cardboard a
magnetic field with [ines of magnetic induction
encircling the conductor. To illustrate further, if
iron filings are sprinkled on the cardboard, they
will form visible concentric circles as shewn by
Figure 4-7. Through such observations as these,
we learn that wherever an electric current is flow-
ing there is also present a magnetic field, and the
loops formed by the encircling lines of magnetic
induction are always in a plane perpendicular to
the conductor.

If in either Figure 4-6 or 4-7 a compass is
placed near the conductor, the needle will align
itself tangent to some one of the many concentric
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circles. If the cempass is moved slowly around
the wire, the needle will revolve on its pivot and
maintain its tangential relationship. 1t 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 4-6.

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 electric con-
ductor is made to form a loop, the groups of lines
forming concentric circles for every unit of the
condnctor’s length can be imagined as arranging
themselves as shown in Figure 4-8. 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,
Accordinglv, the intensity of the magnetic field
within the loop is increased. This may be more
clearly seen by considering the single line which
Figure 4-9 shows enclosed by imaginary bounda-
ries both within and without the loop of wire. We
may express the field intensity 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 represented
by the cross-section a, and at the point P outside
of the loop the intensity is such as to give one
line for an area represented by A.



FIGURE 4-93

If, instead of having an electric circuit consist-
ing of one loop of wire, we have a circuit consist-
ing of several turns of wire such as the winding
on the spool shown in Figure 4-10, the intensity
of the field is multiplied by the number of turns
of wire. Thus, the value 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 » turns, n times that for a
single loop, providing the turns are sufficiently
close together so that flux leakage between succes-
sive turns is negligible.

Comparing Figure 4-10 with Figure 4-1, we find
that the current in the coil of wire creates a mag-
netic field similar to that of the bar magnet. In
Figure 4-6 the relationship between direction of
current flow and direction of lines of induction
was shown by arrows. We use this same rela-
tionship in Figure 4-8 and going one step further,
we may determine the north and south poles of
the magnet formed by the coil shown in Figure
4-10. A simple way to remember the relationship
for any winding is illustrated by Figure 4-11.
Here if we assume current flowing through a
winding in the direction of “turn” for a right-
hand screw, the lines leave the point of the screw,
which is the north pole, and enter the slot, which
is the south pole.

In Figure 4-5 the number of lines in the mag-
netic circuit established by the horseshoe magnet
was greatly increased by the insertion of a piece
of soft iron between the north and south poles.
Likewise, if in Figure 4-10 the spool shown has
a soft iron core, the number of lines will be
greatly increased. Further, if the core of the
winding is bent in the shape of a horseshoe as
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shown in Figure 4-12, we have the customary
electromagnet which is capable of exerting con-
siderable force.

1.5 Relation Between Current and Field Intensity

If we increase the current strength in the wind-
ing shown by Figure 4-10, we will find that the
intensity of the magnetic field is increased pro-
portionately. Thus, the value of H, or the mag-
netic field intensity in air, is directly proportional
to the current flowing in the winding. We may
accordingly establish a definite relation between
field intensity and electric current for any given
set of conditions.

A winding such as that shown in Figure 4-10 is
called a solenoid. If such a solenoid is very long
as compared to its diameter, the field intensity in
the air on the inside of the solenoid is directly
proportional to the product of the number of turns
and the current, and inversely proportional to the
length of the solenoid. Ixpressed mathemati-
callv—

H=k ! (4:3)
where N is the total number of turns, / the cur-
rent, ! the length o the solenoid, and k is a con-
stant depending on the units in which the other
factors are expressed. In the rationalized mks
(meter-kilogram-second) system of units, &k is
equal to 1, I is in amperes, [ is in meters and H is
then ampere-turns per meter.

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 mag-
netomotive force per unit length of circuit. Its
analogy in the electric circuit is the “distributed
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emf”’ per unit length of a uniform condnctor, or
that element of the electromotive force tending to
force a current through each unit length of con-
ductor. We may therefore express the total mag-
netomotive force of the solenoid in Figure 4-10 in
ampere-turns, as the field intensity times the
length of the solenoid—thus:

M~ Hxl - kNI (4:4)

4.6 Flux Density, Field Intensity and Perme-
ability

In discussing field intensity we have thus far
considered it only in connection witk magnetic
circuits in air. However, we have seen that if
iron is inserted in a solenoid such as that shown
by Figure 4-10, the number of lines of induction
will be greatly increased. This means that the
flux density, or the number of lines per unit area
of cross-section inside the solenoid, may be mueh
greater than that set up in air by a field of the

FIGURE 4-11

same intensity. In inserting the iron, we have
greatly lowered tke reluctance of the magnetic
circuit. Because of fhe lowered reluctance, the
magnetomotive force has established a greatly in-
creased flux. We find then that if iren is intro-
duced into a magnetic circuit, the flux density
will depend upor the intensity of the field in the
air before the iron is inserted, and upon certain
magnetic properties of the iron, or the adapfa-
bility of the iron for lowering the reluctarice per
unit of length.

As noted above, we may think of the field in-
tensity H in air in the sense of a definite magne-
tizing force which will set up a greatly increased
flux in any unit iength of iron having a lower re-
luctance than air. Ordinarily we do not use the
reluctance of iron per unit length but employ in-
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stead a term which is inversely proportional to
reluctance, or is analogous to conductivity in an
electric circuit. This term is known as perme-
ability and is represented by the Greek letter p.
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:

¢

4 H X n (4:5)
or

B H % n (4:6)
where B is the conventional symbol for flux
density.

This equation may also be written in other forms:

B
4:7
[ H ( )
or
H (4:8)
M
15000 |
o -
12500| =7
E-H Curve
10000] i
B 7500
5000!
|
2500]
0 - - — — — — et
0 5 10 15 20 25 30
H

FiG. 4-13 B-H CURVE FOR [RON



12000

Permalloy

Armco
lron

10
Fi1G. 4-14 B-H CURVE FOR PERMALLOY

4.7 Magnetic Properties of Iron

Permeability has been compared to electric
conductivity. There is one distinction, however,
which is most essential. The stability of iron un-
der various degrees of magnetization is not equal
to that of the ordinary metallic electric conductor.
In the electric circuit, the resistance or conduc-
tivity 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 increased),
the permeability of the iron is changed, and any
further increase in the magnetizing force (or
field intensity) may not mean a proportional in-
crease 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 already has. After a cer-
tain number per unit area of cross-section, or a
certain flux density, the iron becomes less effec-
tive and regardless of any further increase in

B
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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 “satura-
tion point’” of the iron.

4.8 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, and also
to all of the magnetic alloys. Table II shows the
resistance of electric conductors compared with
copper. A similar table could be compiled for
electric conductivity by taking the reciprocal of
the resistance values shown. Such a table would

Armco lron
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be analogous to a magnetic table for perme-
ability ; but to give accurately 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 Figure 4-13
which is taken for a magnetic iron used by the
Western Electric Company in the manufacture of
certain relays and other telephone apparatus. This
curve was determined after the iron had been an-
nealed for three hours at a temperature of 900° C.
Every magnetic material has some such curve. A
magnetization curve will ordinarily depend upon
many things, such as—

(a) Whether cast iron, wrought iron, steel or

an alloy of these with other metals.
(b) Degree of purity.




(c) Heat treatment used in preparing the
metal.

(d) Previous magnetic history ; that is, whether
or not it has been subject to a high de-
gree of magnetization in the past.

At low values of field intensity (H below 1.0)
the magnetic material, permalloy, which is an
alloy of nickel and iron (plus a small amount of
chromium or molybdenum in certain cases) has a
very much higher permeability than iron, making
it extremely useful in communication work where
low values of field intensity are common. Figure
4-14 gives B-H curves for a standard permalloy
and a standard iron for low values of H; it will
be noted that the magnetic flux for a given mag-
netizing force is very much greater in the per-
malloy than in the iron over the range covered.

4.9 Hysteresis

If a piece of iron is subjected to an increasing
magnetizing foree until the saturation point is
reached and then the magnetizing force is de-
creased to zero and established in the opposite
direction until the saturation point is again
reached, and if the magnetizing force is again de-
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creased to zero and again increased until the
cyele is completed, the relations between flux
density and field intensity for all parts of the
cycle may be represented by a curve such as one
of those shown by Figure 4-15. This is called the
hysteresis loop. Here it is seen that after the iron
has once reached the saturation point, it does not
return to its original magnetic condition no mat-
ter to what magnetizing forces it may be sub-
jected. For example, an inspection of the hys-
teresis loop shows that iron will retain a certain
degree of magnetization after the magnetizing
influence has been reduced to zero. This is par-
ticularly true of hard steel and is the reason that
all permanent magnets are made of hard steel or
a material having similar characteristics. The
two curves of Figure 4-15 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 electro-
magnets. We may note here also that the hys-
teresis loop for permalloy is very much narrower
than that for soft iron at low values of magnetiz-
ing force. This is illustrated in Figure 4-16 where
the hysteresis loop for permalloy and iron are
compared.



CHAPTER 5
ELECTRICAL MEASUREMENTS IN DIRECT-CURRENT CIRCUITS

5.1 Measuring Instruments

We have been discussing such electrical quan-
tities as the volt, the ampere, the ohm and the
watt, but little has been said about the electrical
instruments that are used to measure these quan-
tities. Basic instruments of this kind include the
galvanometer, the voltmeter, the ammeter, the
Wheatstone bridge (including a galvanometer)
the megger, and the wattmeter. At this stage of
our study it is important that we learn the funda-
mental principles of these measuring instruments
and the distinction between instruments designed
for different purposes, but it is not important that
we study long descriptions of their construction
or those details of design pertaining only to their
manufacture. They are ordinarily sealed at the
factory and are seldom repaired by the field main-
tenance man. Let us, therefore, concern ourselves
with the intelligent and skillful use of them and
only with those principles of their operation that
are essential to this.

The galvanometer may be considered the most
elementary of electrical measuring instruments in
that it is nothing more than a sensitive device for
detecting electric (direct) currents. It is not de-
signed to determine magnitudes of currents but
merely their presence. Naturally its effectiveness
in detecting currents of extremely small value de-
pends upon its sensitiveness. While the galvanom-
eter is the simplest of the group of instruments
used in daily practice, it is one of the most deli-
cate. It ordinarily consists of a coil of several
turns of very fine wire suspended between the
poles of a permanent horseshoe magnet and held
in a neutral position by the torsion of fine sus-
pension fibres, or other equally delicate means.
The suspended coil carries a light needle which
stands at the center of a fixed scale when the coil
is in its neutral position with respect to the per-
manent magnet. A very small current through
the suspended coil will set up a magnetic field that
will tend to align itself with the field of the per-
manent magnet and thereby cause a deflection of
the needle from its neutral position on the fixed
scale.

In direct-current measurements, both ammeters
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and voltmeters are ordinarily galvanometer types
of instruments. The ammeter is used for measur-
ing the flow of current in a circuit. For this rea-
son it must be inserted directly in the path of the
current as was done with the water flowmeter
shown in Figure 2-2 (Chapter 2). It can readily
be seen that if the meter is to measure accurately
the current flow in the circuit, it must not dis-
turb to any appreciable extent the current or
voltage relations in the circuit to be measured.
To insure this, the resistance of the meter is made
extremely low. Thus, when an ammeter is in-
serted in a circuit as in Figure 5-1, the current
flow measured by the meter is equal to

E
Ry + Ro 4+ Ry + 7
where r is the resistance of the meter. Since r is
relatively insignificant, this value is not appreci-

ably different from the current flow without the
meter, which is equal to

E
R+ R: + Ry

For the same reason the voltage drops across the
resistors, II?,, IR, and IR, the sum of which must
equal E, remain effectively undisturbed.

The voltmeter is used to measure voltage or
potential drop. It is connected across a battery
or a resistor across which exists a potential drop.
This is also illustrated in Figure 5-1. Since the
current or voltage relations in the circuit are also
to remain undisturbed, the voltmeter must not
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draw an appreciable current from the circuit
across which it is connected. For this reason the
voltmeter, unlike the ammeter, must have an
extremely high resistance.

We have learned that the combined resistance
of resistors in parallel is lower than that of the
smallest resistor. It follows that a high resistor
in parallel with a relatively small resistor will not
appreciably change the total net resistance. This
leads to a general rule for the use of valtmeters—
the resistance of a voltmeter must be very much
higher than the resistance of the circuit across
which the voltage drop is being measured.

Py ¢
10,000 2
Py g
10,000
Py ¢

—E‘ E =10 Volts

FIGURE 5-2

In order to show the error introduced by using
a voltmeter whose resistance is comparable with
that of the circuit element across which it is
bridged, consider the circuit shown in Figure 5-2.
If the voltmeter were not connected to the circuit,
the current flowing in the circuit would be

__ £ ____ 10 ____
Ry + R, 7 10,000 + 10,000 —

The voltage drop either between points P, and
P. or between P, and P,; would be

IR, = IR: = 0005 X 10,000 = 5 volts

= L0005 amps.

If, however, a voltmeter having a resistance of
only 10,000 ohms is connected to P. and P, as
shown, the total resistance between these points
is the net parallel or combination resistance of
the 10,000-ohm voltmeter and the 10,000-ohm re-
sistor R.; that is, 5,000 ohms. Then the total cur-
rent in the circuit is

10
10,000 + 5,000

Consequently, the voltage drop between P, and P,
now is

IR, = .000667 x 5,000 = 3.33 volts.

1 =

= .000667 amps.
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Therefore, the voltage read by the voltmeter is
only 3-1/3 volts instead of the 5 volts which would
actually exist between P, and P, if the voltmeter
were not used, or if a voltmeter were used whose
resistance was mueh greater than the 10,000-ohm
resistor across which it is bridged.

To avoid error, or when it is desired to measure
the voltage across very high-resistance circuits,
an ‘‘electron-tube voltmeter” is often employed.
This is essentially a voltmeter that is associated
with an electron-tube amplifier, the amplifier mak-
Ing it possible to obtain a full scale reading on the
meter without drawing an appreciable amount of
power from the circuit to which the voltmeter is
connected. In other words, the input resistance
of such a voltmeter may be practically infinite.

If a voltmeter measures at any given instant
the emf across any direct current 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 equation P = FI, 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 {we remaining instruments in the
basic group. These are the Wheatstone bridge and
the megger. The megger is a combination of a
magneto source of relatively high electromotive
force and a sensitive meter, calibrated to read
values of very high resistances connected across
its terminals. The Wheatstone bridge is a net-
work of resistors which is used in connection with
a galvanometer for measuring an electrical re-
sistanee by an accurate comparison method. A
more detailed discussion on the use of this device
follows later in this Chapter.

In using any electrical instrument it must be
remembered that Ohm’s Law is never failing and
that it applies to every circuit branch. Thus, in
the case of the ammeter, the current that will flow
through it will be very large if an appreciable po-
tential is connected across its terminals without
other resistance in the circuit. As an illustration,
if an ammeter has an internal resistance of .005
ohms and an electromotive force of one volt is
connected to its terminals, the current through it
in accordance with Ohm’s Law will be 200 am-
peres. 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
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a short-circuit when connected across points in a
circuit having a considerable difference in poten-
tial, while the voltmeter is for most practical pur-
poses 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
eonnected across.

Voltmeters and ammeters are manufactured for
different ranges of voltage and current values
and one instrument often has several scales. In-
struments for measuring small values are prefixed
with milli, meaning one-thousandth, or miero,
meaning one-millionth. Thus, we have milliam-
meter, millivoltmeter, ete. 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 seale reading.

5.2 Simple Resistance Measurements

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 ;

(¢) 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 resistance of an ammeter shunt) ;
the resistance of an electrical connec-
tion such as the connection between
cells of a storage battery; the resist-
ance of an electrical bond, such as
bonds used to prevent electrolysis and
connected between railroad rails and
water pipes or from one railroad rail
to another.

Where very low resistances are to
be measured accurately, it is usually a
complicated laboratory process. For-
tunately, 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 nec-
essarily with a great degree of ac-
curacy. 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 determined for practical pur-
poses by some simple test such as touching the
two sides of the connection with the terminals 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 are 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.

Two basic methods for measuring electrical re-
sistances are discussed below:

E

T

F1G6. 5-3 DROP IN POTENTIAL RESISTANCE MEASUREMENT

30 |




a. Voltmeter-Ammeter Method

Figure 5-1 shows a simple series circuit. Let
us assume that it is desired to determine the value
of the resisfance R;. We have learned that if a
voltmeter is connected across the terminals « 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 current flowing through
the resistance I2;,, we will have not only an emf
reading but a current reading as well and from
the two, the value of the resistance may be cal-
culated by Ohm’s Law.

Example: In Figure 5-1, the voltmeter reading
is 5 volts and the ammeter reading is .5 am-
pere; what is the value of resistance I2,?

Solution:

Vi

R, I,

10 ohms, ans.

b. Drop in Potential Method
=4

If in Figure 5-3, it is desired to determine the
value of the resistor I;, the “drop in potential
method” can be used if a second resistor K. of
known value is inserted in series and the voltage
drops across both I, and . are measured. Since
the two resistors are in series, the same current
is flowing through both and from Ohm’s Law:

I’] ale ‘/'.‘
I R, and also [ R.
Therefore,
v, V.
IL)| It’~_r
which may be written. either—
vV, I,
V. R.
v Ry
— —o—AVN—0——

H

— i
1

I
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Example: If in Figure 5-3 the value of R. is 10
ohms and the drop across it is 12 volts, what
is the value of {2, which has a drop of 8 volts?

T, 8

I&
' V. 12

L. 10 6.67 ohms, ans

2.3 Insulation Measurements

The application of the drop in potential method
which has greatest importance in telephone and
telegraph work is its special adaptation to insula-
tion measurements.

It the series circuit in Figure 5-3 contains no
resistance other than I, and I., it is not neces-
sary to measure *he drop across I'; because it will
be equal to the potential of the battery minus the
drop across I'.. The equation for this special case
may then be written—

E-V.

Ve
where E is the emf of the battery.

If K, is very high in value such as a “leak’™ due
to poor insulation, it can be measured using eyua-
tion (5:2) but instead of using a second known
resistance, the volimeter itself may be inserted in
series with the battery and R, as shown in Figure
5-4. The reading V. then applies to the drop
across the voltmeter’s own resistance which, as
has been previously stated, is very high. But
since the resistance being measured is very high,
this gives greater accuracy than if a known re-
sistor 2. having a lower value were inserted and
a drop of lower value measured across it. As a
matter of fuct, voltmeters used for measuring in-
sulation are especially designed to have abnor-
mally high internal resistance: the ones used in
the standard testboard testing circuits have a re-
sistance of 100,000 ohms.

@ - R, (5:2)



Figure 5-5 shows the drop of potential method
with series voltmeter for measuring the insula-
tion of a capacitor. Figure 5-6 shows a “leak”
between two cable conductors and Figure 5-7 a
“leak” between an open wire and ground, both
being measured in the same manner.

For this application equation (5:2) is ordi-
narily written—

E -V
X=r v

or

X 1({3 1> (5:3)

where X is the unknown insulation resistance in
ohms and corresponds to Iy, » is the resistance of

Leak Due
To Moisture
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the voltmeter and corresponds to Il., E' is the volt-
age of the battery and V is the voltmeter deflec-
tion.

Example: The voltmeter shown in Figure 5-5
has a resistance of 100,000 ohms. If it reads
8 volts as shown and 150 volts when con-
nected directly across the battery terminals,
what is the insulation resistance of the ca-
pacitor?

Solution:

X 1({1, 1>
100,000(15“ 1>

8
1,775,000 ohms, ans.

Note: Insulation resistance is usually expressed
in megohms instead of ohms on account of its
normally high value. One megohm equals

_—_l—_ High
T E Resistance
= Leak —
G G =
Ground Return :
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one million ohms. Equation (5:3) may ac-
cordingly be written:

X 1(15 - 1> = 1,000,000
where X is insulation resistance in megohms in-
stead of ohms.

5.4 Theory of the Wheatstone Bridge

In practice the Wheatstone bridge provides a
faster and more accurate means of making re-
sistance measurements although the principles in-
volved are not different from those of the poten-
tial drop method of measurement outlined in
the preceding Article. Before reviewing specific
Wheatstone bridge measurement techniques, how-

—Hili
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o

FIGURE 5-8

ever, it may be well to analyze briefly the broad
general theory of this very widely used measuring
instrument.

In Figure 5-8, the voltmeter has one terminal
permanently connected to « and the other ter-
minal may be moved along the resistor «b. The
voltmeter reading will be zero when both ter-
minals are at «, and will gradually increase as P
is moved toward b. We shall find that the poten-
tial drop measured between the points a and P is
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FIGURE 5-9

always proportional to that part of the resistance
between the two points, or we may write:

aP | %

aP’ | %4
where V’ is the potential drop measured between
« and any other point P’.

If instead of having one resistor as shown in
Figure 5-8, we nave two parallel resistors as
shown in Figure 5-9, and one terminal of the volt-
meter is moved along resistor ab while the other
terminal is moved along resistor e¢d, we shall find
that when that part of the resistance «¢b beiween
the points « and P is proportional to that part of
the resistance ed between the points ¢ and P’, the
difference in potential between the points P and
P’ will be zero and there will be no reading of the
voltmeter. Mathematically, this may be expressed :

aP ab

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

Pt ab
P d ed
From these two relations, we may write:
aP rby -
P Pd (6:4)
A P X
MA—2 MY
| B @ R
= AW — W\
=E P
FIGURE 5-10

In Figure 5-10 let us assume that the resistances
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 I”
is merely being used to determine that these fwo
points have the same potential, a galvanometer
can be employed imstead of a voltmeter, and will
be preferable in that it is more sensitive. If there
is no deflection in the galvanometer needle, we
may write the same relation as was given by
equation (5:4), namely:

A X A B

B R°Xx r
This equation can be expressed:
, A .
X3 R (5:5)

which is the usual equation of the Wheatstone
bridge.

E
[t
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Figure 5-11 illustrates the conventional method
of showing the Wheatstone bridge. It is almost
identical to the arrangement shown by Figure
5-10, but has the resistors connected in a diamond
shaped diagram. S, is a switch for disconnecling
the battery when not in use, and S, is &4 similar
switch for disconnecting the galvanometer. Bind-
ing posts are shown for connecting the unknown
resistance to be measured, which is usually desig-
nated as X. The resistors A and B are called the
ratio arms of the bridge and the resistor R is
variable so that for any unknown resistance X,
the value of I? may be adjusted to obtain a per-
fect balance, or to bring the galvanometer needle
to the stationary or zero point on the scale.
Though Figure 5-11 shows the resistance branch
Il as variable and the arms A and B as fixed, a
balance could also be obtained by changing the
ratio A/B in equation (5:5) instead of varying
the value of R.

[33]



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 resistance (dead crossed). If the meas-
urement 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 .654 mile away,
is some point between .654 mile away and the
office. One way to determine the exact location in
this case is to make loop measurements from each
end of the cable pair, and to calculate an imagi-
nary location from each measurement on the as-
sumption of a zero cross. The location, when
calculated from the measurement made at the
office end, will be too far away, and when calcu-
lated from the measurement made at the distant
end, will be too near the office. The actual loca-

Defective

Uil

FIGURE 5-14

tion is the mean, or point half way between the
two. Of course, in practice it may not be con-
venient to transfer the Wheatstone bridge to the
distant end of the circuit in order to make meas-
urements 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 5-14. This
permits testing in both directions from the same
office. If the exact length of the good pair is not
known, it can be determined by making a meas-
urement with the distant end crossed.

Note: As pointed out in the next Article, the
quickest and most accurate method of locat-
ing a cross in practice is by the use of a Var-
ley measurement. But the theory underlying
the foregoing should be thoroughly mastered
before taking up the later type of test.
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Example: In Figure 5-14 the good cable pair
when short-circuited at the distant end has a
loop resistance of 63 ohms. When connected
to the defective pair as shown, the measure-
ment from the office to the cross over the
good pair and the distant end of the defective
pair is 108 ohms. The measurement 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 AWG?

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

37
84.1

The length of the good pair is:

d, = = .440 mile

63
84.1

The imaginary distance from the distant end
is:

= = .749 mile

108
24.1

Then the actual cross is at point half way be-
tween .440 mile from the near office and .535
mile from the distant office or .749 — .535 =
.214 mile from the near office. The actual
location is therefore

440 4 .214
2

The resistance of the cross caused an error in
the single measurement location of .440 —
327 = .113 mile of cable pair. This expressed
as resistance is .113 X 84.1 = 9.5 ohms, ans.

dy — 1 = — .749 = 535 mile

= .327 mile, ans.

An important application of the simple loop
resistance measurement is to determine any in-
equality 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 defective sleeve joints in open
wire. This test, requiring at least three conduc-
tors, is ordinarily made by having the conductors
crossed at the distant end and making measure-
ments on various combinations:

Example: It is desired to determine the amount
of resistance unbalance for the conductors
of a phantom group between points 4 and B.




The Wheatstone bridge is located at A. The
wires are designated 1, 2, 3 and 4 and all
four wires are crossed at B.

Procedure: Meusure the loop resistance with the
bridge connected to wires 1 and 2. Let ns as-
sume 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 as-
sume 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:
W, + W. = 90 (a)
W, +~ W, - 90 (b)
W, + W, - 88 (c)

Subtracting equation (b) from equation (a) we
have:
W/] H/;g 0 (d)
Adding (c) and (d) we have
217, — 88.or IV, — 44 ohms

Substituting in (a) we have

44 + W, — 90ohmsor IV, — 46 ohms
Substituting in {¢) we have

44 + W, — 88 ohms or I, — 14 ohms
And since W, + ", — 88, we likewise have

44 + W, — 88 or W, - 44 ohms

Thus we learn W. has a resistance unbalance
of 2 ohms, ans.

5.6 Varley Loop Tests

The Wheatstone bridge may be used to locate a
defect due to a grounded 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 gererally used ; the other is known
as the Murray loop test. Figure 5-15 shews the
theory of an ordinary Varley loop test for a
ground.

In comparing this figure with Figure 5-11, we
can recognize a Wheatstone bridge circuit with
the connections 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 5-11 be-
comes in Figure 5-15 the series resistance ! of the
good wire from the office to the distant end, plus
the resistance x of the defective 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 I! 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 I2 arm of the bridge is used merely to add
resistance to the defective wire and since the re-
sistance of the defective wire from the bridge to
the fault balances an equal length of the good
wire, the value of F when the bridge is balanced
equals the resistance of the loop from the defect
to the distant end.

Example: In Figure 5-15 the bridge is connected
to a 30-mile circuit of 104 open wire. IKach of
the arms A and B is 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 III gives 10 ohms per mile for
the loop resistance of 104 copper wire. The
measurement of 22 ohms represents the re-
sistance of the loop from the defect to the
distant end. This distance is therefore 22,10

2.2 miles. If the circuit is 30 miles long,
the defect is located 30 — 2.2 or 27.8 miles
from the measuring oflice, ans.

The above example assumes that the two wires
of Figure 5-15 are alike, and that the loop re-
sistance values per mile given in the table are

Fi16. 5-15 GROUNDED VARLEY TEST
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correct under all conditions. Although the first
assumption will usually be true in practice, unit
resistance values may vary appreciably 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 addi-
tion to the grounded Varley measurement.

Thus, referring again to Figure 5-15, it will be
seen that when a Varley balance is ob‘ained, with
the bridge ratio arms equal—

Ri+d-1l+zx (a)
or
d- (l+2x) — 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 I. is measured,
we have
L=1l4+x4+d (¢)
from which

d=L -+ x) (d)

Now, adding (b) and (d), we get
2d - L — IR (e)

In other words, the loop resistance from the meas-
uring end to the fault is equal to the loop resist-
ance measurement minus the Varley measure-
ment. Since we do not know precisely the unit
resistance value of the two wires, we still do not

Cross
AMrUnbalance
A
Cross
! -
Third Wire

==

B
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know the exact distance to the fault. It is obvious,
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 tofal loop resistance. That is, if
we designate the distance to the fault as &, and the
total length of the line as I, then—

k 2d .
DL (f)

from which

. 2d
k 3 D ()

or applyving (e) above

L - R
k I D (h)

Example: Assume as in the above example that
the total circuit length is 30 miles and that
the Varley reading is 22 ohms with the ratio
arms equal. If a loop resistance measurement
gives 300 ohms, what is the distance of the
ground from the measuring end?

Solution:

o
o 30022 4

300 27.8 miles, ans.

A modification of the Varley test may be used
for accurately measuring resistance unbalances,
which is in some respects preferable to the method
of combination loop measurements described in
the foregoing Article. It is called the metallic
Varley, and is shown by Figure 5-16(A). In mak-
ing this test, all wires are short-circuited at the
distant end in the same manner as when making
a series of loop tests for the various combinations
of wires. At the testing office, one wire of the
combination is used for the battery return, in-
stead of a circuit formed by grounding at the dis-
tant oftice. Two of the remaining wires are then
connected to the bridge and I is adjusted to give
a balance. If a balance cannot at first be secured,
this indicates that the higher resistance wire is in
series with I, and the connections to the bridge
terminals are reversed. If the arms A and B are
equal, the value of I then obtained represents the
difference between the resistance of the two wires,
and no calculations are required. When all com-
binations of wires are tested by the metallic Var-
ley excepting the battery return wire, this wire




may be 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 those having high resistance.
As noted in the preceding Article, the location of
a cross having resistance by the use of loop resist-
ance measurements 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 Figure 5-16(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 re-
sistance of the good third wire, plus the resist-
ance of one wire of the crossed pair from the
distant end to the fault, 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—

l4+(—-d)=d+ R

from which

2l - R
2

In locating a cross by this method in practice,
it is only necessary to make a Varley measurement
as described above and a loop resistance measure-
ment on the pair consisting of the good third wire
and one wire 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 resistance 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 aniron circuit. The procedure here is to ground
the wire of the second circuit, cross the first cir-
cuit at the distant end, connect the bridge to it
and locate the ground by the Varley method de-
scribed above, which is equivalent to locating the
Cross.

In practical line testing work, it is sometimes
desirable to use all three of the types of measure-
ments we have been discussing for locating a cross

d
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or ground—i.e.: a grounded Varley measurement,
a metallic Varley measurement, and a loop resist-
ance measurement. This method, commonly called
the 3-Varley method will give accurate results re-
gardless of whether the several line wires used
(including the defective wire) have the same
overall resistance, regardless of the resistance of
the cross or ground connection, and regardless of
the insulaton resistance between the wires and be-
tween the wires and ground.

Figure 5-17 illustrates the arrangement tor
making such measurements. In this case, where a
grounded fault is to be located, two good wires,
which may or may not have the same resistance,
and the faulty wire are connected together at the
distant office. A metallic Varley measurement
which will indicate the difference in resistance be-
tween one good wire and the faulty wire, a
grounded Varley measurement which gives the
resistance from the distant office to the fault, and
a loop measurement giving the total resistance
between the fwo offices are made.

The loop measurement is taken by connecting
the switch arm s to the V, position (Figure 5-17)
and adjusting R until the bridge is balanced. This
reading will be designated as V,.

The grounded Varley measurement is made by
switching to the V. position and adjusting for
balance. This reading is designated as V..

A metallic Varley measurement is made by
switching to the V. position. This reading is V.

If the 4 and B arms are set at equal values for
all three measurements, we can see by inspection
of Figure 5-17 that

Vi=l+ax+4+d
Vo=l+4+ax—d
Va=l—ax—d

Now we may note that

Vi—Vs=2d + 2x
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which is twice the resistance of the faulty wire.
Similarly
V, — V., —2d

which is twice the resistance from the home office
to the fault location. Then calling the distance to
the fault & and the total length of the wire D as
in (h) preceding, it is evident that
Vi -V,
v, v, <P

It is particularly important to note in connec-
tion with this 3-Varley measuring method that the
measured values in all cases include only values
of the resistance of the faulty wire itself. The
specific resistance values of other wires used in
making the measurements are immaterial since
they do not appear in the final equations.

k

Example: Assume that in Figure 5-17, a toll
circuit is 42 miles long and that the following
3-Varley measurements are obtained:

Vi — 3970
V. = 1700
Vi 20

What is the distance from the measuring
office to the fault?

Solution:

. Vi =V,

b=y, —vy, XD
3970 — 1700 .
3970 20 X 42 — 24.15 miles

The 3-Varley method is equally applicable for
locating faults due to crosses where the measure-
ing set-up would be as shown in Figure 5-18 and
the calculations for determining the location
would be the same a3z in the case of the ground
fault discussed above.

5.7 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 I2 to compensate for the difference
in wire resistance between the good wire connec-
tion and the defective wire connection, the arm B
is eliminated altogether and the variable resist-
ance arm is connected in its place as shown in
Figure 5-19. In this arrangement, the ratio of the
reading I? 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
resistance of this same wire from the ground to
the distant office plus the resistance of the good
wire, or expressed mathematically

R I —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.

Cross

Fic. 5-19 MURRAY TEST

Example: In Figure 5-19, 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
A l+d
or
634 (65 — d) < res. per mile

1000 (65 + d) < res. per mile

[40]




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
I — d = 50.44 miles, ans.

The advantage of the Murray test in locating
a fault suck as discussed above lies in the fact
that the test does not require the use of a third
wire as would be necessary in the Varley methoed.
Except in certain special conditions involving
rural lines, one pair service cables, etc. the Murray
test is rarely used in telephone practice for locat-
ing grounds or crosses. The Murray type connec-
tion is commonly used, however, for locating
opens. But since the wires here are open, it is
obvious that no ordinary d-c measurement can be
made. Instead, a low frequency a-c is generated
by means of an “interrupter” which reverses the
battery voltage 8 times per second and simultare-
ously reverses the polarity of the galvanometer
connections. The bridge when balanced then com-
pares the “eapacitance” of the good wire to its
far end with that of the defective wire to the point
where it is open.

As we shall see in later Chapters, the capaci-
tance value of the wire is directly proportional to
its length and the ratio given by the bridge read-
ing will therefore be equal to the ratio of the
length of the good wire to the length of the de-
fective wire to the fault.

There are a number of other standard tests
made with the Wheatstone bridge and with these
as well as with the tests that have been described,
the procedure in practice is somewhat more in-
volved than the simple theory might indicate.
There are in nearly all practical tests various
complicating factors such as temperature varia-
tions, 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 many toll cables, parts of each
section are aerial and other parts are under-
ground. There is normally a considerable temper-
ature difference hetween aerial and underground
facilities and a corresponding difference in the
wires contained in the cable sheaths. In such
wires, it is necessary to apply correction factors
to the measurements taken in order to locate a
fault accurately. The details of how these various
factors are taken care of in practice present a
rather complete study in themselves, howerver,
and their consideration is beyond the scope of this
book. The intent here has been only to treat a
few of the outstanding testing methods in a more
or less theoretical way, with a view to establish-
ing the general principles upon which all testing
work is based.
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CHAPTER 6
THE DIRECT-CURRENT DYNAMO-ELECTRIC MACHINE

6.1 Induced Electromotive Force

Chapter 4 describes how lines of magnetic in-
duction exist around any wire in which there is
an electric current. Not only does a current es-
tablish such a field, but conversely a magnetic
field can be made to create an electromotive force.
Voltage may be induced in any conductor by mov-
ing it through a magnetic field in such a manner
that it “cuts” the magnetic lines. If the wire in-
dicated in cross-section by the circle in Figure 6-1
is moved horizontally to the right through the
magnetic lines having a direction vertically down-
ward, 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 con-
ductor, as shown. Referring to Figure 4-11 in
Chapter 4 and applying this figure conversely to
our new conditions, we find that a magnetic field
which loops around a conductor in a clockwise
direction, gives rise to a current flowing “into”
the conductor as seen in cross section. This is
illustrated in Figure 6-1(D)) and (E).
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F16. 6-1 WIRE MOVING THROUGH MAGNETIC FIELD

This rule, stated in another way, is called the
right-hand rule for remembering the induced emf
relation. It is illustrated in Figure 6-2. The fore-
finger of the right hand represents the direction
of the lines of magnetic induction (flux—north
to south) ; the thumb, when pointed perpendicular
to the forefinger, represents the direction in which
the conductor moves; and the second finger, when
perpendicular to both the forefinger and the
thumb, gives the direction of the induced emf, or
the direction of current flow. If a galvanometer
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is connected to the conductor, as in Figure 6-3, it
will be found that the effect is more noticeable
when the conductor is moved swiftly. From these
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FiGc. 6-2 RiGHT-HAND RULE

and other similar experiments we learn that the
law for induced emf may be stated as follows:
When any conductor is made to cut lines of mag-
netic induction there will be an emf induced in it,
and the direction of the emf, the direction of the
flux, and the direction of the motion of the con-
ductor have a perpendicular relation as shown by
the right-hand rule. The magnitude of the in-
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duced emf depends upon the rate of cutting mag-
netic lines, or the number of lines cut per second.

6.2 Emf Induced in a Revolving Loop

Instead of a single conductor cutting lines of
magnetic induction, we may have a loop of wire
revolving in the magnetic field between the poles
of a magnet, as shown in Figure 6-4. In this case,
the conductor nearest the south pole moves to the
left while the conductor nearest the nortk pole
moves to the rignt. and the emf induced has a
different directior: in the two conductors.

But, because tke loop is complete, these emf’s
will aid in causing a continuous current in the
direction «-b-c-d, as shown by Figure 6-5 (A). The
values of these emf’s at any given instanf will de-
pend upon the position of the loop. When the
plane of the loop becomes perpendicular to the
magnetic field as in Figure 6-5 (B), each conduc-
tor will be moving parallel to the direction of the
lines, the loop will be in a neutral position, and
the generated emt will have decreased to zero. If
the loop is then turned through an angle of 90
in the same direction (Figure 6-5 (C) ), it will
again be cutting lines at the maximum rate, but

N
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the emf will be reversed with respect to the loop
itself and the current will be in the direction
d-c-b-a, or opposite to that in Figure 6-5 (A).

With the loop revolving at constant speed, the
emf induced in it and the resultant current are
proportional to the number of lines cut, which in
turn is proportional to the horizental motion of
each conductor of the loop. The maximum emf 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 emf may be determined by
the horizontal motion of the loop per angular
degree through which it turns.

Figure 6-6 shows a mechanism which illustrates
the way in which this current varies. The wheel
d is rotating at a constant speed, causing the at-
tached pin « to slide in the slot ¢, moving the bar
b (with the pencil e attached) vertically between
the guides gg. When the horizontal component of
the motion of the pin « is a maximum, that is,

Fic.

6-6 MECHANISM FOR DRAWING SINE WAVE

when the motion is in an entirely horizontal direc-
tion, the pencil e is at either its highest or lowest
position, depending upon whether the motion of «
is from left to right or right to left. When the hor-
izontal motion of « is zero, ¢ is midway between
its extreme high and low points. If f repre-
sents a strip of paper which is being moved hori-
zontally to the right at a constant speed, the pen-
cil e will draw a curve as shown. This curve will
indicate a positive maximum (or highest point)
when the horizontal motion of a to the right isa
maximum ; and will indicate center or zero points
when the horizontal motion of « is zero. If the pin
in this mechanism represents one conductor of a
loop of wire revolving in a vertical magnetic field,
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Fi16. 6-7 GRAPHICAL CONSTRUCTION OF SINE WAVE

the position of the pencil ¢ with respect to the
mid-point of its travel represents the emf induced
in the conductor. This is apparent since the in-
duced emf in each loop is proportional to the hori-
zontal motion of the loop. The curve not only
represents maximum and zero points but shows all
intermediate values of the induced emf as well.

Such a curve is called a sine wave. It is the
fundamental wave form in alternating-current cir-
cuits of all kinds. A sine wave may be actually
plotted by the method shown in Figure 6-7, where
the horizontal lines are continuations of points «,
b, ¢, ete., and the vertical lines «’, IV, ¢, etc. are
equally spaced and indicate angular degrees of
rotation. The intersections of lines « and «’, b and
', ete. indicate points on the sine curve.

6.3 Principle of the Direct-Current Generator

The revolving loop or armature shown in Figure
6-5 may be connected to slip-rings, as shown in
Figure 6-8 (A). In this case the resulting emf be-
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Fi16. 6-8 SLIP-RINGS AND COMMUTATOR

tween the two terminals or brushes will reverse
in direction as the loop revolves, giving rise to an
alternating emf, one cycle of which is plotted in the
Figure. If it is desired to produce a unidirectional
emf, it is necessary to devise some means for re-
versing 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 6-8 (B). This commutator reverses the con-
nections to the armature leads just as the emf or
current is reversed, changing the negative half-
cycle to a positive pulsation. The resultant emf
then consists of two positive pulsations per revo-
lution of the loop, as shown.

Generators may be constructed with more than
one loop, as in Figure 6-9 in which two loops and
four commutator segments are shown. The re-
sultant emf is represented by the full lines at the
right of the Figure. Comparing Figure 6-8 with
Figure 6-9, it may be seen that an increase in the
number of loops causes a smaller fluctuation in
the armature emf. An armature wound with
many turns therefore produces a practically con-
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Fi1G. 6-9 EFFECT OF ADDITIONAL LooPS

tinuous non-pulsating emf, causing a direct cur-
rent to flow when the external circuit is closed.

In Figures 6-5, 6-8 and 6-9, 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 genera-
tors this field is furnished 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 6-10. It is so called because the
direct current through the field winding is fur-
nished by an external source, such as another gen-
erator or a storage battery.

A more usual type is the self-excited generator
which may be shunt wound, series wound or com-
pound wound. The different methods of construe-
tion are shown schematically in Figure 6-11. As
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F1G. 6-10 SEPARATELY EXCITED D-C GENERATOR

the emf induced in the armature is proportional
to the magnetie flux, which in turn is proportional
tc the current in the field windings, a variation in
the field current will cause a change in the arma-
ture emf. With the shunt 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 decrease in
armature em:f. On tne other hand, in the case of
the series wound generator, the armature emf in-
creases with the load current. The compound
wound generator is designed to neutralize this
change in armature emf by balancing the series
effect against the shunt effect. An over-com-
pounded generator is constructed with the series
effect predominant so that the voltage increases
slightly with change from no load to full load.
Figure 6-12 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 repre-
sented by Figure 6-13. In every case there are the
same number of brushes as poles, aiternate
brushes being connected together, as shown, to
form the armature terminals. The voltage with
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four poles will be double that with two poles if
the same armature winding and the same machine
speed are used.

6.1 D-C Generators for Supplving Central Office
Power

Direct-current generators are widely used in
telephone and telegraph work for supplying the
several voltages required to operate the central
oflices. These inelude 24 and 48 volts used for
“talking battery™ and for operating certain relays
and otler apparatus: also various higher voltages,
ranging up to a maximum of 130 volts, for elec-
tron tube plate supply and operation of telegraph
circuits, ete. The motors which drive the genera-
tors are ordinarily supplied with power from com-
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F1G. 6-12 LoAD-VOLTAGE CHARACTERISTICS OF STANDARD
TyPEs OF D-C GENERATORS

mercial power lines and to guard against the pos-
sible failure of this supply, storage batteries zre
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. Be-
ing always connected to the load, the storage bat-
teries also have an important filtering effect in
reducing noise caused by the generators.

There are several arrangements of generators
and batteries that have been used in the past to
develop central office power. The 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 bat-
tery. In this arrangement, the storage battery is
“floated”, or connected continuously across the
main bus-bars. The normal generator voltage is
then maintained at a value sufficiently high to
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take care of the load requirements and to supply
a small “trickle’” charge to the battery, thus keep-
ing it fully charged.

In power plants where a battery, continuously
floated across the line, is used, it is desirable for
the generator to have a load-voltage characteris-
tic as nearly flat as possible. Because of its droop-
ing characteristic, the shunt wound generator is
therefore not suitable unless its voltage is con-
stantly controlled by manual or automatic means.

TR

The required flat characteristic could be ob-
tained from an ordinary compound wound genera-
tor of proper design; but such a machine is not
safe to use because in case of failure of the out-
side power, the floating battery would run the
generator as a motor if the reverse current cir-
cuit-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.

The present practice is to use regulated voltage
rectifiers for continuous float power plants where
the load requirements are small, and shunt wound
generators with automatic voltage regulation for
power plants of larger capacity.

6.5 Typical Central Office Power Plant

Figure 6-14 is a schematic of a typical power
plant where the total load requirements are in the
order of 100 to 4,000 amperes and both a genera-
tor and a rectifier are used as sources of supply.
The battery is continuously floated in this type
of plant and the charging unit voltage must,
therefore, be maintained at a constant value. As
indicated in the Figure, this is accomplished auto-
matically by means of a motor-driven field rheo-
stat associated with the shunt wound generator,

POWER PLANT AT OVERSEAS TRANSMITTING STATION
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AUXILIARY POWER PLANT AT RADIO RELAY STATION

and by an electronic regulating and control cir-
cuit associated with the rectifier. A voltage relay
(designated Gen. Reg. Voltage Relay in the draw-
ing) 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 I to
operate 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 its normal value; or, in the case of the
rectifier, causes the electronic control circuit to
raise or lower the rectifier voltage as required. To
avoid the possibility of overloading the charging
unit, an ammeter relay is inserted in series with
the line. When the unit is fully loaded, a contact
on this relay closes causing relay A to operate and
open the regulating voltage relay circuit. This
prevents amy further attempt on the part of the
relay to increase the charging output.

The circuit includes two emergency cells which
are connected to switches in such a way that one
or both may be connected in series with the main
battery. These cells are provided to take care of
emergency conditions where the outside power
supply fails and the charging units are, there-

g

fore, inoperable. In such
a case the load must be
carried by the batteries
alone and if the failure
persists for an appreci-
able time the battery volt-
age will decrease below
the required value. The
emergency cells are then
automatically cut into the
circuit by means of a volt-
age relay bridged across
the line, as shown.

Switches are provided
for charging the emer-
gency cells from the
charging units in series
with the main Dbattery.
However, since the emer-
gency cells are not nor-
mally in use they are con-
tinuously supplied with a
small trickle charge fur-
nished by a copper-oxide
rectifier (see Article 7.5)
which normally maintains them in a fully charged
condition. These switches and the copper-oxide
rectifier are not shown in the drawing.

The main battery is, of course, kept in a con-
tinuously charged condition as long as the plant
is operating normally. When failure of the out-
side supply requires the battery to carry the load
for an appreciable time, however, the battery will
become more or less discharged and will there-
fore require special charging. In order to provide
eharging current in such a case, it is necessary to
increase the output voltage of the charging unit
above its normal value. But since the charging
unit is connected directly to the load, an increase
in its output voltage would also increase the load
voltage. To avoid this, the circuit includes a
counter-emf cell which is automatically inserted
in series with the load circuit when the output
voltage of the charging unit is increased above its
normal value.

The cemf 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 substantially constant under wide varia-
tions of current. Physically, the cemf cell con-
sists of two plates of pure nickel immersed in a
caustic soda solution. As in the case of storage
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batteries, which are discussed in Article 7.3 fol-
lowing, 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 the storage battery cells.

Figure 6-14 shows one generator and one recti-
fier but additional charging units may be included
as required. To insure continuity of operation, a
practical power plant always includes at least two
charging units, and as many more may be added
as are necessary to handle the maximum load.
When the first unit becomes fully loaded the sec-
ond is put into operation by throwing the trans-
fer key shown on the drawing. Additional charg-
ing units when required are connected across the
main leads to the battery but are manually con-
trolled.

This power plant may be arranged so that the
charging units will start automatically upon res-
toration of the outside power supply after failure.
By including additional relay circuits, this general
type of plant may also be arranged so that the
needed units will be automatically started and con-
nected to the line as the load increases and auto-
matically disconnected and stopped as the load
decreases.

6.6 Direct-Current Motors

When a conducfor 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 reac-
tion causes the lines set up by the two fields to
aid or increase in number on one side of the con-
ductor and to oppose or decrease in number on
the other side. This gives the conductor a tend-
ency to move across the magnetic field in a direc-
tion which depends on the direction of current
flow in it.

If the conductor is a loop and is free to rotate,
as in Figures 6-8 (B), 6-9 and 6-10, 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 where the left thumb repre-
sents direction of motion, the fore-finger direction
of flux, and the middle finger direction of current
flow.

When a motor is running, the armature conduc-
tors cut lines of magnetic induction, and an emf
with a direction opposite to that of the applied
emf is induced. This is called the counter-electro-
motive force, and the current in the armature is—

E,‘ — E(‘
R
where E; is the impressed emf, K. is the counter
emf, and R is the armature resistance.

Since there is low cemf until the motor has
reached about its normal speed, it will draw a
very large current at starting unless this is pre-
vented by a starting rheostat. This is a variable
resistance placed in series with the motor’s arma-
ture which is gradually cut out as the motor is
brought up to its normal speed. A starting rheo-
stat of some type must be used for all large mo-
tors, but is sometimes not required for small
machines on account of the comparatively high
resistance of their armatures.

The following are a few simple rules which have
practical application to the use of motors:

1. The direction of rotation of a d-¢c motor may
be reversed by reversing either the arma-
ture or field connections but not by revers-
ing the supply leads.

2. The speed of a shunt wound motor may be
adjusted by varying the field current. A
decrease in field current gives an increase
in speed, and vice versa.

3. A series motor must either have an increas-
ing load with increase in speed, such as a
fan, or its operation guarded by an attended
controller; otherwise it will “run away”.

I (6:1)
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7.3 Storage Batteries

A chemical battery that is capable of storing
electrical energy delivered to it from some other
source, and delivering this energy to an electric
circuit at some later time, is called a storage bat-
tery. There are three principal types of storage
batteries—the lead-acid, the Edison (iron-potas-
sium hydroxide-nickel) and the nickel-cadmium.
Because of its low internal resistance and more
constant terminal voltage, the lead-acid type most
nearly meets the exacting requirements for gen-
eral telephone central office needs. (These re-
quirements are discussed in Article 7.4 follow-
ing.)

When the lead-acid cell is in a fully charged
condition, the active constituents are a positive
plate of lead peroxide (PbO.) and a negative plate
of spongy lead (Pb) in a dilute solution of sul-
phuric acid (H.SO, + H.0). When the battery s
discharging, the current, passing from the posi-
tive to the negative plate through the external
circuit, must return from the negative to the posi-
tive 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, form-
ing lead sulphate (PbSO,) and losing its negative
charge; second, 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 positive plate to pure
lead; and third, a similar breaking up of the sul-
phuric 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 cur-
rent, in passing through the electrolyte in the
opposite direction to that of the discharge cur-
rent, breaks down some of the water of the elec-
trolyte 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,)
released by this action combines with hydrogen to
form sulphuric acid. At the same time, hydrogen,
traveling 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 re-
stored 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:

PbO. + Pb 4+ 2H.SO, = 2PbSO, 4+ 2H.0  (7:1)

Storage batteries are built in a wide variety of
sizes to meet the various load requirements. The
capacity of a cell naturally depends on the total
area of plate surface which is exposed to the
electrolyte. The smallest 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.

In modern central office practice, the plates of
the smaller storage cells (up to a maximum am-
pere-hour capacity at an 8-hour discharge rate in
the order of 1000) are mounted in sealed rubber
containers. The containers are provided with
vents to permit the release of gas and the plates
are connected to terminals which project through

ENCLOSED TANK TYPE STORAGE BATTERY
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the top. Larger cells are factory assembled in
hard rubber tanks having sealed rubber covers as
shown in the accompanying photograph.

In the practical operation of the lead-acid bat-
tery, we must be able to determine the state of
charge or discharge at any time. It is not con-
venient 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 determnined. One is the change in
the electric charge held by the plates, resulting
in a change in the emf of each cell. The other is
the increase on discharge, and the deerease on
charge, of the amount of water contained in the
electrolyte, which increase or decrease, as the case
may be, changes the specific gravity of the elec-
trolyte. This latter condition gives the better
index to the cell’s operation and is the one ordi-
narily used.

The Idison storage battery has little applica-
tion in telephone work. The more recent nickel-
cadmium type of battery, however, is expected to
become increasingly useful for such particular
purposes as engire starting. It has discharge
characteristics similar to the lead-acid battery but
is not affected by short eircuits and may be left in
any state of discharge without detriment to the
plates because the electrolyte (potassium hycrox-
ide and distilled water) does not enter into the
plate reactions but serves virtually only as a con-
ducting medium. At high rates of discharge, as
in engine starting, the voltage drops off less than
for an equal capacity lead-acid battery. In con-
sequence nickel-cadmium batteries for this service
can be of somewhat less capacity.

7.4 Power Plant Requirements in Telephone Offices

The telephone central office power plant must be
not only reliable at all times but must meet other
exacting requirements. Modern practice nas led
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to the standardization of a common source of emf
for the majority of the talking circuits, as well as
for the operation of telephone and telegraph relayvs
and numerous other apparatus units. We thus
have a very general use of the standard 24-volt
storage baitery, with additional smaller batteries
used for such services as 48-volt subscriber’s
transmitter supply on long distance connections,
130-volt supply, both positive and negative, for
telegraph repeater operation, and other vol ages
for telephone repeater and other electron tube
operation. The common battery results in a num-
ber of plant economies, but, on the other hand,
imposes certain exacting electrical requirements.
Probably the most essential of these requirements
is low imternal resistance.

In our study of simple electric circuits, we have
considered a single source of emf for each indi-
vidual circuit. Bnt we have learned that any
number of resistances may be connected in paral-
lel, as shown by Figure 7-4, and that the current
in any single resistance is independent of that
in any other resistance provided all resistance
branches are connected direc‘ly to the terminals
of the battery as indicated. This follows naturally
from the application of Ohm’s Law to a single
resistance branch, since the emf impressed on any
single branch is the emf of the source and,
theoretically, is independent of current flowing
through other branches. This assumes, however,
that the battery is a perfect source of emf with-
out internal resistance.

Figure 7-5 represents the central oflice storage
battery connected to bus-bars at the fuse panel.
The central office cireuits are cabled to this fuse
panel and receive their battery supply through
taps to the small pznel busses. Thus hundreds of



circuits of varying resistance are connected in
parallel to a common battery, and we have in
practice a circuit arrangement identical to that
shown in theory by Figure 7-4, excepting that as
indicated in Figure 7-5, fuses for protection
against excessive currents due to short-circuit or
overload are used, and the positive terminal of
the battery is connected to ground. This ground
connection stabilizes the potential of all circuits
in the central office by short-circuiting their ca-
pacitances 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 eurrent in any individ-
ual circuit that may be connected to the bus-bars.

Returning to Figure 7-4, in which the current
in any one resistance branch was seen to be inde-
pendent of that in any other (provided the source
of emf is a perfect one), let us assume, on the
contrary, that the battery has an internal resist-
ance R, and that the circuit is actually that shown
by Figure 7-6. Due to the resistance R,, the cur-
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rent in one branch is no longer independent of
that in other branches. Let us assign values as
follows:

R, = 2 ohms
R, 5 ohms
R, = 4 ohms
R, = 3 ohms
E = 24 volts

If we solve this network, we shall find that the
current through R, is 1.87 amperes. If we should
suddenly open resistances R: and Rj; however, it
would immediately change to 3.43 amperes. Ap-
plying the same principle to Figure 7-5, unless the
central office source of emf has negligible resist-
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ance including both the internal resistance of the
battery and that of the supply leads from the bat-
tery to the bus-bars where individual circuit leads
are connected, there will be ever-changing cur-
rent values in the individual circuits. This will
result in noise and crosstalk in all talking circuits
and unreliable operation of various other tele-
phone apparatus. From this it follows that com-
mon battery operation for any number of circuits
may be substituted for local or individual bat-
teries only when the common source of emf has
negligible internal resistance.

7.5 Rectifiers

Although a complete understanding of the oper-
ation of rectifying devices requires a knowledge
of alternating currents, which are discussed in
later Chapters, a few of the essential character-
istics of the more common types of rectifiers may
be mentioned here for completeness.

A rectifier is commonly defined as a device for
converting alternating electric current to direct
electric current. However, there are devices
which perform this function which are not nor-
mally 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 com-
bined in one housing with a single rotor, the ma-
chine is referred to as a rotary converter. In
either case, however, electrical energy is first
converted to mechanical energy and this in turn
is converted to a different type of electrical en-
ergy. 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 opera-
tion upon the characteristic of permitting electric
current to flow through them freely in one direc-
tion only. They include a variety of vacuum and
gas filled tubes such as the older mercury arc
tube, the newer mercury-vapor tube, and the
Tungar tubes, as well as nearly all other types
of electron tubes when properly connected. There
are also the metallic junction types of rectifiers
which are represented in their order of develop-
ment by the copper-oxide rectifier, the selenium
rectifier, and the silicon power rectifier. The
theory of operation of these semi-conductor de-
vices is discussed at some length in Chapter 23.

The Tungar and mercury-vapor tube rectifiers




SELENIUM RECTIFIER STACK

depend for their operation upon the emission of
electrons from a heated cathode. The basic phe-
nomena involved are the same as characterize all
types of electron tubes and these are discussed
more fully in a later Chapter. Mercury vapor
tubes are used quite extensively in telephone
plants for charging small storage batteries and
similar purposes.

Metallic rectifiers are also widely used in the
telephone plant where they serve an increasing
variety of purposes. These uses include the charg-
ing of small storage batteries and emergency cells,
the furnishing of a direct source of power for
small repeater installations, ete. In lower voltage
plants (12, 24 and 48-volt) they may be used in
place of motor-generator sets in the 100-ampere
and 200-ampere sizes.

The copper-oxide rectifier element consists of a
copper disc upon which has been formed a layer
of copper oxide. This combination offers a low
resistance to current flowing from the copper
oxide to the copper but a high resistanee to cur-
rent flowing from the eopper to the copper oxide.

——ny

Thus it becomes a ‘“valve” to pass cur-
rent in one direction only.

Similarly the selenium rectifier or cell
consists of a back plate or electrode,
usually of steel or aluminum. One side
of this plate is coated with a very thin
layer of metallic selenium which in turn
is in direet contact with a front or coun-
ter electrode of conducting metal. Rec-
tification occurs in the so-called “barrier
layer” where the selenium is in contact
with tle front electrode. Current flows
readily from the back electrode to the
front electrode but only very little cur-
rent will flow in the reverse direction.

The recently developed silicon power
rectifier is superior in several respects to either of
the metallic rectifiers discussed above. Its reetify-
ing element consists of a tiny wafer of silicon,
pure to one part in a billion, with a small but con-
trolled amount of impurity diffused into a thin
layer of its surface. The junction between this
“doped” surface layer and the pure silicon forms
the rectifying barrier. For a given size, it can
handle much higher power than other metallic
Junction rectifiers. Thus an element no larger than
a pea is capable of furnishing a current of as much
as 10 amperes at 100 volts.

A selenium element with capacity comparable
to this is much larger in size. Both kinds of recti-
fier elements can be multipled with like elements
in suitable series or parallel connections which,
when properly cooled, can furnish large quanti-
ties of d-c power. Copper-oxide rectifiers, because
of their cost and space requirements, find little
employment in power applications although they
are extensively used in various modulating cir-
cuits, as discussed in Chapter 27, where relatively
small current values are involved.
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CHAPTER 8
INDUCTANCE AND CAPACITANCE

8.1 Classification of Electric Currents

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

It is desirable at this time that we broaden our
studies somewhat to include more general condi-
tions and while nothing that we have learned thus
far will be invalidated, it will be necessary for us
to study certain additional properties of electric
circuits and their effect on the current set up in
them by impressed emf’s.

Broadly speaking all electric currents may be
classified into five groups as follows:

a. The current that results from a constant di-
rect source of emf connected to a resistance
network (i.e., the condition assumed in the
earlier Chapters for the calculation of
direct-current networks through the appli-
cation of Ohm's and Kirchoft’s Laws) .

b. The current immediately after opening or
closing a cireuit, varying its resistance, or
in some way interrupting the steady direct
current for a short period of time during
which the current values readjust them-
selves before again becoming fixed or
steady.

¢. Current where the source of emf is alternat-
ing, having the simplest, most common and
most convenient wave form, viz., the sine
wave.

d. Current where the source of emf is alternat-
ing, with a definite wave shape other than
the sine wave.

e. Alternating current immediately after open-
ing or closing the circuit, or immediately
after effecting some other change in cir-
cuit conditions.

We can carry this classification one step further

by noting that a, ¢, and d are steady state cur-
rents, while b and e are temporary currents, some-
times called transients. In practice we are mostly
interested in steady state currents in so far as the
actual determination of current values is con-
cerned, but under certain conditions the effects of
transients are important. 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 telegraph sig-
nals over a telegraph circuit superposed on a tele-
phone circuit, there should be no appreciable
“telegraph thump” in the telephone circuit. The
successful operation of both telephone and tele-
graph circuits introduces important considera-
tions having to do with changes in current values.

In fact, we deal in the telephone plant with all
five of the circuit conditions mentioned above.
Let us consider 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 scerutinizing the behavior of its sepa-
rate components. When analyzed, the current due
to the composited telegraph connection alone is
an illustration of two of the classifications, namely
a and b. At the instant of “make” or “break” of
the key, conditions are as described by 6. When
the key is closed, i.e.,, when signals are not being
sent, conditions are as deseribed by «. For the
carrier channel, we likewise have condition ¢ for
a part of the closed key period and condition ¢ for
the instants of “make” and “‘break”. For the
main talking circuit. we have an application of d
when a vowel sound is being transmitted, 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
happens, however, that some of these are by no
means simple, and for practical telephone work
we may limit our study to a thorough analysis of
steady state currents only; and to concepts, rather
than calculations, of transients in either direct
or alternating-current circuits.
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F16. 8-1 SIMPLE INDUCTIVE CIRCUIT

8.2 Changes in Direct-Current Values

Let us analyze classification b (changes in di-
rect-current values), since this will lead us to cer-
tain of the new circuit properties that we wish
to examine. In Figure 8-1, with the switch open
we have a circuit with infinite resistance and
zero current; with the switch closed we have, by
Ohm’s Law, a current—

I _ E _ 10
- R 5

In spite of the apparent promptness with which
electricity responds to the operation of any con-
trolling 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 building 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 0 to 2 amperes at
the instant of closing the circuit. Reverting to
our water analogy with the cireulating mechanism
in Figure 2-2, 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 in-
ertia of the water, a definite time is required for
the flow to become a maximum. A current in an
electrical circuit cannot be established instantane-
ously any more than the water flow can be estab-
lished instantaneously.

Again, if in Figure 8-1 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
electric current is reducing in value, it continues
to flow for an instant after the switeh points are
no longer in contact, forcing itself through the
air, and thereby forming an “electric are” which
gives the illlumination.

We thus have two conditions where the current
in a brief interval of time assumes all interme-
diate values between two amperes and zero, and
we may compare these with other less abrupt

= 2 amperes

changes in a cireuit. It may be said that an elec-
tric cireuit “reacts” to such current changes. But
this reaction cannot be explained by our previous
understanding of either resistance or emf. 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, “induc-
tance”™ and “capacitance”. Inductance tends to
give the circuit something that is analogous to
inertia in a mechanical device, and capacitance
something analogous to elasticity.

8.3 Inductance

When an emf is connected to a cireuit, the con-
ditions 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 emf. A part of this
force is used in overcoming resisting forces such
as the friction of the moving wheels, the grrade
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 accelerated to full
speed. the entire force applied is available for
overcoming the resistance alone. Likewise in the
electric circuit, for any given emf, the current does
not instantaneously establish itself to that value
which represents the effect of the full voltage
overcoming the resistance.

We have learned that there is a magnetic field
about every current-carrying conductor, and when
a conductor is wound into a coil or is in the pres-
ence of iron, the magnetic field is intensified. The
magnetic field cannot be established instantane-
ously 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 electric
circuit is that the emf endeavors to start a cur-
rent; the current in turn must establish a mag-
netic field; this field reacts upon the circuit in a
manner similar to that in which the counter-emf
generated by a motor opposes the applied voltage,
and for an instant a part of the emf that is con-
nected to the circnit must be used in overcoming
these reactions. The current, therefore, increases
gradually and as it does so, the magnetic fie!ld
becomes more nearly established and the reaction
becomes less pronounced, until finally the entire
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emf 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 refer-
ring to the circuit shown in Figure 8-2. Immedi-
ately after the switch has been closed, the emf F
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 am-
peres. By directing our attention to only one turn
of the coil, for example, T;, we can imagine the
current building up and in consequence establish-
ing 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 emf tending to establish a current in
the opposite direction. 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 emf.

Figure 8-3 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 emf to break down the insula-
tion of the narrow separation of air, since the
current starts to flow before actual contact is
made), the 10-volt battery will attempt to estab-
lish a current of two amperes in accordance with
Ohm’s Law. But the current cannot be completely
established until after an interval of time repre-
sented by t.; and at the start, it cannot be in-
creasing at a rate greater than that which would
induce a back emf of 10 volts. because if it did so,
the induced emf would be equal to the applied emf
and since they oppose each other, there would be
no current whatsoever. As would be expected,
however, the maximum rate of increase of the
current occurs at the instant the switch is closed.

Now let us consider the conditions at some in-
termediate time between the closing of the switch
and t.. If, from the value represented by point P,
the current increased at a rate that continued

without changing, the line PM would represent
the trend of current values that would follow.
But with the current increasing at this rate, the
lines of magnetic induction are cutting other
turns of wire and inducing an emf which we
might represent in Figure 8-2 as a second bat-
tery E,. The voltage of E; must be of a value
necessary to establish a current equal to two
amperes minus the current which has been al-
ready established at the point P. This follows
from the earlier explanation regarding the direc-
tional property of an induced emf. If the battery
voltage E acted alone, the current value would be
E/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 direc-
tion opposite to that of the two amperes set up
by the battery. This current is established by the
induced emf and we may designate it as an in-
duced current to distinguish it from the two-
ampere current which the supply voltage 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
current.

If we now assume for the sake of reasoning
that the induced voltage E; remains unchanged,
the resulting induced current will oppose the bat-
tery 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 induc-
tion are in motion; hence, there is no induced
voltage and consequently no induced current. But
with no induced current, the battery will set up

Time Required for
Current to Establish Itself

Time Switch
Contact First Made

FIG. 8-3 BUILD-UP OF CURRENT IN INDUCTIVE CIRCUIT
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two amperes; therefore our assumption that the
induced voltage F; remains constant, keeping the
current down to a value such as that represented
by the line PN is false. On the other hand, it is
clear that the induced voltage E, cannot become
zero until the current becomes two amperes,
though it does continue to decrease in value, since
we know that a current is always accompanied by
a magnetic field which must change if the current
changes, and the result of such a change is an
induced voltage. From this we conclude that there
must be a compromise trend for the curve of
current as it establishes itself, somewhere be-
tween the two extremes. This compromise is that
shown by the curve PQ which is tangent to but
bending away from PM. The current is neither
maintaining the same rate of change as it ap-
proaches the value fixed by Ohm’s Law nor does
it cease entirely its increase in value before it
reaches two amperes. This is true because al-
though the induced emf that would stop the
change in current is gradually becoming less in
value, the I? 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 8-3 the
“choking” effect of an inductively wound coil to
increases in current value.

The case of a decreasing current value, and the
emf 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 as-
pects. Because this emf is induced as a result of
a decreasing current instead of an increasing one,
it aids rather than opposes the existing emf.
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 emf may become much greater than the
applied emf besides being additive to it, whereas
in the closed circuit it can never be greater than
the applied emf. This total emf 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 sud-
denly 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
property of inductance in a circuit will cause the
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establishiment of an emf opposing that applied
to the circuit in the case of an increasing current,
and aiding the applied emf in the case of a de-
creasing current. The value of this induced emf
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 decreasing, eventually be-
comes zero. The magnitude or influence of the
induced emf 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 magnetic, the permeability of
the iron, ete.

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

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 unit
value of the henry is defined as the inductance of
a circuit that will cause an induced emf of one
volt to be set up in the circuit when the current
is changing at the rate of one ampere per second.
From which we may write—

L1

E| = ¢ (8:1)
where E, is the symbol for induced emf and L
represents inductance in henrys.

Since I 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 Chapter 6 we learned that an emf in-
duced in a conductor cutting through a magnetic
field was proportional to the number of lines of
magnetic force cut per second. Then we were
considering a moving conductor and a stationary
field. Now we are considering the stationary con-
ductors of a coil and a moving field in which the
magnetic lines threading through the coil will cut
each of its turns as they build up or decrease. The
voltage induced remains proportional to the num-
ber of lines cut per second, or we may write—

E, =k % (8:2)
where ¢ is the total flux through the coil, N is the

number of turns, and k, is a constant depending
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on the units employed. Then from equations

(8:1) and (8:2) we have

LI, ¢N
¢ g
or
LI = k, N (8:3)

Now referring to Chapter 4 we find the following
two equations—

7
H -k )}’ (4:3)
and
j Hy (4:5)

Substituting H from equation (4:3) in equation
(4:5) we get
NI

]CyA X i

¢

and substituting this in equation (8:3) we have—

LI km“Af”
or
L kmAfA (8:4)

Here, if L is in henrys, N is the number of turns
of the coil, p is the permeability (in the cgs elec-
tromagnetic system of units), ! is the length of
the coil core in centimeters and A is the area of
the core in square centimeters, the combined value
of the constants k, &, will be 1.26 10%, or we
may write—

126 N*p A

L 100,000,000

(8:5)

[

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 inductance.
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If it is desired to find the total inductance of a
circuit having several coils in series, the induc-
tances should be added in the same way that re-
sistances in series are added. Similarly, paraliel
inductances are calculated by the same equations
as are parallel resistances. For example, see
equation (3:1) and substitute L, L,, and L. for
R, R, and I, respectively, etc.

This property of a circuit which creates an emf
from a change of current values when the reac-
tion effects are wholly within the circuit itself is
called self-inductance to distinguish it from the
relation permitting electromagnetic induction be-
tween coils or conductors of separate circuits.
This latter property of the two ecircuits taken
jointly is called mutual inductance. It is dis-
cussed in a later Chapter.

8.4 Capacitance

There remains that property of the circuit that
we have called capacitance, which gives it some-
thing analogous to elasticity. While a storage bat-
tery stores electricity as another form of energy,
in a smaller way an electric ‘“condenser” or ca-
pacitor stores electricity in its natural state.

As a container, a capacitor is hardly analogous
to a vessel that may be filled with water, but more
nearly to a closed tank filled with compressed air.
The quantity of air, since air is elastic, depends
upon the pressure as well as the size or capacity
of the tank. If a capacitor is connected to a direct
source of emf through a switch as shown in Fig-
ure 8-4, and the switch is suddenly closed, there
will be a rush of current in the circuit. This will
charge the capacitor to a potential equal to that
of the battery, but the current will decrease
rapidly and become zero when the capacitor is
fully charged.

The insulated conductors of every circuit have
to a greater or less degree this property of capaci-

tance. A certain quantity of electricity, rep-
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resenting a certain quantity of energy, is ac-
cordingly delivered to a circuit before the actual
transfer or transmission of energy from a send-
ing device to a receiving device takes place. The
capacitance of two parallel open wires, or a pair
of cable conductors of any considerable length, is
appreciable in practice.

TABLE 1V

DIELECTRIC POWER OF VARIOUS INSULATING
MATERIALS

Values are only approximate and are given for
value of K in equation (8:8) rather than com-
pared to air as unity.

SUBSTANCE N 1IN pQuaTiox 18:8)

Air 09 10"

Alsimag A 196 Al X108

Bakelite (paper-base) 34 t0 .50 10 ¢
Bakelite (mica-filled) A9 10 ¢

Celluloid Boto L4108
Cellulose Acetate Hdto 72 <100
Fiber A45to 64 > 10¢
Formiea 41 to 44 1078
Gilass (window) 68 to 72 10"
Glass (photographice) 68 > 10 ¢

Glass (Pyrex) 38to 44 10"
Lucite 23t0 27 <X 10°¢
Mica 23107210
Mica (elear Indiw A8 to 68 X 10 ¢
Myealex 67 108

Paper A8to 23 104
Polvethylene 211022 10"
Polvstyrene 22110 .26 X 10°
Poreclain Db to B8 108
Rubber thard) A8 to 32 > 10"
Steatite (low-loss) A0 10"

Wood (dry Oak) 23 to 61 > 108

The quantity of electricity stored by a capacitor
depends upon the capacitance and the electromo-
tive force impressed across its terminals. The
following equation expresses the exact relation:

Q  EC (8:6)

where (Q is the quantity of electricity in coulombs,
F is the impressed emf in volts, and C is the ca-
pacitance in farads. The farad is a very large
unit and is seldom used in practice. The micro-
farad (from “micro”’, meaning one-millionth) is
the practical unit more commonly used; and with

C expressed in these units, equation (8:6) be-
comes—
ﬁl‘(‘

@ 1,000,000

(8:T)

Figure 8-5 illustrates a capacitor in its simplest
form together with the convention used for a ca-
pacitor connected to a battery. Two wires are
connected to two parallel metal plates having a
definite separation as shown. This is called an
air capacitor because air is the dielectric medium
between the plates. The capacitance of such a
capacitor is directly proportional to the area of
the plates, and inversely proportional to their
separation. At the instant a batterv 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 resist-
ance 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. 11 the ca-
pacitance of the capacitor were increased, the
kick would become more noticeable. If now the
battery were disconnected and the capacitor 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 capacitor, establish-
ing an instantaneous current in the opposite di-
rection and discharging the capacitor through the
winding of the galvanometer.

In addition to the size of its plates and their
separation, the capacitance of a capacitor de-
pends upon the insulating medium between the
plates. For example, if mica is inserted between
the plates of an air capacitor its capacitance is
increased about five times. Insulators, in addi-
tion to being classified in the order of their in-
sulating properties, may be classified in the order
of their “dielectric powers,” or “specific inductive
capacities,” i.e., their ability to increase the ca-
pacitance over that of an air capacitor. Such a
classification is given in brief in Table IV.

The equation for the capacitance value of a
two-plate capacitor is—

¢ K . (8:8)

d
where C is capacitance in microfarads, K is the
constant taken from Table 1V, A is inside area of
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one plate in square centimeters, and d is separa-
tion of the plates in centimeters. There are simi-
lar equations for calculating the capacitance per
unit length of parallel open wire conductors or
cable conductors. These may be found in various
handbooks, but for telephone and telegraph work,
tables giving measured values, which vary for
each class of open wire or cable pairs, are prefer-
able and are usually available.

An inspection of equation (8:8) will show that
if two identical capacitors are connected in paral-
lel as shown by Figure 8-6, the effect is that of
doubling the plate area of a single capacitor, and
therefore doubling the capacitance. On the other
hand, if two identical capacitors are connected in
series as shown by Figure 8-7, the middle or com-
mon plates have a neutral potential and the effect
is that of doubling the thickness of the dielectric
of a single capacitor, which cuts the capacitance
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FIGURE 8-7

in half. It follows that capacitors in parallel and
series act inversely to resistors in parallel and
series. This may be stated in a single rule cover-
ing all conditions—

Capacitors in parallel should be added to find
the total capacitance in the same way that resis-
tors in series should be added to find the total re-
sistance; and the reciprocal of the sum of the
reciprocals must be taken to find the total capaci-
tance of capacitors in series in the same way that
the reciprocal of the sum of the reciprocals must
be taken to find the total resistance of resistors
in parallel.

This rule may be expressed by two simple equa-
tions:

For several parallel capacitors—

C=20C, 4+ Cy 4+ C; ete. (8:9)
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For several series capacitors—

1 1 1

C C, + C. + C, etc.

Or, for the simple case of only two series capaci-
tors, equation (8:10) may be expressed as follows:

C, xC,
Ci+ C.
Note: Equation (8:9) may be compared with

equation (3:1) and equation (8:11) may be
compared with equation (3:4).

1 (8:10)

C (8:11)

8.5 Time Constant

It was noted in Article 8.3 that when a battery
is connected across an inductance, the current
builds up gradually to the maximum value deter-
mined by the resistance of the circuit. Conversely,
when a battery is connected across a capacitor,
there is a surge of current into the capacitor,
which decreases gradually toward zero as the ca-
pacitor charges up to the value of the impressed
voltage. Thus, in the series R-C circuit dia-
grammed in Figure 8-8, the curve [ illustrates
how the current will change with time after the
switch is closed, while the corresponding change
in the voltage drop across the capacitor is shown
by the curve E. The instantaneous current value
when the switch is closed is determined solely by
the value of the resistance R. The total voltage
drop is then across R and the drop across C is zero.
As the capacitor begins to charge, however, the
voltage drop across C gradually builds up, the

1
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value of current decreases, and the drop across R
decreases correspondingly. When the capacitor
reaches full charge and the current has fallen to
a negligible value, the total voltage drop is across
the capacitor. At all times, of course, the sum of
the voltage drops across R and C must be equal
and opposite to the impressed voltage.

It is an interesting and important fact that the
product of resistance and capacitance has the
dimensions of time. Actually, resistance in ohms
multiplied by capacitance in farads equals time
in seconds. In a series resistance-capacitance cir-
cuit, the product RC is known as the time con-
stant of the circuit. It is the time required to
charge the capacitor to 63% of its final veltage.
This may be verified by expressing the charging
curve of Figure 8-8 mathematically as an ‘“ex-
ponential function” of time—

t
Ei = Emaz( 1-— 5_— —RC_> (8:12)

when E; is the instantaneous voltage across the
capacitor at any time t, E,,.; is the final voltage
and ¢ is the base of Naperian or natural loga-
rithms, 2.7184+. When ¢ is equal to RC, the term in
the parenthesis reduces to
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A similar expression may be written for the
exponential curve of Figure 8-3 illustrating cur-
rent build-up in a series circuit containing resist-
ance and inductance. Here the time constant is
equal to L/R. Again it is the time required for
the current to build up to 63% of its final value.

These exact relationships between electrical
units and time are invaluable to the designer of
modern electronic devices. Because of the pre-
cision with which resistors, capacitors and induc-
tors may now be built, they enable him readily to
contro! the timing of current pulses to an accuracy
in the order of a few milli-microseconds. This is
essential to the satisfactory operation of the high-
speed devices employed in television, radar, elec-
tronic switching systems, ete. In practical appli-
cation, the designer assumes that currents and
voltages in R-C or R-L circuits reach their final
value in a time equal to five times the time con-
stant (i.e., 5RC or 5L/R). This is usually a suffi-
ciently accurate approximation since exact cal-
culation shows that in this time (5 X time
constant) the current or voltage will have reached
99.33+% of its ultimate value.

= .63



CHAPTER 9
TELEPHONE PRINCIPLES AND BASIC APPARATUS

9.1 Sound

The telephone accomplishes the electrical trans-
mission of speech by employing the mechanical
energy of the speaker’s voice to produce electric
energy having similar characteristics, and in turn
converting this electric energy into sound waves
having similar characteristics at the listener’s
station. To understand its principle of operation
we may well consider the nature of sound.
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FIGURE 9-1

Sound in the scientific sense has two distinet
meafiings. To the psychologist it means a sensa-
tion, to the physicist it means an atmospheric dis-
turbance or a stimulus whereby a sensation is
produced in the human ear. In other words, it is
a form of wave motion produced by some vibrat-
ing body such as a bell, tuning fork, the human
vocal cords, or similar objects capable of produec-
ing rapid to-and-fro or vibratory motion.

Everyone is familiar with the series of waves
that emanate from a stone cast upon the still
water of a lake or pond. This is one of many
forms of wave motion, and in a manner similar to
that in which the stone coming in contact with
the water establishes radiating rings formed
by circular wave crests alternating with wave
troughs, there emanate from a source of sound
alternate condensations and rarefactions of the
air. Instead of being rings on a single plane or
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surface, however, they are a series of concentric
spheres expanding at a definite rate of travel.
This rate of travel (or the velocity of the sound
wave) is approximately 1,075 feet per second but
varies to some extent with altitude and atmos-
pheric conditions. The velocity of sound is very
low as compared with the velocity of light, heat
or radio waves, which are also a form of wave
motion. We thus see a flash of lightning before
we hear a clap of thunder or see the smoke dis-
pelled from the muzzle of a gun before we hear
the gun’s report.

Unlike light, heat or electromagnetic wave
transmission, sound is an atmospheric disturb-
ance. If, as shown in Figure 9-1, a vibrating bell
is placed under an inverted glass bowl resting on
a plate that has an outlet to which an exhaust
pump is connected, it may be heard almost as dis-
tinctly as though there were no glass container.
But if the air is exhausted 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 a physical medium, usually
atmospheric, 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 a tuning fork, and is sustained 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 dis-
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cussed in Article 6.2.) On the other hand, if the
source consists of a complex mechanical motion or
an object vibrating by parts as well as in its en-
tirety, the wave is complex, or a fundamental sine
wave with harmonics, the latter giving it “qual-
iy”. A sine wave without harmonies is called a
pure wave.

The sound sensation produced by a series of
successive waves identical in form is called a tone,
and if each wave is complex, it is a tone having
timbre or quality, buf if simple or a sine wave, it
is a pure tone.

A vibrating mechanism giving a pure tone is
said to establish a tone of low pitch if it is vibrat-
ing slowly, but it vibrating rapidly, it establishes
a tone of high pitch. The lowest pitch which is
audible to the normal ear lies somewhere in the
octave between 16 and 32 vibrations per second.
On the other hand, the normal ear has an upper
limit of audibility lying somewhere in the octave
between 16,000 and 32,000 vibrations per second.
These two octaves are the extreme limits of the
scale of audibility.

Audible sound is thus conveniently defined as
a disturbance in the atmosphere whereby a form
of wave motion is propagated from some source
at a velocity of about 1,075 feet per second, the

transmission being accomplished by al’ernate con-
densations and rarefactions of the atmosphere in
cveles having a fundamental frequency ranging
somewhere between 16 per second and 32,000 per
second.

The waves superposed on the fundamental,
which we have called harmonics, are present in
most distinctive 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 differ-
ences in the voice which may indicate anger or
joy, or permit us to distinguish the voice of one
person from that of another. Figure 9-2 illustrates
wave forms for different kinds of sound and,
similarly, Figure 9-3 shows the predominating
wave shapes of certain spoken vowels.

Fortunately, in telephone transmission, which
is essentially a problem of conveying “intelligibil-
ity” from the speaker to the listener, we are not
seriously concerned with sounds having either
fundamental or harmonic frequencies that extend
throughout the entire scale of audibility. The
sound frequencies which play the most important
part in rendering the spoken words of ordinary
conversation intelligible are the band of frequen-
cies within the audible scale ranging from ap-
proximately 200 to 3,500 cycles per second.

9.2 The Simple Telephone Circuit

The original telephone, as invented by Bell in
1876, consisted of a ruggedly constructed tele-
phone receiver, which at that time served as both
transmitter and receiver. The telephone circuit in
its simplest form consisted of two wires ter-
minated at each end by such an instrument but
without transmitter or battery and wi'hout sig-
naling features. Figure 9-4 shows such a circuit.

At the speaker’s station, the sound waves of the
voice strike the metal diaphragm of the telephone
receiver, and the alternate condensations and rare-
factions of the air on one side of the diaphragm
establish in it a sympathetic vibration. Behind the
diaphragm is a permanent bar magnet and the

(Fe=0 )
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Fi1c. 9-5 BAR MAGNET RECEIVER

lines of induction leaving the magnet are crowded
in the vicinity of the metal diaphragm. The vi-
bration of this diaphragm causes a corresponding
change in the number of lines that thread through
the receiver winding, resulting in the turns of the
winding being cut by these building up and col-
lapsing lines. This establishes a varying electric
voltage and current in the winding of the tele-
phone receiver, having wave characteristics simi-
lar to the characteristics of the sound wave. This
current passes over the connecting wires and
through the receiver winding at the distant end.
There it alternately strengthens and weakens the
magnetic field of the permanent magnet, thereby
lessening and increasing the pull upon the receiv-
ing diaphragm, which causes it to vibrate in uni-
son with the diaphragm at the transmitting end,
although with less amplitude. This vibrating dia-
phragm reproduces the original sound, conveying
intelligibility to the listener at the receiving end.

9.3 The Telephone Receiver

The earliest forms of telephone receivers were
made with a permanent bar magnet as shown in
Figure 9-5. The efficiency of the receiver was
later greatly increased by the use of a horseshoe
magnet as shown in Figure 9-6. This permits the
lines of magnetic force to pass in a much shorter
path from one magnetic pole to the other through
the iron diaphragm. The principle of operation
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of receivers currently in use in the telephone plant
does not differ fundamentally from that of the
early types although the receivers themselves are
generally quite dissimilar in physical appearance.

Figure 9-7 is a cross-sectional drawing of a
bipolar receiving unit which is in extensive use
in the Bell System. This receiver employs in
its construction no less than three of the com-
paratively new magnetic alloys that were men-
tioned in Article 4.1. It also differs notably from
earlier types in the extent to which the motion of
the diaphragm, which is made of vanadium per-
mendur, is affected by ‘“acoustic controls”. One
acoustic control is directly behind the diaphragm,
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F16. 9-7 CROSS-SECTION OF BIPOLAR RECEIVER UNIT

and the other is between the diaphragm and the
inner surface of the receiver cap when the re-
ceiver unit is mounted in the telephone instru-
ment. The former control consists of an air cham-
ber with an outlet to the back of the receiver unit
through a small hole covered with a rayon 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 im-
pedances” which match the “electrical impedances”
of the receiver and improve its overall efficiency
appreciably. The diaphragm 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 dif-
ferent frequencies are held to close limits. The two
permalloy pole pieces are welded to a pair of very
strong remalloy bar magnets, and the assembly is
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fastened to a zinc alloy frame. The whole unit is
held together by an aluminum ferrule on the back
of which are mounted two silver plated contacts
for the electrical connections.

A more recent design of receiver, which is cur-
rently standard for new installations, is shown in
cross-section in the accompanying photograph.
This is known as a ring-armature receiver. Differ-
ing radically in detail design from the bipolar
types, it is substantiallv more efficient chiefly be-
cause the dome-shaped diaphragm is much lighter
than that of the bipolar receiver. The diaphragm
dome is made of lightweight plastic-impregnated
cloth cemented at its outer periphery to a flat
ring-shaped armature of vanadium permendur.
The outer edge of the armature ring rests on a
diaphragm seat of non-magnetic material and its
inner edge extends into the air-gap between a pole
piece of 45% permalloy and the permanent mag-
net which is made of remalloy. The entire dia-
phragm structure is thus driven like a piston
under the influence of the magnetic fields existing
in the air-gap across the inner edge of the arma-
ture ring.

Since telephone receivers are equipped with per-
manent magnets, it is of course important that
the magnetism should not be impaired by jarring
or other abuse. The permanent magnet is impor-
tant not only because it increases the amplitude
of vibration of the diaphragm when the voice
current is flowing through the windings, but also
because it prevents the diaphragm vibrating at
twice the voice frequency. This principle is illus-
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trated in Figure 9-8. When a piece of soft iron is
held near an electromagnet, it is attracted by the
magnet regardless of the direction of the current
in the windings. Thus, an alternating current in
a winding on a soft iron core will assert an attrac-
tion during each half eycle, which in the case of
the receiver diapnragm will establish a vibration
with a frequeney twice that of the current. 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 increas-
ing or lessening the pull already exerted on the
diaphragm.

94 The Telephone Transmitter

Although the principle of Bell’s original tele-
phone applies to the present day telephone re-
ceiver, it was appreciated in the early stages of
telephone development that the electrical energy
generated by a diaphragm vibrating in a com-
paratively weak magnetic field was insufficient for
the transmission of speech over any considerable
distance. The energy could, of course, be in-
creased 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
comparatively short distances. One year after the
invention of the original telephone, the Blake
transmitter was introduced. It worked on the
principle of a diaphragm varying the strength of
an already established electric current, instead of
generating electric energy by means of electro-
magnetic induction. By this means it was possible
to establish ar electric current with an energy
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Fic. 9-9 PRINCIPLE OF THE TELEPHONE TRANSMITTER

value much greater than that conveved to the
instrument by a feeble sound wave. The battery
in this case was the chief source of energy and the
vibration of the diaphragm acted as a means for
regulating or modulating this energy supply,
rather than as a generating device.

The principle of the transmitter is illustrated
by Figure 9-9. Battery A establishes a direct cur-
rent in a local circuit consisting of the primary
winding of an induction coil 7, and a cup of car-
bon granules C. One side of this cup rests against
a small carbon disc rigidly cornected to the trans-
mitter diaphragm. The vibrating transmitter
diaphragm varies the pressure on the carbon
granules, which causes the resistance of the elec-
tric circuit through the carbon granules to vary
correspondingly, thereby causing fluctuations in
the value of the direct current maintained in the
circuit by the battery. These fluctuations, though
represented by varving direct-current values in-
stead of by an alternating current, as in the case
of the telephone circuit in Figure 9-4, establish an
alternating emf in the secondary winding of the
induction coil. This, in turn, sets up an alternat-
ing current through the local receiver, over the
line, and through the distant receiver. The opera-
tion of the distant receiver 1s the same as has
been explained in connection with Figure 9-4.

&

Fi16. 9-10 TELEPHONE CIRCUIT WITH LOCAL BATTERY
TRANSMITTERS
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Figure 9-10 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 al-
ternating current is induced in the secondary of
the coil. This current flows through the receiver
at the same end of the circuit, giving “side-tone”
to the receiver at ‘he home station. It is also
transmitted to the distant station, operating the
receiver at that point.

Figure 9-11 shows in cross-section a transmit-
ter unit that is standard for subscribers’ tele-
phone sets. This transmitter is of the “direct ac-
tion” type; that is, the movable element attached
to the diaphragm which actuates the granular
carbon is an electrode, and serves the dual pur-
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pose of contact and pressure surface. As the
drawing shows, this dome-shaped electrode is at-
tached to the center of a conical diaphragm, and
forms the front center surface of the bell-shaped
carbon chamber.

The diaphragm is made of aluminum alloy with
radial ridges to increase stiffness. Paper books.
which consist of a number of thin impregnated
paper rings, support the diaphragm at its edges
on both sides. The carbon chamber is closed on
the front side by a rayon membrane clamped
under the flange of the diaphragm electrode. A




light, spoked copper contact member, clamped
under the diaphragm electrode, is the means of
providing a flexible cennection between this front
electrode and the supporting metal frame. The
fixed back electrode is held in place in the frame
by a threaded ring and is insulated by a phenol
fibre washer 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 ravon moisture-resist-
ing membrane placed between the brass plate and
the diaphvagm.

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

9.5 Resistors, Inductors and Capacitors

A resistor is a piece of apparatus designed for
the specific purpese of inserting resistance into an
electric circuit. Resistors are therefore designed
in practice to have a cdefinite value of resistance in
ohms. They must also be designed in many cases
to be capable of dissipating specified amounts of
power without heating beyvond safe limits. The
applications of resistors in telephone and tele-
graph work are almost innumerable, involving
ohmic values ranging from fractions of one ohm
to many megohms; and power ratings (i.e., ability
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to dissipate energy) ranging in general up to
about 5 watts.

The great majority of the resistors used ean be
divided into two principal types—wire-wound and
carbon. For relatively low resistances ranging
from less than one ohm up to a few thousand
ohms. most of the common resistors found in the
telephone plant are the so-called flat types coded
#18 and #19 and illustrated in Figure 9-12. As
indicated, these consist of wire wound on a flat
card of insulating material, the flat shape having
the advantage of making the resistor relatively
non-inductive. Where higher resistances—in the
order of ten thousand ohms and upward—are re-
quired, some type of carbon resistor is usually
employed. DMost common of these is the so-called
composition rexistor in which the resistive ele-
ment is a combination of finely divided carbon or
graphite mixed with a non-conducting filler such
as tale, with synthetic resin as a binder. These
resistors are well suited for application in rela-
tively high frequency circuits such as radio where
great precision in ohmic value ordinarily is not
required. They are usually built to tolerances of
about 5% and are commercially available in values
from 10 ohms to 22 megohms, with power ratings
up to 2 watts. Where very high resistances are
needed, the deposited-carbon resistor may be used.
In this type the resistor element is an extremely
thin film of carbon. or a mixture of carbon and
boron, deposited on the surface of a ceramic core
by thermodecomposition. A helical groove is then
cut through the carbon film to leave a ribbon of
the carbon film wound around the core between
the terminal electrodes at the ends.

The resistance of any ordinary electric conduc-
tor, such as the wire used in wire-wound resistors
increases as the temperature of the conductor in-
creases. There are, however, many so-called semi-
conducting materials in which the opposite effect




occurs—that is, the resistance decreases as the
temperature increases. Such materials include the
oxides of manganese, nickel, cobalt, iron, and
zine, or mixtures of such oxides. Resistors made
up of these materials are known as thermistors.
They have many important applications in tele-
phone work, particularly in controlling amplifier
gains to compensate automatically for changes in
line loss resulting from temperature changes
along the line.

An inductor is a piece of apparatus designed
primarily to insert inductance into a circuit. We
have already noted the use of certain types of
inductors, commonly called retardation or choke
coils, in power circuits. Inductors, as was pointed
out in an earlier Chapter, consist fundamentally
of coils of wire, the amount of their inductance
depending primarily upon the number of turns in
the coil, its size and shape, and the nature of the
core material about which the coil is wound. In-
ductors are usually classified under two main types
—those having air cores and those with cores
consisting of iron or iron alloys. Both types have
numerous uses in communication circuits. As
would be expected from our knowledge of mag-
netism, air core inductors have relatively low in-
ductance values but are comparatively free from
the core losses due to magnetic hysteresis and
“eddy currents” that are inevitable when metallic
cores are used. The principal field of use of air
core inductors is in high frequency or radio work.
Where relatively large amounts of inductance are
needed, as in power circuits and telephone and
telegraph circuits at ordinary frequencies, iron
core inductors are employed.

Since any inductor consists of many turns of
wire, it will always have resistance as well as in-
ductance. In inductor design, however, every
effort is made to keep the resistive effect as low
as possible in comparison to the inductive effect.
The ratio of the inductive effect to the resistive
effect is known as the figure of merit or “Q” of
the inductor.

Capacitors (or condensers) were discussed
briefly in Chapter 8. It was established then, that
the capacitance value depends on the plate areas,
and the nature and thickness of the dielectric be-
tween the plates. The simplest dielectric is air,
and most of the variable capacitors are “air con-
densers”. Unless such capacitors are extremely
large, however, their total capacitance is relatively
low and their chief use is, accordingly, in high
frequency work. For the many applications in com-
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munications work at lower frequencies, capacitors
employing impregnated paper, mica, or ceramic
materials as dielectrics are extensively used. The
paper capacitor may be made as a continuous roll
of two aluminum foil strips separated by thin
Kraft paper impregnated with oil or wax. Or, to
reduce its volume, metal films may be evaporated
directly onto the paper strips. Such capacitors
are made in a wide range of capacitance values
extending up to 5 microfarads and may be de-
signed to withstand substantial voltages (up to
4000 volts) without breakdown.

Mica capacitors are made in a smaller range of
capacitance values. This is also true of the ceramic
capacitors, which employ materials based on ti-
tanium dioxide mixtures as dielectrics. Neither
will withstand as high a voltage as good paper ca-
pacitors but both have a higher degree of stability
with respect to temperature change and aging.
Their normal application, accordingly, is to situa-
tions where more precise and constant capaci-
tance values are required.

Within reasonable limits of cost and size, none
of the capacitors discussed above can be built to
have capacitance values exceeding a very few
microfarads. Where larger values of capacitance
are needed, an entirely different type known as an
electrolytic capacitor is widely used. In most de-
signs this capacitor consists of plates of aluminum
or tantalum, on which extremely thin oxide films
have been electrochemically deposited, immersed
in a conducting aqueous electrolyte. The alumi-
num or tantalum plate is one electrode of the ca-
pacitor, the conducting electrolyte is the other
electrode, and the insulating oxide film on the
plate is the dielectric. Because of the extreme
thinness of this film, capacitors of this type may
have a very high capacitance even though quite
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limited in size. For certain applications in tele-
phone power plants, such as in voltage stabilizing
filters, electrolytic capacitors may be built in large
cells similar in external appearance to a storage
battery. For much more extensive use in elec-
tronic devices such as amplifiers, they are usually
built in small cylindrical forms not dissimilar in
appearance to the small paper capacitors com-
monly employed in such apparatus. The electro-
lyte in this case is usually a viscous paste which
includes some glycol or other conducting liquid.
These capacitors are generally not as stable or
long-lasting as paper or mica capacitors, princi-
pally because the partly liquid electrolyte offers a
possibility for undesired chemical action if any
impurities are present. There is a design of tan-
talum capacitor, however, in which the ‘“electro-
lyte” is dry, solid manganese dioxide, with the
metal container acting as one electrode. Since it
is therefore chemically inert, this design makes
for longer life and greater stability.

9.6 Relays and Switches

The fundamental instruments of telephony are
the telephone transmitters and receivers that are
described in some detail in a preceding Article.
These instruments, when associated in appropri-
ate circuits with other basic apparatus units such
as coils, capacitors, resistors, ete. and connected
together by means of appropriate transmission
lines, make it possible for persons at different
locations to talk with each other.

The problem of telephone service, however, is
not just to make it possible for some one person
to talk with another person at a distance, but for
any subscriber to such a service to be able to talk
with any other subscriber. This means that any
practical working telephone plant must include
vast quantities of switching apparatus designed to
connect, disconnect and rearrange a great variety
of circuits quickly and surely, as may be neces-
sary to meet the ever-changing communication
requirements of the subscribers.

Switching apparatus may be classified first into
two fundamental categories—manually operated
and electrically operated. Devices in the first
category include jacks, plugs, cords, keys, push
buttons, ete. Such devices are probably too well
known to require any extended discussion here,
although the reader who is familiar with ‘them
will also recognize that they can be, and are, built
in many different designs to serve particular pur-
poses.

The most commonly used of the electrically
operated switching devices is the relay. This is a

200-POINT CROSSBAR SWITCH
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relatively simple piece of apparatus in which an
electromagnet driven by one electric circuit may
operate to open or close switching contacts in one
or more other electric circuits. IFigure 9-13 and
the accompanying photograph illustrate the basic
design of a general type of relay in wide use in
the Bell System. Here pairs of electrical contacts,
normally held closed by the tension of flat springs,
may be opened by the movement of the armature
that results from energizing the magnet coil wind-
ing. With other arrangements of the springs,
normally opened contacts may be closed by oper-
ation of the relay armature; different sets of con-
tacts may be opened and closed simultaneously,
or in a desired order. Indeed, since relays of this
type are built with as many as 24 springs, the
number of possible circuit zrrangements is very
large and runs well up into the hundreds in stand-
ard telephone practice.

The relay shown in Figure 9-13 is equipped, as
previously noted, with contact springs made of
flat metal strips. Most of the relays currently
manufactured by the Western Electric Company
employ a pair of wire springs in place of the older
flat spring, as shown in the accompanying photo-
graph. To each wire is welded a contact point,
usually of some precious metal to insure a good
electrical connection. The twin contacts guard
further against the possibility of faulty operation
in the event of dust or other foreign particles
lodging between one pair of contact points. Wire
spring relays are built with the saume variety of
open and closed contact arrangements as the older
types. Their construction, however, lends itself to
better quality control in manufacture and to sub-
stantial cost savings.

MULTI-CONTACT RELAY

WIRE-SPRING RELAY

Since relays are mechanical devices having
moving parts with inertia and elasticity, their
operation cannot be instantaneous. The operating
time of the ordinary relay is in the order of 50
milliseconds, either on opening orclosing. In some
telephone circuits, however, it is desirable to con-
trol relay operating time in such a way that it
will be longer than the nominal time. This can
be effected within limits by adding a very low re-
sistance path around the magnetic core of the
relay in the form of either a short-circuited wind-
ing or a solid metal sleeve. Then, when the cur-
rent in the regular relay winding is broken, the
decaying flux in the core will induce a circulating
current in the sleeve. This, in turn, tends to pro-
duce flux in the core additional to and in the
same direction as the original flux. The time re-
quired for the total flux to decay is thus increased,
which causes a proportionate delay in the relay
release time. The lower the resistance of the
added sleeve or short-circuited winding, the
greater will be the current and the greater the
retarding effect on the relay release time. Thus
by varying the resistance of the sleeve, or the
short-circuited winding, it is possible to obtain a
range of delay times extending from a minimum
of 50 ms up to as much as 500 milliseconds.

Where, as may frequently be the case in the
operation of local or toll dialing machinery, it is
necessary to operate more than a dozen or so
switching contacts simultaneously and under one
control, a special type of relay known as a multi-
contact relay is used. As shown in the photo-
graph, this relay has two coils and two armatures
each of which operiates half the contacts. The
springs are arranged in ten groups, each of which
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may include as many as six pairs of springs. This
provides for a maximum of sixty simultaneous
contacts or switching operations when the two
armatures are operated together. The complete
structure may be used as two independent relays,
each having up to thirty contact springs, or as a
single relay with double this capacity when the
operating coils are connected in parallel. All con-
tacts are doubled to provide greater reliability of
operation.

All relays used in telephone circuits are de-
signed to operate and release at certain definite
values of current in their windings. As these cur-
rent values are frequently very small, this means
that the springs which hold the armatures in
their non-operated positions must be adjusted with
precision. Practically all telephone circuits are
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dependent for their operation upon the proper
functioning of relays. In some of these the oper-
ating limits are sutficiently liberal to allow con-
siderable 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 practiee, 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.

In many of the more complicated switching
operations required in telephone and telegraph
work, such as these involved in toll line dialing
for example, it is necessary to operate switches

which are electrically controlled by two rather
than by only one external circuit as in the case of
the relays already discussed. A commonly used
switch of this type, which has many of the physi-
cal characteristics of a relay, is known as the
crosshar switch. Such a switch arranged to
provide a maximum of 200 different switching
connections is shown in the accompanying photo-
graph. (Note, however, that not all of these con-
nections can be made simultaneously, but at each
of the switch-points as many as six different con-
tacts may be operated.) The 200 switching points
or crosspoints of the switch shown are obtained
by the use of 20 vertical bars and 5 horizontal
crossbars.

Closmre of any one crosspoint is effected by the
coordinated operation of one of the horizontal and
one of the vertical bars. As shown in the photo-
graph, the horizontal and vertical bars are located
in front of the contacts and arranged to be rotated
by magnets through a small are. Ifach of the
vertical bars is provided with a magnet at the
bottom of the switch. Only five horizontal bars
are used but each bar is equipped with two mag-
nets so that it may be rotated in two directions.

Figure 9-14 shows in more detail how the con-
trolling magnets operate the crosspoint switches.
Each horizontal or selecting bar carries twenty
selecting fingers which are normally opposite an
open space between two crosspoints. When one of
the bars is partially rotated by its selecting mag-
net so that the fingers are tilted upward or down-
ward, its twenty fingers lie across the backs of the
contacts as indicated by the dotted lines in the
drawing. If one of the vertical bars is now rotated
80 as to press against the vertical row of five
selecting fingers, the selecting fingers that are in
normal position will be pressed into the spaces be-
tween crosspoints, with no effect. The selecting
finger that has been tilted upward or downward
by the operation of the horizontal bar, however,
will be pressed against the adjoining flexible con-
tact spring assembly, thus closing the contacts at
that crosspoint. Once this contact has been made
in this way, it will remain closed as long as the
vertical bar is held in the operated position even
though the horizontal bar has been returned to
normal, because the selecting finger will remain
trapped against the contact spring. For this rea-
son the vertical bar is known as a holding bar and
its associated magnet is known as a holding mag-
net.
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CHAPTER 10
TELEPHONE CIRCUITS

10.1 The Telephone Subscriber Set

Figure 9-10 of the preceding Chapter showed a
simple telephone connection between two tele-
phone sets, each equipped with a transmitter,
receiver, induction coil and its own battery for
supplying talking power. In most modern tele-
phone station installations, talking battery is sup-
plied to each subset from a eommon battery at the
telephone central office to which each subscriber
line is connected. The simplest subscriber station
circuit arrangement under these conditions is
shown schematically in Figure 10-1. When the
receiver is lifted to close the contacts of the hook-
switch, and the line is picked up at the central
oftice by an operator or mechanical device, the
central office battery is connected in series with
the primary winding of the induction coil and the
transmitter, and current is sent over the line.
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F1¢. 10-1 SIMPLE STATION CIRCUIT

Varying currents set up by the transmitter, when
it is talked into, add to or modulate the direct
current flowing from the central office battery.
There is also a path for the varying transmitter
currents (which are fundamentally alternating
rather than direct) through the capacitor, the
secondary of the induction coil and the receiver.
Thus, there are varying currents in both windings
of the induction coil and each induces a voltage,
and a consequent current, in the other winding.
The two currents in the primary winding combine
to flow out on the line and thence to the distant
receiver, and the two currents in the secondary
winding combine and flow into the receiver and
cause sidetone.

When receiving, the incoming varying (alter-
nating) current, which carries the message, di-
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vides between the two parallel paths containing
the transmitter and receiver respectively. In pass-
ing through the windings of the induction coil,
in these two paths, the current in the primary
winding induces a voltage in the secondary wind-
ing, which opposes the part of the incoming cur-
rent flowing into that winding; but the circuit is
so designed that the part of the incoming current
in the secondary winding is greater than that in
the primary so that the resultant current flowing
in the receiver is still sufficient to operate it.
Since in receiving, a substantial part of the in-
coming energy is dissipated in the transmitter
circuit and in transmitting, energy is likewise
dissipated to no useful purpose in the receiver
circuit, the subset is fundamentally inefficient.
Such inefficiency, however, is inherent in any cir-
cuit designed to operate in two directions without
using directional switching arrangements.

The transmitting current flowing in the re-
ceiver as sidetone obviously serves no useful pur-
pose and may be confusing or annoying to the
speaker. The simple subset discussed above is
modified generally in modern practice to a circuit
arrangement such as that shown in Figure 10-2,
which is one of several possible “anti-sidetone”
connections. This circuit makes use of a different
induction coil having a third winding S., the re-
sistance of which is made high relative to that of
winding S;. For the receiving condition the cur-
rent relationships are effectively identical with
those of the sidetone circuit shown in Figure 10-1
because the resistance of S, is so high. For the
transmitting condition there are, as in the side-
tone circuit, two parallel paths for the current

I . B . —
)"\
|©, — 000~
D T 4
Line to \: S S, e =
Central Office — ! v |
—— J 7 {
T e S
S B DR | N vy

F16. 10-2 ANTI-SIDETONE STATION CIRCUIT



flow—one directly over the line through the pri-
mary of the induction coil and the other through
the capacitor and S; and either through S. or the
receiver. Because of the relatively high resistance
of S, most of the current will tend to flow through
the receiver, but the induction coil is so designed
that current flowing in P and S, will induce a
voltage in the winding S, which will tend to set
up a current approximately equal and opposite in
direction to that flowing through the receiver.
The net effect is no current in the receiver, and
hence no sidetone. This circuit is no more effi-
cient than the sidefone circuit but it seems more
so, principally because in receiving the listener is
not distracted by extraneous noises coming from
his own transmitter.

10.2 The Telephone Central Office

In practical telephone systems all subscriber
stations are connected to a telephone “central
office”” by relatively short lines known as sub-
scriber loops. The major purpose of a central of-
fice is to provide switching arrangements whereby
any subscriber station connected to that office
can be connected at will to lines leading to other
subscriber stations also connected to that office;
or to trunk lines leading to other central offices in
the same or distant cities. The central office has
numerous incidental functions, including that of
providing common talking battery for all of its
lines as discussed in fhe preceding Article. This
requires comparatively large installations of stor-
age batteries, power generating machinery and
associated control equipment. Installed in the
central office too, are numerous frames and racks,
testboard and other testing equipment, signaling
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and control devices, and various other auxiliary
equipment. Important, both at the central office
and the subscribers’ stations, is the installation of
protective devices which will guard both telephone
apparatus and people using it from dangerous
foreign voltages that may be brought in on the
lines as the result of some abnormal condition.
This protection is of such basic importance that
it may be well to digress here to review it in some
detail.

Practically all outside telephone plant, except
conductors that are completely underground from
terminal to terminal, may be occasionally exposed
to excessive voltages from such sources as light-
ning and other atmospheric disturbances, electric
power lines running in close proximity ta the
telephone lines, high power radio sending appara-
tus, ete. Accordingly, such exposed conductors
leading into a central office or subscriber station
are connected first to appropriate protective ap-
paratus. The particular protective units employed
and the manner in which they are connected into
the telephone circuits vary somewhat with par-
ticular situations, but in general protective de-
vices are of three principal types—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
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sufficiently sensitive to operate 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.

The standard form of open-space cutout used at
subscribers’ stations, in central offices, and at the
junctions of cable and open wire lines, is illus-
trated in Figure 10-3. It consists of two carbon
blocks having an accurately gaged separation of
a few thousandths of an inch, one of which is
connected to ground and the other to the wire to
be protected. As shown in the Figure, one of the
carbon blocks is much smaller than the other and
is mounted in the center of a porcelain block.
When the voltage of the telephone wire becomes
too high, the wire will be grounded by arcing
across the small air-gap between the carbon
blocks. If a considerable current 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 permament grounding. Or, in the
extreme case, when the discharge is prolonged
and sufliciently high, the glass cement with which
the small carbon insert is held in the porcelain
block may be melted, with the result that the
Llocks are forced into direct contact by the
mounting springs in which they are held. In
the majority of protector operations, however, the
blocks do not become permanently grounded.

The air-gap space between the blocks is de-
signed so that the operating voltage of the pro-
tector will be less than the breakdown voltage of
the weakest point of the circuit which it is de-
signed to protect, and greater than the maximum
working voltage of the circuit. The average oper-
ating voltage of the open-space cutouts used at
subscribers’ stations and in central offices is about
350 volts. For the cutouts used at junctions be-
tween open wire and cable lines, an average oper-
ating 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 tele-
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phone conductor or the protective apparatus it-
self. Accordingly, it is necessary to insert in the
conductor, on the line side of the open-space cut-
out, a device which will open the conductor when
the current is too large. Fuses are used for this
purpose. The fuse is simply a metal conductor
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 tem-
perature. Short lengths of cable conductors (six
feet or more) of 24 or finer gage will serve effec-
tively 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 on 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
telephone 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 10-4, the heat coil con-
sists of a small coil of wire wound around a cop-

Cable Conductors
To Outside Plant

_~Grounded
/

To Central
Office Equipment

—

Heat Coil

Carbon Protector Block

Porcelain Protector Block

F16. 10-5 HEAT CoIiLs AND CUTOUTS MOUNTED ON PROTECTOR
FRAME IN CENTRAL OFFICE



| D — — + - -
Tt — — S DN
‘ /—Multiple Calling Jacks IT
0&00000 0000000 [eJNe ] 6(130, [eNee] [l e o] 66
Q000000 [¢] ¢} [¢] ¢} [e] ¢}
Q0000 [¢] ¢}
0000
000 I
[eJNe]
[eJNe] ] S S
L (e M) L
] {
Line No. 109 jooooo 0600000 ooToooo 0000000| 0000000 0000000
Line No. 231 —— ;
U \_ .
Pos. 1 Pos. 2 Pos. 3 Answering Jacks
Line No. 567 SRR and Signal Lamps

Fi1G. 10-6 MULTIPLE SWITCHBOARD

per 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 con-
nect the line to ground. 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 cut-
out by presenting a considerable resistance to
suddenly applied voltages such as are produced by
lightning discharges. The method of mounting
heat coils and open-space cutouts on the protector
frames in eentral offices is illustrated in Figure
10-5.

Let us return now to the switching function of
the central office, which we have already pointed
out as its main purpose. Switching equipment is
designated as manual or dial depending upon
whether the switching operations are performed
primarily by people or by mechanical devices.
Although both types perform the same function,
the equipment and methods employed in each
case are quite different.
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10.3 Manual Switching Systems

In the manual central office, switchig is per-
formed by aperators at switchboards. In a local
single office exchange, all subscriber lines termi-
nate in at least two jacks in these switchboards.
One jack, mounted in the lower part of the switch-
board panel, has associated with it a signal lamp
by means of which a subscriber wishing to make
a call can secure the attention of the operator.
This is her answering jack. The other jack
mounted in the upper panel of the board, is used
by the operator to complete a connection to this
same subscriber’s line when it is called by some
other station. This is designated the calling jack.
Ioxcept in very small offices, each line appears in
parallel at many other jack locations along the
board. In other words, the terminations are mul-
tipled so that any line is within reach of any
operator.

The principle of the multiple switchboard is
that the answering jacks and associated signals
are divided up among the various operators, each
operator handling on the average about two hun-
dred 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 call-
ing only. The calling jacks are each multipled,
that is, connected in parallel, with a similarly
located jack in the third position to the left and
right. Any operafor 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 diagrammati-
cally in Figure 10-6. In this Figure should sub-
scriber Number 109 call subscriber Number 567,
the signal would come in at position “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 hand, if
subscriber 567 called subscriber 109, the operator
at position 3 would answer his call and connect
him to subscriber 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 plug into a
calling jack already in use somewhere else in the
multiple.

Figure 10-7 shows a telephone connection be-
tween two stations terminating at the same cen-
tral office. Here the telephone circuit at each
station is normally open when the receiver is on
the hook, with the exception of the ringer which is
bridged across the circuit in series with a capaci-
tor. It is a function of the capacitor to close the
circuit for alternating current and open it for
direct current. Accordingly, the line is open in so
far as the subseriber’s signaling the operator is
concerned and is closed through the ringer in so
far as the operator’s ringing the subscriber is
concerned; or we may say, the circuit is in such
condition that the subscriber may call the opera-
tor or the operator may call the subscriber at will.
The subscriber calls the operator by merely clos-
ing the line, which is accomplished by removing
the receiver from the hook. Contacts C; and C,
are made at the hook switch. C, closes the line
through the transmitter in series with the pri-
mary of the induction coil. This permits current
to flow from the central office battery B through
one-half of the line relay winding R,, over one
side of the line L, through the primary winding
of the induction coil, and the transmitter back to
the central office over the other half of the line L.,
through the other half of the relay winding R,
to ground. This energizes the line relay R, which
connects the central office battery to the answer-
ing lamp A, in the face of the switchboard in
front of one or more operators. This lamp, light-
ing, indicates that this particular line is calling.
The operator answers the call by inserting plug
P, into the answering jack associated with the
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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 R,, known as a “cut-off”
relay, which disconnects the line relay from the
circuit, putting out the burning answering (or
line) lamp A,. The operator learns the calling
subseriber’s wishes by connecting her telephone
set to the cord circuit by means of the key K,.
She talks over the two heavy conductors of the
cord circuit through the windings of the repeat-
ing coil, which by means of transformer action
induces current into the other windings of the
same coil; this flows back over the calling sub-
scriber’s line and induces a current in the sec-
ondary of the induction coil, which flows through
the telephone receiver.

Not only does the operator’s voice current flow
from the central effice cord circuit to the sub-
scriber’s receiver, but there is direct current fur-
nished by the central office battery through two
of the four windings of the repeating coil of the
cord circuit, over the line, and through the sub-
scriber’s transmitter. This permits the subscriber
to talk by virtue of the transmitter carbon re-
sistance varying the strength of the current,
which, by means of the repeating coil windings
at the central office, induces an alternating voice
current across to the opposite side of the cord
circuit.

Upon learning the number of the party called,
the operator inserts plug P. into calling jack J»
which permits the lamp S, to burn because the
circuit is closed from the central office battery
through the sleeve connection and the cut-off relay
winding. This lamp tells her that the receiver is
on the hook at the called party’s station and that
she must give this connection attention by ring-
ing the called party at frequent intervals. This is
accomplished by operating the ringing key Ko.
When the called party answers, current flowing
from the central office battery through the wind-
ings of the repeating coil, and through the super-
visory relay R operates this relay. As a result
the lamp S, is short-circuited and goes out, notify-
ing the operator that the party has answered. At
the same time, a resistance is inserted in the bat-
tery circuit to limit the current through the cut-
off relay. When both parties finish talking and
hang up their receivers, this supervisory relay,
as well as the corresponding relay on the other
side of the cord circuit, is de-energized, and since
the short-circuit is then removed from the lamps,
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they light. This notifies the operator that both
parties are through talking and that both cords
are to be taken down. When the operator pulls
down both cords, the sleeve circuits of the cords
are opened at the jacks and the lamps go out.

What we have discussed above is perhaps the
simplest example of a telephone switching opera-
tion——that is, a connection between two sub-
scribers of the same single exchange established
by one operator at an “A” switchboard. Where a
city or other exchange area is of such size as to
require more than one central office, a connection
between a subscriber whose line terminates in one
office and a subscriber whose line terminates in
another office cannot be completed by one opera-
tor. In such case the “A” operator who picks up
the call from a calling subscriber, uses her cord
circuit to connect the calling subscriber’s line to
a trunk leading to a switchboard in the other
central office in which the called subscriber’s line
is terminated. This switchboard is known as a
“B” board. It differs somewhat in appearance and
in the detail of its circuit arrangements from the
“A” board. The incoming trunks are terminated
in the “B” operators’ key shelf in plugs, and the
panels of the switchboard are used almost en-
tirely for calling or multiple jacks.

When the “A” operator at a distant oflice con-
nects a calling line to a trunk to this “B” board,
a lamp associated with the plug and cord in which
the trunk terminates in the “B” board key-shelf
will light. At the same time the “B” operator’s
head-set is automatically connected so that the
“A” operator at the calling office can pass her the
number. The “B” operator then inserts the plug
into the called jack. Ringing is usually automatic

and the supervisory signal lamp at the “B” board
remains lighted until the called subscriber an-
swers. After the conversation is completed and
the called subscriber hangs up, the supervisory
lamp again lights indicating to the “B” operator
that she should take down the connection.

There are other situations in large cities where
it is uneconomical to provide direct switching
trunks from each central office to every other
central office in the exchange area. In these cases
a third type of switchboard known as a “tandem”
board is provided in some appropriately located
intermediate central office. A connection then re-
quires the service of a third operator. The “A”
operator at a calling office conneets to a trunk
leading to the tandem board at the intermediate
office; the operator there connects this trunk to
another trunk leading to the called office; and the
“B” operator there in turn connects the trunk to
the called subscriber’s line. Naturally, the switch-
ing circuits in these three types of switchboards
vary in detail, particularly in respect to the super-
visory signaling arrangements. Basic methods
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and principles, however, do not differ funda-
mentally from those described in connection with
Figure 10-7.

The requirements for long distance or toll
switching are essentially similar to those for local
switching. Again, there are three principal switceh-
ing situations—between the calling subscriber and
the toll trunk or line, between the toll trunk and
the called subscriber. and where necessary, be-
tween two toll trunks. In long distance practice,
these operations are performed at outward, in-
ward and through switchboards, respectively. Sig-
naling and supervisory facilities are necessarily
somewhat different in toll switching than in local
switching. In generai, the toll switchboard must
be designed to permit a larger variety of switch-
ing operations and the cord circuits and other
equipment facilities associated with it are accord-
ingly somewhat more extensive. Because of the
variety of switching situations, there is no one
specific design for toll switchboard arrangements
that applies alike to all such switchboards. The
reader who wishes to study switchboard circuit
arrangements in detail may refer to the standard
drawings and instructions applying to the partic-
ular switchboards in which he is interested.

10.4 Dial Switching Systems

The fundamental operations to be pertormed by
a mechanical switching system are naturally the
same as those discussed above. It is hardly neces-
sary to point out, therefore, that any completely
mechanical system must be made up of a con-
siderable quantity of intricate electro-mechanical
equipment. In the local dial exchange the opera-
tion of the mechanical switching system is con-
trolled by a dial installed on the subscriber’s tele-
phone set, which transmits to the central office
electrical impulses corresponding to each digit
dialed by the subscriber.

Tne oldest type of dial central oflice machinery
in use functions on a “step-by-step” basis. This
means that each digit dialed causes the move-
ment of a switch at the central office which will
carry the connection a step forward toward its
ultimate objective—the called subscriber’s line.
The basic principle involved can be readily under-
stood by examination of the simplified example
shown in Figure 10-8. Here only two steps are
shown and there are only five contacts on the
switches of each step. If the switches are ar-
ranged to move in order through the same number
of contacts as the number of electric impulses

coming from the dial, any one of twenty-five sepa-
rate telephones could be reached by dialing only
two successive digits between 1 and 5. If, as in
the actual telephone dial, there are 10 digits and
the svstem is designed for dialing as many as
seven digits to reach the desired telephone, the
simple diagram of Figure 10-8 could be expanded
without any change in principle to show how any
one of ten million telephones could be reached in
the seven successive dialing steps. The trouble
with such a simple arrangement as this is that it
would require a tremendous number of switches
and connecting wires, and still permit only one
telephone to make a call to any of the others.

By suitable arrangements, however, this prin-
ciple can be employed to permit the origination of
the call by any of the telephones and still keep
the total amount of switches and other equip-
ment within reasonable bounds. The first step is
to eliminate the necessity for having a separate
selecting switch associated with each subseriber’s
line. Instead, switches known as line-finders are
provided for groups of subscriber lines, each one
of which is connected in multiple to the “bank”
terminals of the switches. In the step-by-step
system, the line-finder switch resembles that illus-
trated in Figure 10-9, which is arranged to move
vertically through ten steps and horizontally
through ten steps for each vertical step. When a
subscriber picks up his receiver, a relay associated
with his line causes an idle line-finder switch to
go into operation and hunt for the terminal to
which his line is connected.

With this arrangement, a simple dial system
might take the form illustrated in Figure 10-10.
Here the line-finder switch connects the calling
subscriber’s line to a trunk selecting switch which
is installed in the same central office, and in the
step-by-step system is of the same design as the
line-finder switch illustrated in Figure 10-9. Dial
tone is automatically sent back to the calling sub-
scriber and as he begins to dial, the trunk selector
switch in office “A” moves to a terminal at which
a trunk corresponding to the initial digit dialed
is terminated. This trunk may lead to a distant
office or to terminating equipment in the same
office. In the simple case illustrated, the first
switch at oftice “B” selects a group of connecting
lines under the direction of the second number
dialed by the calling subscriber and moves the call
on to a final selecting switch, which is operated by
the third number dialed to connect to the called
subscriber’s line.
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The above illustration of course is over-simpli-
fied as compared to most practical telephone sys-
tems. In principle, however, the method indicated
could readily be expanded to cover a larger num-
ber of telephones (and more digits to be dialed)
by including more switches of the same type in
the switching chain.

Figure 10-10 illustrates another principle which
is of fundamental importanee in any practical
switching system. It will be noted that it shows
two trunks between office “A” and office “B” each
of which is multipled to selector switches in the
two offices. This brings in an additional feature
in the switching apparatus under which a switch
directed toward a called trunk, but finding it al-
ready busy, will automatically move on and hunt
for another trunk leading to the same called office.
Just as in manual switching, practical economy
requires that the numbers of trunks installed be-
tween any two offices (or between any other two
points in the switching system) be kept at that
minimum which (as determined by applications
of the laws of probability) will be sufficient to
take care of the busy-hour load under reasonably
normal conditions. In the large office or exchange
area, this may mean that the total number of
trunks between two points in the over-all system
may run to a considerable number. To keep the
number of switching devices to an economical
minimum, it is evident that any switch should be
able to hunt automatically over the total number
of trunks in a group, no matter what its size.
Since the standard step-by-step switeh can hunt
over only ten terminals, graded multiple arrange-
ments are provided when the number of trunks

required per group exceeds ten. With this pro-
cedure some of the trunks are accessible to only
part of the selectors while the others are acces-
sible to all of the selectors. These trunks are then
known as “common” or “individual”’ trunks. This
arrangement increases the efficiency of the trunk
groups and, therefore, requires less switches to
handle a given amount of traffic.

Two other types of dial switching systems de-
signed for application in large exchange areas
are in use in the Bell System. These are known as
the panel system and the crosshar system. Both
depend on the principle of first transmitting the
dial pulses from the calling subscriber’s telephone
to a “mechanical operator”, usually known as a
sender, which in turn translates them into other
electrical impulses that will operate the necessary
switches to establish the through connection. The
panel system, although functioning today in many
locations, no longer is being installed, so that we
may confine our attention in what follows to the
crossbar system.

If, as mentioned in Article 9.6, the crossbar
switch is thought of as a kind of relay, the cross-
bar system may be considered as an all-relay sys-
tem. It employs large numbers of these crossbar
switches and of ordinary relays, as well as the
multi-contact relays which also were discussed
briefly in Article 9.6. Naturally the detailed ar-
rangements are complicated ; it will be practicable
here to outline only the broad principles of the
system’s operation. These are illustrated sche-
matically in Figure 10-11, where the through con-
nection from the calling to the called telephone is
indicated by the heavy line. As shown, the con-
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nection goes through four different switching or
link frames, including the line link frame, which
acts as a line finder at the calling office and a final
selector at the called office. In each one of these
frames the connection routes through crossbar
switches, generally known as the primary switch
and the secondary switch. In the simplest situa-
tion where each switch has 100 crosspoints and
the switching frame has 10 primary and 10 second-
ary switches, the arrangement offers the possibil-
ity of connecting any one of 100 incoming lines to
any one of 100 outgoing lines.

When a subscriber connected to office “A”
lifts his handset to make a call, his line is closed
to a primary vertical in the line link frame at that
office. At the same time relays are operated to
call into play a controller circuit arrangement (not
shown in the diagram) consisting of a number of
relays of various types, and associated wiring.
This device first definitely locates the calling line
on the line link frame and operates the proper
selecting and holding magnets te connect the line
to an idle trunk or district junctor leading to the
district link frame. The district junctors extend
through a district junctor frame on which is
mounted relay equipment that supplies talking
battery to the calling line. It also maintains su-
pervision over the call after the connection has
been established, times and registers local calls,
controls collections or returns of deposited coins
at pay stations, etc.
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At the same time, the controller hunts for and
selects an idle sender and operates selecting and
holding magnets in the sender link frame to con-
nect the sender to the calling line. This connec-
tion causes dial tone to be sent back to the calling
line, indicating that dialing may be started.
The dialing pulses are received at the sender and
registered there by the operation of relays or
crosspoints of a crossbar switch. As soon as the
sender has registered the digits indicating the
office being calied (the first three digits in the
case of large multi-exchange areas) the sender
operates to locate and connect itself to an idle
marker through multi-contact relays. It then
transmits to the marker information as to the
office code dialed, the number of the frame in
which the call is originating, the class of service
of the calling line, ete. As soon as this informa-
tion is registered by relays in the marker, the
marker first hunts for and selects and ‘“marks”
or makes busy ar idle outgoing trunk to the dis-
tant office. It also selects an idle junctor between
the district link frame and the office link trame
and then operates the proper selecting and hold-
ing magnets in both frames to complete the con-
nection between the selected inter-office trunk and
the district junctor to which the calling line had
been previously connected. This total operation of
the marker is accomplished in a fraction of a
second and as soon as it is completed, the marker
is automatically released to work on other calls.
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In the meantime, the calling subscriber con-
tinues to dial the digits corresponding tp the num-
ber of the called telephone. These are likewise
registered in the sender. As the hundreds digit is
dialed, the trunk circuit to the distant oftice is
closed to the incoming trunk frame, which causes
a controller at that office to select an idle termi-
nating sender and eonnect it by the closure of the
proper switch-points in the sender link frame.
Like the district junctor frame at the calling
office, the incoming trunk frame mounts relay
equipment which furnishes talking battery to the
called subscriber’s line, maintains supervision
over the terminating end of the connection, fur-
nishes the proper type of ringing current over the
called line, and transmits busy tone to the calling
line if the called line happens to be busy. After
the terminating sender has been conneeted to the
incoming trunk circuit, the called number regis-
tered in the originating office sender is trans-
mitted to the terminating office sender where it is
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again registered in relays or crosspoints of a
crossbar switeh. At this point the originating
sender having completed its function is discon-
nected and released for use on another call.

The terminating sender then connects to or
“geizes” an idle terminating marker to which it
transmits information on the called subscriber
number and the number of the incoming trunk
frame on which the particular incoming trunk is
located. By means of its translator circuit the
marker is able to locate the called subscriber’s
line out of a maximum of about 10,000 such lines
terminating at the central office. If this line
should be busy, the marker directs the incoming
trunk circuit to transmit a busy signal to the
calling subscriber. If the called subscriber’s line
is idle, the marker first makes it busy and then
proceeds to test for and select idle links in both
the line link and incoming link frames as well as
an idle junctor connecting these two frames to-
gether. It then operates the proper selecting and
holding magnets in the two link frames to operate
the necessary crosspoints that will close the cir-
cuit through. With this, the incoming trunk cir-
cuit transmits ringing current to the called sub-
scriber’s line and the terminating sender and
marker disconnect and return to normal. As al-
ready pointed out, the district junctor at the calling
end and the incoming trunk at the called end
jointly maintain supervision over the call. When
the talking parties disconnect, they function to
cause all connections to be restored to normal.

The reader will have noted that in the preceding
brief description of a dial call, various apparatus
units—particularly the senders and markers—
have been spoken of much as if they were persons
like manual telephone operators. The functions
that they perform are indeed very similar to those
performed by operators. Needless to say, there-
fore, their circuit arrangements are intricate—
so much so that their detailed analysis would in-
volve considerably more space than can be allotted
to the subject in this book. It should be remem-
bered, however, that they are only machines, hav-
ing no capacity to exercise either initiative or
judgment, but able to do only those things that
they were specifically designed to do.

The accompanying photographs give some idea
of the physical appearance of a typical sender and
a typical marker. The latter may include as many
as 1,700 relays. Not all of these operate in estab-
lishing any one connection, although it is inter-
esting to note that a typical local dial connection




involves the operation of about 700 relays. Mark-
ers and senders are naturally costly pieces of
apparatus. As pointed out earlier, however, the
marker performs its function in less than a sec-
ond, which means that it can handle many calls
within a short time. Actually it is necessary to
provide no more than 5 or 6 markers to handle
all the work in one dial system local office. The
operating time of the sender is somewhat longer
—up to about 15 seconds—so that proportionately
a greater number of these apparatus units have to
be provided.

10.5 Toll Dial Switching

The establishment of toll or long distance con-
nections by mechanical or dialing methods is not
essentially different from the setting up of local
connections. As was pointed out in the earlier
discussion of manual switching arrangements,
long distance switching generally involves a
greater number and variety of different situa-
tions than does local switching. Thus the long
distance connection will frequently require a
greater number of switches for completion from
terminal to terminal.

In the more usual situation where direct cir-
cuits are available between two cities, toll switch-
ing equipment is required only at the calling and
called points. When direct circuits are not avail-
able, however, it may be necessary to route the
call through appropriate switching equipment at
one or more intermediate points. Also important
in toll connections is the fact that when a call ex-
tends beyond the area where toll charges are billed
as message units, the details of the call must be
recorded for billing purposes. These include the
number of the calling line, the name of the place
called, the called number, and the total time of the
call. In direct distance dialing, the calling sub-
scriber establishes a long distance connection with-
out the aid of an operator by dialing a seven or
ten digit code, depending on whether the called
telephone is in his own or a distant numbering
plan area. Recording equipment must be provided
to register the necessary billing information in
this case. In the absence of such equipment, an
outward toll operator records the information on
a toll ticket, as in full manual operation. She then
proceeds to set up the desired connection by op-
erator distance dialing, operating keys for the
necessary code signals that direct the equipment
in her own and other offices to complete the de-

sired connection. In addition to the connection
between the incoming calling trunk and an out-
going toll circuit, the overall connection may
include one or more through connections at in-
termediate cities along the route, as well as an
inward connection to the local central office in
the called city and the loop from that oftice to the
called telephone. The operation of the switching
equipment is the sume whether directed by an out-
ward operator or by the subseriber’s own dial.

Major crossbar dial offices are arranged to
select alternate routes automatically in a prede-
termined order when all circuits on the first-choice
route are busy. This important feature, together
with the other complexities of toll switching noted
above, make it necessary to employ two additional
control devices to assist the marker in handling
the “brain-work” of the toll switching machine.
The first is known as a decoder and this is in turn
assisted by one or more translators. Figure 10-12
illustrates schematically the general arrangement
of the complete toll switching machine, including
these two devices.

As previously mentioned, the machine is de-
signed to work with either a seven digit or a ten
digit code such, for example, as 415-W06-1748.
Here the first three digits designate the distant
numbering plan area in which the called city is
situated, which may be a State or a part of a
State. The second three digits designate the local
central office within that area, and the final four
the called subscriber's telephone number. When
a call is received over an incoming trunk or toll
circuit, an idle sender is connected through the
sender link frame, just as in the local dial office.
As soon as the sender receives and registers the
first three digits, it seizes an idle decoder through
the decoder connector and gives it this code. The
decoder passes this information to a translator
which causes it to select the appropriate punched
“card” from which it can “read” the routing and
other information needed tor forwarding the call.
It transmits this information to the decoder and
drops off. The decoder then seizes an idle marker
to which it passes on this information. It also
causes the sender to be connected to the same
marker. The marker immediately tests the out-
going trunks or lines in the group corresponding
to the code information with which it has been
supplied, and seizes an idle one, if available. When
this is done, it so informs the decoder, which then
directs the sender to send all digits forward and
leaves the connection. The seizure of the outgoing
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trunk by the marker automatically signals for a
sender at the distant point to be connected to the
trunk. When this sender is attached, a signal is
passed back to the sender at the outgoing office.
The latter then forwards the required digits to the
distant sender. In the meantime, the marker tests
for and selects idle links “A” and “C” in the in-
coming and outgoing frames and an idle junctor
or “B” link between these two frames. It then
operates the proper selecting and holding magnets
to close the line circuit through the crossbar
switches, advises the sender that the connection
is completed, and leaves the connection. The
sender in turn drops off as soon as this informa-
tion has been received and it has completed the
forwarding of the calling digits to the distant
sender. Further progress of the call to another
intermediate switch or to its final destination is
then under the control of that sender.

The above description deals with the simplest
straight-forward connection where a circuit in
the first-choice route is available and only the first
three digits of the number code require transla-
tion. There are many situations when there are
two or more routes to or toward a given number-
ing plan area. In such cases, the translator at the
originating point needs to know the exchange
code as well as the area code in order to provide
the proper routing instructions. Six-digit transla-
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tion is required. The translator that is first called
in is supplied only with the three digit area code.
On reading the card, it recognizes that this in-
formation is inadequate and signals the decoder
to secure the next three digits from the sender.
This translator then disconnects itself. When the
decoder receives the next three digits, it calls in
another translator to which it now passes the first
six digits. From this, the translator is able to
select a card that contains the information needed
to direct the marker how to proceed to establish
the desired connection to or toward the desired
central office. With either three digit or six digit
translation, the translator supplies the decoder
with routing information for not only the first-
choice route but for alternate routes as well in
their order of priority. If the marker on first
instruction finds all circuits busy on the first-
choice route, it so informs the decoder which then
directs it to search in the first alternate circuit
group, and so on until an idle circuit is found.
The additional operations required for selecting
alternate routes, or for six digit translation, of
course increase to some extent the time used in
establishing the connection. However, the total
time involved is not more than a few seconds. The
work time of the individual common control units
such as the marker and the decoder is normally
less than one second.




With full dial operation, there is only one out-
ward operator or a machine at the calling end of
the connection. It is necessary in either case, for
the calling end to know when the called party
answers his telephone and when he hangs up. This
means that supervisory signals must be auto-
matically transmitted back from the distant end
of the connection. The procedures used for this
purpose are discussed briefly in the Article fol-
lowing.

10.6 Signaling

In any telephone switching system, it is natu-
rally necessary to provide some means of signal-
ing subscribers and operators. Thus. the sub-
scriber is signaled by the familiar telephone bell
which is ordinarily operated by a 20-cyele alter-
nating current supplied from a local central office
when an operator presses a ringing key, or when
machinery performs a comparable operation.
Such a signaling current is not suitable for use
over toll circuits of appreciable length since,
among other things. it might interfere with tele-
graph currents being transmitted over the same
circuit. This difficulty may be overcome in rela-
tively short toll circuits by using a signaling cur-
rent of 135-cycle frequency, which is high enough
not to interfere with the lower speeds of telegraph
services. The necessity for relaying the 135-cycle
signal around repeaters, however, limits its use-
fulness for application on the longer circuits.
More reliable signaling on long circuits is obtained
by the use of 1000-cycle signaling current. This
is a frequency within the normal voice range
which suffers no greater losses in transmission
than do the voice currents themselves, and it is
amplified at intermediate points by the same tele-
phone repeaters that amplify the voice currents.
In order to avoid false operation of the signals by
voice currents, the signal receiving apparatus is
designed to be operated only by a 1000-¢cycle cur-
rent interrupted 20 times per second and sus-
tained for at least several tenths of a second.
The signals are usually generated by electron tube
oscillators. They are in turn detected at the re-
ceiving end by appropriate electron tube circuits
and converted into direct current or 20-cycle ring-
ing current as needed.

The signaling methods discussed above are
known as ringdown systems and are employed cn
“ringdown trunks”. They are not suitabie for use
on circuits arranged for toll dialing operation.
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Such circuits must be so equipped that both
pulsing and supervisory signals can be trans-
mitted in both directions. Pulsing signals, orig-
inally generated by operation of the ordinary dial
in the form of dial pulses, may be transmitted
over relatively short distances in the form of d-c
pulses similar to telegraph signals. In this case,
composited or simplexed telegraph channels, sepa-
rate from the telephone circuits, are used for the
transmission. For longer circuits, dial pulses are
generally transmitted by interrupting a single
frequency tone which is transmitted over the tele-
phone circuit in the same way as the voice signal.
This single-frequency signaling method uses a
frequency of either 2600 or 2400 cycles on cir-
cuits of sufficient bandwidth for such transmis-
sion and a frequency of either 1600 or 2000 cycles

MARKER FRAMES
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on circuits that cannot satisfactorily transmit the
higher frequencies.

Where pulsing signals are generated by key-
pulsing, which is much faster than dial pulsing,
multi-frequency signals are employed. This gen-
erally applies to the longer toll lines. The fre-
quencies used are 700, 900, 1100, 1300, 1500 and
1700 cycles. Each digit is represented by a com-
bination of two of the first five of these frequen-
cies. Figure 10-13 shows the combinations for
each of the digits from 0 to 9, inclusive. The 1700-
cycle tone, not shown in the Figure, is used in
combination with 1100 to provide a priming or

“get ready” signal; and in combination with 1500
for a “start” signal.

Supervisory signals are transmitted either in
the form of direct current over separate telegraph
channels, or by means of a single voice frequency
transmitted over the telephone circuit. In the lat-
ter case, the supervisory signaling tone should of
course not be present when the circuit is being
used for conversation, since it is within the voice
range. The supervisory signal tone is applied
continuously to the line as long as the called tele-
phone is in the ‘“on-hook” condition. When the
receiver is taken off the hook, the signaling tone
is removed from the line. Its presence or absence
causes the operation of relays at the calling end
which show when the distant telephone answers
or hangs up. These supervisory signal tones must
of course be applied to a circuit from both ends
in order that a circuit may be used for calls orig-
inating at either end. For circuits that are actu-
ally or effectively 4-wire, the single frequency of
2600 (or 1600) cycles can be used in both direc-
tions. For 2-wire circuits, a 2600 (or 1600) cycle
tone is used in one direction and a 2400 (or 2000)
cycle tone in the opposite direction.
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CHAPTER 11
TELEGRAPH PRINCIPLES

11.1 The Simple D.C. Telegraph Circuit

The earliest device for electrical communication
between distant points was called the electric
telegraph. This was essentially a direct current
system under which pulses of current were trans-
mitted over a single conductor in a code form that
could be readily interpreted at the receiving end.
The circuit arrangement employed is illustrated
by Figure 11-1. Here, when both keyvs are closed,
a d-c circuit may be traced from a battery at the
West station through the key and reiay at that
point to the line wire, thence through the relay
and key at the ICast station, and back through the
earth to the battery. The relays at each end in
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turn control local cireuits which include a sep-
arate battery and a sounder, a relay-like instru-
ment that produces audible clicks when its
armature moves from one position to the other.
Opening and closing the key at one end, while the
key at the other end is closed, causes both soundl-
ers to operate accordingly. Thus, two «killed
operators who understand the code being em-
ployed, may communicate over the line. Manual
operation of the key at the West station produces
signal clicks at the East sounder, which the East
operator can interpret. The West operator also
hears the same signals from his own sounder. If
the Fast operator wishes to send, he opens his own
key, which silences both sounders. The West op-
erator, recognizirg the “break’”, then closes his
key and listens for signals sent from the IKast key.

It is hard!y necessary to state that modern tele-
graph practice employs circuits and circuit ar-

rangements of a much more sophisticated nature
than the elementary circuit described above.
Nevertheless, it is believed that an understanding
of current telegraph techniques, may be best ap-
proached through study of some of the basic di-
rect-current telegraph circuits. Some of the
principles involved will also apply to other kinds
of d-c signaling systems, including the transmis-
sion of relatively slow dial pulse and supervisory
signals and the extremely rapid signals of the
pulse code modulation systems discussed in Chap-
ter 27. At this point, however, attention will be
confined to what are essentially direct current
phenomena. Alternating current applications in
telegraph systems are necessarily postponed to
later Chapters.

11.2 Telegraph Transmission Facilities

The great majority of long-haul telegraph cir-
cuits in the Bell System are now obtained through
the use of ‘““voice-frequency carrier systems’ by
means of which up to 18 two-way telegraph cir-
cuits are derived from a transmission facility
that would otherwise be capable of use as a single
telephone circuit. Before the advent of such car-
rier systems, practically all long telegraph cir-
cuits were derived from open wire or cable wire
conductors that were used simultaneously for
telephone transmission. Naturally, this required
the employment of some device that would sep-
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arate the telephone currents from the telegraph
currents at each line terminal.

The oldest device serving this purpose is the
simplex set by means of which one grounded tele-
graph circuit may be obtained from the two wires
of a telephone circuit. Its principle is illustrated
by Figure 11-2. As indicated there, the “telegraph
legs” are connected to the midpoint of the line
windings of simplex or “repeating” coils which
are inserted in the telephone circuit at each ter-
minal. For reasons outlined in Chapter 14, these
coils do not interfere with the alternating current
telephone transmission. The direct telegraph cur-
rent divides in halves which flow in the same di-
rection through the two line wires, as indicated
by the arrows. Any change in current value at
the “make” or “break” of the telegraph key then
has no effect on the telephone circuit because the
magnetic field established by the telegraph cur-
rent in one half of the coil winding is neutralized
by the equal but opposite field set up in the other
half of the same winding. Satisfactory operation
requires, however, that the two line conductors
have identical electrical characteristics, including
not only equal or balanced series resistance but
also equal capacitances and leakages to other con-
ductors and to ground. Otherwise, the telegraph
currents will not divide into exactly equal parts at
the midpoints of the line windings and the differ-
ence will induce currents in the “drop” windings
of the coils which may be heard as clicks or
“thumps’ on the telephone circuit.

Differing radically in principle from the simplex

set, the composite set, illustrated by Figure 11-3,
permits a grounded telegraph circuit to be derived
from each of the two wires of a telephone circuit,
Superficially, this device may be considered as an
electrical filter designed to separate the direct tele-
graph currents from the alternating telephone cur-
rents. The 2uf capacitors inserted in each line
wire between the telephone drop and the point
where the telegraph legs are taken off prevent any
steady direct currents from reaching the repeating
coils while readily transmitting the alternating
telephone current. By themselves. however, they
could not protect the telephone circuits from
clicks resulting from the sudden voltage changes
that occur when the telegraph key is opened or
closed. The composite set includes a number of
retardation coils and capacitors which serve to
minimize these transient effects by reducing the
abruptness of the direct current changes at the
make or break of the key. Thus, the retardation
coils in series with each telegraph leg insert con-
siderable inductance which opposes a sudden
building up of the current at the make of the key
and retards its rute of decay when the key is
opened. The three 2.f capacitors connected in
parallel to ground assist the inductance by storing
a small quantity of electricity while the key is
closed and discharging this through the induec-
tance when the key is opened. As a further pre-
caution, a bridge may be inserted across the
telephone circuit on the drop side of the series
capacitors, as shown in the drawing. This pro-
vides a path for any transient charges that may
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appear on the drop side of the series capacitors to
“leak’ to ground.

In current telegraph practice, simplex and com-
posite sets are used chiefly for deriving relatively
short telegraph circuits such as branches or legs
extending from a central point on a main long-
haul route to outlving towns or eities. Both types
of sets are also extensively used in connection
with machine switching systems to derive direct
current circuits for the transmission of dial pulses
and supervisory signals.

11.3 Telegraph Codes and Signals

In the simple manually operated telegraph sys-
tems discussed thus far, the elements of the signal
code consist of “marks” and ‘“spaces”. Current
flowing in the line represents a marking signal;
absence of current represents a spacing signal.
Systems operating in this way are said to employ
neutral transmission. IFor the longer circuits,
there are usually advantages in employing polar
transmission, in which the marking signal is rep-
resented by direct current flow in one direction
and the spacing signal by equal current flow in
the opposite direction.

Manual telegraphy, which is now largely of his-
torical interest, used in this country what was
known as the Morse code. In this, the letters of
the alphabet and the numerical digits were repre-
sented by different combinations of varying num-
bers of short and long marking signals (dots and
dashes) separated by short or long spacing sig-
nals. Where machines are used to transmit and
receive telegraph signals, the code usually em-
ploys the same number of units, spacing or mark-
ing, to represent each letter or digit and the signal
units are all of the same length. The code so» em-
ploved in ordinary teletypewriter practice is
shown in Figure 11-4. This uses five units or ele-
ments to provide a maximum of 32 possible signal
combinations. With the employment of upper
and lower case positions as in the ordinary tyvpe-
writer, these are sutlicient to provide for the let-
ters of the alphabet, the numerals, and several
miscellaneous symbols in common use, as well as
for necessary machine operations such as spacing,
shifting, line feed, and carriage return.

For other purposes, codes made up of a larger
number of signal units may be necessary. This is
true of teletypesetter operation which reqgnires
a 6-unit code to enable the transmission of both
upper and lower case letters as well as numerals

and other symbols. Pulse code modulation sys-
tems may use G-unit or 7-unit codes to provide
maximums of 64 or 128 possible signal combina-
tions.

1.4 Principles of Teletyvpewriter Operation

The essential principles involved in the trans-
mission of telegraph-type signals by machine
methods may perhaps be most easily understood
from an analysis of the operation of an early tele-
typewriter device, known as a distributor. This
consisted of two circular commutator faces over
each of which a motor-driven brush arm may
rotate. Figure 11-5 shows schematically the send-
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ing face of such a distributor at one end of a
telegraph line and the receiving face of a like dis-
tributor at the other end of the line. The five
numbered segments in the outer ring of each com-
mutator face are electrically connected respec-
tively to sending and receiving teletypewriter
machines. These are mechanical devices of vari-
ous designs, which will not be described here. It
will be sufficient for our purpose to understand
that the sending teletypewriter applies battery to
the appropriate leads to the sending commutator
when the key for a given character is operated;
and that the receiving teletypewriter automati-
cally prints the character corresponding to a
xiven combination of operated selecting magnets
at the receiving commutator.

For accurate reception of signals, it is of course
necessary that the receiving device operate in
synchronism with the sending device. In most
teletypewriter systems, this is accomplished by
momentarily stopping the machines after the
transmission of each character and starting them
again together at the beginning of the next char-
acter. This is the purpose of the Start and Stop
signal pulses included in Figure 11-4. This
method of operation, as well as the other details
of signal transmission, may be followed by re-
ferring again to Figure 11-5.

At the beginning, the brush arms of both dis-
tributor faces, which are coupled by friction
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clutches to the driving shafts of motors running
continuously at approximately the same speed,
are held stationary by the latches of the sending
and receiving start magnets. The operation of any
character key of the sending teletypewriter closes
a circuit to ground through the winding of the
sending start magnet and the outer pair of brushes.
This pulls up the latch momentarily and allows the
brush arm to start to rotate. As the inner pair of
brushes moves off from the stop segment and on
to the start segment, battery connection to the line
is broken and a spacing signal is transmitted.
This “start-pulse” releases the receiving line re-
lay which connects battery through the pair of
brushes to the receiving start magnet. The re-
sultant operation of its latch then allows the re-
ceiving brush arm to start to rotate also.
Operation of a key of the sending teletypewriter
will also have caused battery to be connected to
the appropriate leads to the numbered segments
of the sending commutator. Assuming, for ex-
ample, that the key for the letter, D, was operated,
battery is connected to segments 1 and 4 in ac-
cordance with the code for ID which is mark,
space, space, mark, space. Then, when the send-
ing brush arm moves off from the start segment
and on to segment 1, the line is closed to battery
and the receiving line relay is operated to connect
battery to the large inner segment of the receiving
distributor face. The rotating receiving brush




arm thus connects battery to the shorter segment
1 of the receiving face while the sending brush
arm is still passing over segment 1 of the sending
face. Selecting magnet No. 1 is energized. As
the rotation continues, selecting magnets 2 and 3
are not energized because no battery is connected
to segments 2 and 3 of the sending face. Selecting
magnet No. 4 is operated, however, while No. 5 is
not. At this point, the mechanisms of the receiv-
ing teletypewriter are properly placed to print the
letter, D, as soon as the receiving brushk arm
passes on from segment 5 and connects battery to
the printing magnet. In the meantime, the send-
ing brush arm has passed on to its stop segment,
thereby transmitting a long marking signal to the
line. Its further rotation is then stopped by the
start magnet latch which was released as soon as
the outer pair of brushes opened the circuit
through the winding at the beginning of the oper-
ation. The received stop signal holds the receiv-
ing line relay closed so that the receiving start
magnet is not operated, and the receiving brush
arm is also stopped by its latch as it completes the
revolution. Both distributors are then in position
to handle the next character.

As mentioned eariier, signal distributors of the
kind described above have been generally super-
seded by somewhat more sophisticated mechanical
devices. The principle of operation remains the
same, however, and is applied not only to tele-
graph circuits but to other direct current signal-
ing systems, including pulse code modulation
systems which must operate at relatively fantas-
tic speeds.

11.5 Telegraph Repeaters

As in all other electrical communication sys-
tems, telegraph signals are subject to attenuation
or loss of energy when transmitted over any con-
siderable distance. These losses must be counter-
acted by the use of appropriate devices at inter-
vals along the circuits, which will restore the
signals to their original strength. For long dis-
tance sections where, as has already been stated,
telegraph transmission usually employs carrier
methods similar to those of telephony, electronic
amplifiers or repeaters are used to accomplish
this purpose. Such devices, and their applications
in both telegraph and telephone transmissior. sys-
tems, are discussed at some length in later Chap-
ters.

While most long-haul telegraph transmission

thus fails in the alternating current category. the
telegraph signals at their ultimate terminal,
whether sending or receiving, are direct current.
Transmission over the loops extending from the
telegraph central office to the customer’s premises
is usually by direct current. This may also be
true for relatively short inter-office lines connect-
ing a major oftice to tributary offices at outlying
points. In either case, it is necessary to employ
some kind of direct current repeating device at
the central offices to counteract the d-c line or loop
losses. There are many kinds of such devices and
all depend essentizlly upon operating a relay by
the weakened signal pulses to connect fresh bat-
tery to the line. The basic principles may be fol-
lowed by analyvzing the operation of a widely used
telegraph repeater known as a differential duplex
set.

This repeater may be arranged to handle full
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duplex service, in which signals are transmitted
simultaneously in both directions; or half duplex
service, in which signals are transmitted alter-
nately in either direction. It is designed to oper-
ate with polar signals since these are generally
preferred in modern telegraph practice for rea-
sons that are explained in Article 11.6 following.
The repeater includes polar relays of the type
illustrated in Figure 11-6. This relay employs a
differential principle which depends upon winding
the magnetic core with two equal but opposite
windings. If equal currents flow in the same di-
rection through both windings, the magnetic field
produced by one winding is exactly neutralized
by that set up by the other winding. The relay is
polarized by means of the permanent magnet and
the split magnetic circuit so that its armature
operates toward one contact or the other depend-
ing upon the direction of current flow in the domi-
nant winding.

Figure 11-7 shows the essential elements of a
differential duplex set provided at a terminal tele-
graph office to repeat signals between the line and
the local loops to a customer’s office. In this case
the set is arranged for full duplex service and
there are two loops, since the customer may be
sending and receiving at the same time. To fol-
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low the repeater’s operation, note that the two
windings of the receiving relay are connected on
one side respectiveiy to the real line and to a bal-
ancing network called an artificial line. The other
ends of the windings are connected together to
the armature of the sending relay. When the arti-
ficial line is adjusted so as to exactly balance the
real line electrically, current coming from either
battery connected to the contacts of the sending
relay divides equally between the two windings.
Since these are connected differentially, the re-
sultant magnetic flux is zero and the relay is not
operated. Current coming from the line, on the
other hand, flows through the two windings of the
receiving relay in series. This 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,
there is no interference between the sending and
receiving circuits and the two can be operated
quite independently of one another.

Operation of the sending relay is of course un-
der the control of the customer’s instruments in
the sending loop. The upper winding of the send-
ing relay is known as the operating winding and
the lower as the biasing winding. When the send-
ing loop key is closed, the magnetic fields produced
by the two windings are in opposition because
current is flowing in the same direction through
each. However, the lesser applied voltage together
with the resistance R, limits the current in the
biasing winding to a substantially smaller value
than that in the operating winding. The relay
armature is therefore held on the marking con-
tact. When the loop key is opened, only the bias-
ing winding is effective and the armature is
operated to the spacing contact.
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The differential duplex set, arranged for half-
duplex operation at a circuit terminal, is illus-
trated schematically in Figure 11-8. In this case
only one loop to the customer is required since
signals are to be transmitted in the two directions
only on an alternate basis. But the set must then
be so arranged that the operator at either end of
the line, when receiving, can interrupt or break
the operator sending at the other end. An addi-
tional polar relay, known as the break relay, is
provided for this purpose. Also, to permit send-
ing and receiving over the same loop, the arma-
ture of the receiving relay is connected to the
apex of the sending relay windings and an arti-
ficial line or network R is added to balance the
electrical characteristics of the loop.

With these connections, the sending operation
is essentially no different from that of the full-
duplex set of Figure 11-7. When receiving, the
operation of the receiving relay armature im-
presses alternate positive and negative signals on
the loop, provided that the break relay armature
remains in the marking position. Analysis of the
current flow in the windings of the sending and
break relays shows that the armatures of both of
these relays will remain on their marking con-
tacts as long as the loop is closed. Thus, when the
receiving relay armature is in the marking posi-
tion, the positive battery of the loop is reinforced
by the negative battery connected to the marking
contact of the receiving relay. A relatively large
current then flows in the operating windings of
the break and sending relays. At the same time,
a current of half this value is flowing in the same
direction through the biasing windings of both re-
lays. This opposes the effect of the current in the
operating windings but, since the latter is much
larger, it is controlling and the relay armatures
are held in the marking position. When the re-
ceiving relay armature moves to the spacing con-
tact, positive battery at the marking contact of the
break relay counteracts the positive battery of the
loop so that no current flows in the operating
windings of the sending and break relays. At the
same time, the direction of current tlow in the
biasing windings is reversed. The armatures of
both relays are now held in their marking position
by the reversed current in the biasing windings.

The purpose of the break relay is to assure a
rapid and positive break when the loop is opened.
If it were not included and the positive and nega-
tive batteries were connected directly to the spac-
ing and marking contacts of the receiving relay
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instead of as shown in the drawing, the operation
of the receiving relay while the loop was open
would cause the sending relay to transmit inverted
signals back over the line. This would not result
in the most effective breaking action. With the
break relay in the circuit, opening the loop causes
its armature to move to the spacing contact when
the receiving relay is marking because there is
then no current in the operating winding. This
results in negative battery being connected to
both contacts of the receiving relay, which com-
pels the latter to transmit a marking signal to the
sending relay windings. The resultant current in
the biasing winding of the sending relay causes
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its armature to move to the spacing contact. This
sends a continuous spacing signal over the line to
stop the sender at the distant end.

11.6 Telegraph Transmission

Ideally, the direct current telegraph signals re-
ceived over a transmission line should be exactly
the same as the signals sent. Thus, we may as-
sume that the Morse code signal for the letter A,
made by opening and closing a telegraph key, has
the “wave shape’ shown in Figure 11-9(A). If
the transmission line is purely resistive, the re-
ceived signal will have the same wave shape ex-
cept for some decrease in the current strength due
to IR drop in the line. For very short loops, or
connections within a central office, this situation
may be closely approximated. Loops more than
two or three miles in length and practically all
line circuits, however, contain enough inductance
and capacitance to affect the signal wave shape
materially. As pointed out in Chapter g, the pres-
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ence of inductance causes the current at the clos-
ing of the key to build up from zero to maximum
value on a sloping curve, somewhat as shown in
Figure 11-9(B). It also slows down the falling
off of the current when the key is opened. Capaci-
tance in the circuit tends to reshape the wave
further, as indicated by the shaded portions in
Figure 11-9(C). Insertion of inductors and ca-
pacitors, as in composite sets or similar appara-
tus, naturally increases the extent of the wave
shaping still more.

The basie significance of the signal wave shape,
from the viewpoint of telegraph transmission,
may be readily understood by considering its ef-
fect on signal reception with a simple neutral re-
lay. Such a relay may be adjusted to operate at
any one of a considerable range of current values
and to release at corresponding lesser values of
current. If a received signal wave was essentially
“square,” as in Figure 11-9(A), the relay would
operate and release at the same time regardless
of its adjustment. When the wave is not square,
as is usually the case, the time length of the re-
ceived signal is definitely affected by the relay ad-
justment. Thus, in Figure 11-10(A) the relay is
adjusted to operate at time O and to release at
time IX; the length of the received signal is then
represented by 7. If now the adjustments are
changed to permit operation at O, and release at
R,, as in Figure 11-10(B), the length of the signal
is increased to T,. In telegraph parlance, the
signal is now “heavy”. Adjustment of the relay
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in the opposite direction would have shortened
the signal, or made it “light”. These two condi-
tions are called marking bias and spacing bias
respectively. Kither type, if of suflicient magni-
tude, may make it diflicult to “read” the received
signals accurately.

The effect of signal wave shape on bias may be
more critically analyzed by considering neutral
transmission employing polar relays. The arma-
ture of the polar relay is held in the spacing posi-
tion by a constant current in its biasing winding
instead of by a spring, as in the neutral relay.
Normally the biasing current is set at a value
equal to one-half of the full line current when
marking. Thus in Figure 11-11, which again
represents a wave shape for the Morse A, the full
line current is 60 milliamperes and the current in
the biasing winding is 30 ma. If the relay pole-
pieces are properly adjusted so that both mark-
ing and spacing poles are equidistant from the
armature, the armature is free to move to its
marking position as soon as the current in the
line winding reaches a value slightly higher than
30 ma. Similarly, the armature returns to the
spacing contact as soon as the line current de-
creases slightly below 30 ma.

It will be evident that when the signal wave
shape is curved as shown, any change from nor-
mal in the biasing winding current value, in the
full line current value, or in the pole-piece adjust-
ments, may change the length of the received
signals. A lowered value of relay bias current, for
example, causes the operating and release points
to move downward on the signal curve with re-
sultant marking bias. The same effect appears if
the marking pole is adjusted too close to the arm-
ature, or the spacing pole too far away. Poor
adjustment of the pole-pieces in the opposite di-
rection, or too high value of relay biasing current,
on the other hand, causes light signals or spacing
bias. For the same reasons, higher than normal
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line current produces marking bias while low line
current results in spacing bias.

Either marking or spacing bias may also be
caused by the characteristics of the transmission
circuit, even though all relay adjustments and
current values are normal. This results from dif-
ferent curvature in the leading and trailing edges
of the signal pulse. Referring again to Figure
11-11, it will be noted that there is a definite in-
terval between the time the circuit is closed and
the time the relay operates because of the curva-
ture of the rising current wave. This interval,
which may range from a fraction of a millisecond
to several milliseconds, is called a space-to-mark
transition delay and abbreviated S-MTD. Like-
wise, when the circuit is opened, there is a mark-
to-space transition delay (M-STD) as the current
falls off from maximum value to the relay release
point. The length of each delay is determined
solely by the shape of the current wave. If the
two delays are equal in length, the signal length is
not affected and the circuit introduces no bias. If
the M-STD is greater than the S-MTD, all marks
are lengthened accordingly and all spaces short-
ened a like amount. The circuit thus causes mark-
ing or positive bias. Contrariwise, if the S-MTD
is longer than the M-STD, all spaces are length-
ened and marks shortened to produce spacing or
negative bias.

For a given signal, such as that shown in Fig-
ure 11-11, it is of course possible to measure the
transition delay time or the extent of bias in terms
of milliseconds. Because several different signal-
ing speeds are employved in telegraph practice,
however, it is generally more useful to measure
bias as a percentage of the unit signal element or
pulse. Thus, the unit pulse in 60 speed teletype-
writer operation is 22 ms in duration, as indicated
in Figure 11-4. A positive bias of 209 in this
case would lengthen marking signals by 4.4 ms.
If transmission were at 100 speed where the unit
signal length is 13.5 ms, the same percentage bias
would lengthen the signals by 2.7 ms.
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CIRCUIT

With true polar transmission, the probability of
bias distortion of signals is substantially reduced.
The ideal wave shape for such operation is illus-
trated in Figure 11-12. Here, as would normally
be expected, the marking and spacing waves are
identical in form. If, in addition, the positive and
negative line currents are equal in value and all
relays are adjusted to operate and release at ap-
proximately the middle of the wave, the mark-to-
space transition delays must always be exactly
the same as the space-to-mark delays. Under
these conditions, transmission is completely free
from bias. 1t is necessary to note, however, that
relays can get out of adjustment as readily with
polar as with neutral transmission. Also, il is
possible for conditions to exist, such asa difference
in ground potential between the terminals of a
circuit, that cause the marking and spacing line
currents to have unequal values. Kither effect will
unbalance the transition delays and thus produce
hias.

It is important to keep in mind that, in either
neutral or polar operation, any bias present is a
constant whose value is determined by the char-
acteristics of the line circuit and of the relays
and other equipment associated with it. Further-
more, it affects all signals, regardless of their
length, in exactly the same way and in exactly the
same amount. Bias is always undesirable and, if
severe enough, can cause false operation of re-
ceiving equipment. Unless the curvature of the
wave shape is too extreme, however, it can usually
be kept within satisfactory working limits by ap-
propriate relay adjustments.

In the discussion thus far, it has been tacitly
assumed that all marking or spacing signals were
of sufficient length to permit the line current to
reach its full or steady state value before the start
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of the next transition. This is not necessarily
true in high-speed telegraph transmission. Re-
ferring to Figure 11-4, it may be noted that the
shortest marking and spacing signals in 100-speed
teletypewriter operation occupy a time interval of
only 13.5 ms and that the majority of the charac-
ter codes include one or more of such short marks
or spaces. Now note that in a circuit having the
wave shape pictured in Figure 11-12, the current
takes approximately 18 ms to rise from its steady
state spacing value to its full marking value. A
13.5 ms signal would therefore encounter a transi-
tion while the current was still changing and be-
fore it reached its full value. This introduces
another kind of signal distortion, known as nega-
tive characteristic distortion. Its effect is to
shorten all short signals. whether spacing or
marking; il has no effect on the longer spacing
or marking signals which form a part of most of
the codes.

Examination of Figure 11-13 will perhaps help
to clarify this situation. Here a wave shape is as-
sumed in which a total of 20 ms is required for the
current to change from a steady state spacing
value of — 35 ma to a steady state marking value
of 435 ma. If a marking signal only 13.5 ms long
is applied to a circuit having this wave shape, the
rising current has time to reach a value of only
about 25 ma before the signal is reversed to spac-
ing. The receiving relay operates to marking as
the current passes through zero value, giving a
S-MTD of 6.5 ms. But since the reversed spacing
current now starts from less than full marking
value, it takes less time for it to reach zero value
where the receiving relay operates to spacing.
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The M-STD is only 4.5 ms. The net result is to
shorten the received marking signal by 2 ms to a
value of 11.5 ms. Since the positive and negative
wave shapes are normally identical in form in
polar operation, it is obvious that a short spacing
signal would be affected in exactly the same way.
The transition from space to mark would likewise
occur while the current was still changing and
the received spacing signal would be shortened
accordingly.

Positive characteristic distortion is also possi-
ble. This occurs when the electrical characteris-
tics of a transmission line are such as to produce
a transient oscillation that causes the changing
current of a transition to increase momentarily
to a value greater than the normal steady state
value. This may increase the time required for
the current to return to zero value enough to
lengthen all short signals.

Whether either type of characteristic distortion
is present, and i‘s extent, is determined by the
speed of transmission and the consequent length
of the shortest signals in relation to the wave
shape, which is in turn determined by the fixed
characteristics of the circuit. Because it affects
only short signals, it is also interesting to note
that it has no effect whatever on those code char-
acters which are made up only of longer signals.

In telegraph transmission, the practical impor-
tance of bias or characteristic distortion depends
upon the amount by which signals are affected in
relation to their normal values—i.e., the percent-
age changes in the signal lengths. In a relatively
short circuit having repeaters only at its termi-
nals, it is evident that distortion must be rather
severe to cause false signal reception. Such a re-
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sult is further guarded against in teletvpewriter
operation by making the signal receiving elements
on the receiving face of the distributor much
shorter in length than the corresponding elements
on the transmitting face. Thus, referring again
to Figure 11-5, it may be noted that the numbered
receiving segments are only about 209 as long as
the transmitting segments. If the machines are so
adjusted that the receiving segments are passed
over at the center point of an undistorted incom-
ing signal, any incoming signal would register
unless it was distorted by more than 50% in one
direction or the other. Distortion of such magni-
tude as this is unlikely in short telegraph circuits
that are reasonably well maintained. In a long
circuit containing a number of intermediate re-
peaters in tandem, however, false operation is
much more likely to occur because relatively small
distortions in each of the several repeater sections
may add to a high cumulative total. Under these
conditions, the best answer is the employment of
regenerative repeaters at the intermediate points.
These are discussed in the next Article.

11.7 The Regenerative Repeater

The primary function of the regenerative tele-
graph repeater is to retime and retransmit re-
ceived signal impulses restored to their original
strength. It is capable of receiving withcut error
any set of signals that would be satisfactorily re-

ELECTRONIC REGENERATIVE TELEGRAPH REPEATER

ceived by an ordinary teletypewriter, and of send-
ing these same signals out to the next section of
line in exactly the same form as the signals pro-
duced by the sending teletypewriter at the circuit
terminal.

As in the case of the teletypewriter itself, there
are various designs of regenerative repeaters, in-
cluding electronic as well as purely mechanical de-
vices. The prineiple of operation is the same in
all cases, however, and may be most readily fol-
lowed by considering an early type of repeater
which employed a flat distributor face with a
brush arm rotating in synchronism with that of
the sending teletypewriter. Such a device is illus-
trated schematically in simplified form by Figure
11-14. Here it will be noted that the face includes
four rings of commutator segments. The two
outer rings, which constitute the receiving tace,
may be 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
rotating brush arm.

To follow the operation in detail, assume for ex-
ample, that the letter I is to be transmitted. As
indicated in Figure 11-4, the incoming signals
will then consist of the starting spacing pulse, a
space, a mark, a space, a mark, a space, and the
final long marking pulse. When the spacing start
pulse is received, the brush arm is released by
the action of a relay and lateh not shown in the
drawing. The receiving brushes first pass over a
blank segment in the outermost ring and then
connect the short No. 1 receiving segment to the
receiving relay armature through the second ring.
This occurs at the same time that the first spacing
signal of the five-pulse letter code is being re-
ceived from the line, and the receiving relay is
therefore operated to its spacing contact which in
this case is positive. The right storing capacitor,
shown at the bottom of the drawing, is accord-
ingly charged positively. In the meantime, the
brushes of the sending face have moved over seg-
ment No. 7, connecting positive batterv to the
sending relay through the innermost ring, and so
repeating the spacing start signal to the outgoing
line. As the receiving brush moves off from No.
1 segment on to a blank, the sending brush moves
on to No. 1 segment of the sending face. This
permits the positively charged right storing ca-
pacitor to discharge through the sending relay,
thus repeating the first spacing code signal. Dur-
ing this operation, the receiving brush moves on
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to segment No. 2 of the receiving face and charges
the left storing capacitor negatively in accordance
with the incoming marking signal. This capacitor
is in turn discharged through No. 2 segment of
the sending face while the right capacitor is being
charged through No. 3 segment of the receiving
face. The alternate operation continues until all
five of the received code pulses and the final stop-
ping mark pulse have been repeated to the out-
going line. As it completes a single revolution, the
brush arm is stopped until the starting pulse for
another character is received.

The basic virtue of this repeater lies in the fact
that the short receiving segments pick up only the
mid-portion of the incoming signals thereby al-
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lowing for considerable distortion, while the sig-
nals sent out are all of the same uniform length
as those originally generated at the terminal send-
ing teletypewriter. It is apparent, therefore, that
the repeater will receive and convert to perfect
signals any signals that are good enough to cause
satisfactory operafion of an ordinary receiving
teletypewriter. In a long circuit, each regener-
ative repeater automatically eliminates whatever
distortion may have been introduced by the pre-
ceding line section and the signals received at the
terminal therefore suffer from only such distor-
tion as may be caused by the last section, regard-
less of the number of sections included in the
overall circuit.




CHAPTER 12
ALTERNATING CURRENTS

12.1 Source of Alternating Emf

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 precede the applications, and step by
step we shall pass from the simple circuit to the
network, from the network to the transmission of
electric energy, and thence to our ultimate aim.
which is the application of these in electrical com-
munications systems. But along with tkis pro-
cedure, we shall study wherein the nature of
alternating-current work differs from that of
direct-current work. Perhaps the first such dif-
ference lies in the source of emf.
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FiGure 12-1

Figure 12-1 represents an alternating-current
circuit in its simplest form. In this Figure we
have a new convention for source of emf, which
represents a single alternating cycle. Unlike the
battery or other simple form of direct emf, we
cannot completely describe such a source of emf
by simply giving its voltage, for example £ 10
volts. Here we have a voltage which gradually
increases to a maximum value, then decreases to
zero, to increase again to a maximum valte in the
opposite direction, and then again decrease to
zero, where the cycie 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 12-2 illustrates
cyeles of alternating emf’s all very different in
this respect.

Furthermore, we should not know the rapidity

with which the alternations are taking place. For
example, Figure 12-3 represents two cyecles of
identical emf 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 emf we must know the following:

a. The wave shape of the alternating cycle.

b. The value of the emf at some specified point

in the cycle.

¢. The length of time to complete the cycle,

or the frequency of its repetition in a given
time.

In classifying electric currents in Chapter 8, we
named two steady state conditions for alternating
current ; one where the wave shape is a sine wave
and the other wheve the wave shape is not a sine
wave but a compiex wave. The basic study of
steady-state alternating-current circuits deals
with sine waves. (Complex waves may be analyzed
into combinations of sine waves of different fre-
quencies, just as complex tones are analyzed into
fundamentals and harmonies.

12.2 The Sine Wave

The sine wave is named from a trigonometric
function of an angle. We have learned how it may
be constructed graphically, and we may treat it
as a “pattern” having a name with a mathemati-
cal origin to which an emf or current may or may
not conform, rather than as a mathematical ex-
pression requiring a thorough knowledge of trigo-
nometry for interpretation. It has interesting
properties and is the natural wave form in prac-
tically all vibratory motion. It greatly simplifies
alternating-current circuits because—a sine wave
emf impressed upon a circuit having a network
of any number and arrangement of resistances,
inductances, and capacitances 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) will give the same wave shape
for the current as that for the impressed emf.

The above rule holds in all its applications since
the sine wave possesses the following properties .

a. Sine waves of the same frequency can be

[ 301 ]
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added (or subtracted) either in or out of
“phase” and the wave shape of the result
will he a sine wave. (Phase relations are de-
fined in the next Article.)

b. A sine wave emf across a resistance, induc-
tance or capacitance gives a sine wave cur-
rent through the resistance, inductance or
capacitance (though not necessarily in
phase).

c¢. Whenever an emf is induced on account of
the ever-changing value of a sine wave cur-
rent, this induced emf is a sine wave
(though not in phase).

12.3 Phase Relations and Vector Notation

To illustrate what is meant by phase relation,
we may well discuss a method of graphically rep-
resenting alternating currents and alternating
emf’s with vectors. Figure 12-4 shows the graph-

FiG. 12-3 SINE WAVES oF DIFFERENT FREQUENCY

ical construction of a sine wave as described in
Chapter 6. In this figure the horizontal scale
(abscissa) represents time and the vertical scale
(ordinate) represents instantaneous values of cur-
rent. The complete curve then shows the values
of the current for all instants during one com-
plete cyele. It is convenient and customary to di-
vide the time scale into units of “degrees” rather
than seconds, considering one complete cycle as
being completed always in 360 degrees or units of
time (regardless of the actual time taken in sec-
onds). The reason for this convention will be ob-
vious from the method of constructing the sine
curve as illustrated in Figure 12-4, where to plot
the complete curve, we take points around the cir-
cumference of the circle through 360 angular de-
grees. It needs to be kept in mind that in the
sense now used, the degree is a measure of time
in terms of the frequency, and not of an angle.

Fic. 12-4 VECTOR REPRESENTATION OF INSTANTANEOUS
CURRENT VALUE
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Having adopted this convention, it is not neces-
sary to draw the complete sine curve figure when-
ever we wish to represent the current in a cir-
cuit at a particular instant—for example, that
current at the instant ¢, represented by the point
P. If we know the frequency, and the length and
the position of the single radius I corresponding
to the point P, we have all the information we
need to define the current. Here we have what we

call a vector, which we can imagine as a radius
of the circle, having a length equal to the maxi-
mum current or emf value of the sine wave in
The angle this vector makes with the
If we

question.
horizontal gives the position of point P.

assume a direction of rotation for the vector, the
instantaneous value of current at that time is
measured by the vertical distance Pt which is
equal to the length of the vector times the sine of
the angle which it makes with the horizontal.
Furthermore, we can determine by the position of
the vector whether the value of the current or emf
is increasing or decreasing, and its direction. The
accepted convention for direction of rotation is
counter-cloekwise and will be understood here-
after, without the arrow being used to indicate it,

In Figure 12-1, let us assume that the maxi-
mum value of E is 10 volts, the frequency is 60
cycles per second, and the value of R is 7.5 ohms,

|
——— | —

B - Current

t]

C - Current and Voltage

ty

E max.= 10
T=1/60 Sec.
ST
— \J-
I max.=1.33
IR _Z_Jf_‘/_‘” Sec.
E max.
E max.
| max, = —2aX
T=1/60 Sec.

VECTOR REPRESENTATION

Fi1G. 12-5 CURRENT AND VOLTAGE IN PHASE
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Also let us assume the circuit to have negligible
capacitance and inductance. By arbitrarily adopt-
ing a scale, we can represent the emf at a given
instant by Figure 12-5(A). Since the inductance
and capacitance of the circuit are negligible, the
current at the corresponding instant will neither
be retarded by inductance nor have a component
part required to ‘“charge” the circuit. It will be
that determined solely by Ohm’s Law. Conse-
quently, it will change in value as the emf changes
in value. In other words, it will “keep in step”,
becoming a maximum of 1.33 amperes at exactly
the same time that the emf becomes a maximum
of 10 volts, and becoming zero at exactly the same
time that the emf 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 12-1, we have the circuit shown by
Figure 12-6, it will be necessary to consider the
effect of the inductance. This reacts to any
change in current value, and an alternating cur-
rent is changing in value at all times. We should
therefore expect the inductance to affect mate-
rially 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
established until some time after the emf has
reached its maximum value. Figure 12-7 repre-
sents the relation of voltage and current that are
out of phase due to the circuit having inductance.
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Fi16. 12-7 CURRENT LAGGING IMPRESSED EMF

Here the vectorial representation must show the
extent to which the voltage and current are out
of phase. This is accomplished by having the
voltage vector ahead of the current vector in its
rotation (in the conventional counter-clockwise
direction) by an angle which is a measure of the
time by which the current “lags” behind the volt-
age, and whose value is obvious from the relative
positions of the radii of the two circles.

In the case of a circuit having a series capaci-
tance instead of ar inductance, the circuit reac-
tions are the reverse. The current vector then is
ahead of, or “leads’, the emf vector as shown by
Figure 12-8. Electrical conditions in circuits con-
taining inductance or capacitance, therefore, can
be represented by current and voltage vectors,
which will, in general, be out of phase.

Current Circle
Emf. Circle

U : 3
]

Vector
Representation

F1G. 12-8 CURRENT LEADING IMPRESSED EmE

In direct-current networks, we used equations
based on Kirchoft’s Laws which called for adding
or subtracting current or emf values. In alter-
nating-current work, we cannot accomplish this
by merely adding the numerical lengths of the
vectors. We must instead combine them in such
a manner as to take into consideration any phase
differences that may exist. This may be done
graphically by placing the vectors to be added
end to end, and drawing a line from the butt of
the first arrow to the tip of the last. This line,
called the resultant, is a vector which gives the
magnitude and phase of the sum. For example,
let us assume that it is desired to find the cur-
rent delivered by the generator of Figure 12-9,
when the currents in the parallel 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 indicated 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 currents in the parallel
branches.
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12.4 Effective Emf 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 fime in
its cvcle. The length of the vector gave the maxi-
mum value of the current or voltage and the angle
that the vector made with the horizontal, in a
counter-clockwise sense, indicated the particular
instant being considered.

For practical purposes, however, it would be
inconvenient to always state both a value and a
position in time in defining an alternating current
or voltage. It is advantageous, rather, to adopt
some arbitrary standard so that only the value of
the current or voltage need be given to 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 certain disadvantages. Another, and mare
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
heating effect of a given value of alternating cur-
rent in a resistor will be exactly the same as the
heating effect of the same value of direct current
in the same resistor. The advantage of such a
convention is apparent, since it obviates to a de-
gree the necessity for thinking of the effects of
alternating and direct currents as different. This
value is known as the effective value and is equal
to the square root of the average of the squares
of the instantaneous values over a complete cycle.
This evaluates to .707 times the maximum value,
or—

I = 907 L (12:1)

and

E =707 £, (12:2)
where E and I without subseripts indicate effec-
tive values. Unless specifically stated otherwise,
values of alternating currents and voltages are
always given in terms of their effective values.
Likewise, in most practical applications, vectors
representing currents and voltages give the effec-
tive value of the current or voltage by their
length and, unlike the vectors we have previously
considered, do not indicate by their angular posi-
tion a particular instant of time within the cycle
but only the phase relationship of the current and
voltage with reference to each other, or to some
other current or voltage in the same circuit.
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F16. 12-9 GRAPHICAL ADDITION OF CURRENT VECTORS

12.5 Power in A-C Circuits

Just as in d-¢ circuits, the power in an a-c cir-
cuit is at any instant equal to the product of the
current and voltage in the circuit at that instant,
or we may write—

p — el (12:3)

where the lower-case letters mean that the values
are instantaneous ones. The power in an a-¢ cir-
cuit 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 fime.
Such a curve for the case where the current and
voltage in a circnit are in phase is shown by
Figure 12-10.

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 this case, where
the circuit contains nothing but resistance, the
average power is equal to the product of the ef-

Fic. 12-16 POWER IN A-C CircuiT WHEN CURRENT AND
VOLTAGE ARE IN PHASE
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fective current and voltage, or we may write—

P - FI (12:4)

and, as always,—

P - IR (12:5)

The condition where the circuit contains either
inductance or capacitance in addition to resist-
ance, and the current and voltage are accordingly
not in phase, is somewhat different. The power
curve for such a case is shown by Figure 12-11.
Here the product e¢7 gives both positive and nega-
tive values and we have the positive power loops
A and B and the negative loops C and I). The
latter loops represent power returned to the gen-
erator from the circuit. The total power absorbed
by the circuit is obviously egual to the sum of A
and B minus the sum of C and D. In this case,
then, the power, I’ is no longer equal to EI but to
something less than that. The factor by which E/
must be reduced to obtain the true power is de-
termined by the phase relation between the cur-
rent and the voltage. The power now is—

P — Elcos 6 (12:6)

where # is the phase angle between the current
and voltage. The term, cos ¢, is known as the
power factor and has a value of 1 when 4 is zero,
or the current and voltage are in phase. This is
the situation obtained in Figure 12-10. When 6 is
90 degrees, or the voltage and current are one-
quarter cycle out of phase, cos ¢ 0 and power
consumption is zero. For intermediate phase
angles cos # will be between zero and one.

It may be noted that the expression, P — I’}
remains true in this case and conforms with equa-
tion (12:6) because as we shall learn, I — Z cos 6
and I — E/Z, from whence—

P=DIR=IxIxXR
I < E/Z < Z cos 6

IE cos 6.

Fi1G. 12-11 PowER IN A-C CIrRcuIT WHEN CURRENT AND
VOLTAGE ARE NOT IN PHASE

12.6 Ohm’s Law and Alternating-Current Calcu-
lations

In Chapter 2 we learned that the relation be-
tween the voltage and current in a d-c circuit was
expressed by Ohm’s Law, or

E (volts)

I (amperes) (el

We found this expression indispensable in our
study of direct-current circuits, and certainly we
shall want to apply it to alternating-current cir-
cuit calculations if we can. On the other hand, we
have learned of circuit properties other than re-
sistance that influence alternating-current flow.
Moreover, these properties, viz., capacitance and
inductance, not only change the value of the cur-
rent in amperes but introduce changes in the
phase relation of the current to the voltage.
Again, the effects of inductance and capacitance
depend entirely upon the particular frequency
which we wish to consider. We must therefore

TABLE V

Conventional Symbols Commonly Used in
Alternating-Current Work

Symbol Stands for
P Average power for a cycle of emf and
current.
E Effective emf.
1 Effective current.

A

... Average emf.

I,.. Average current.

e IEmf at some specific instant, or instan-
taneous voltage.

Current at some specific instant, or in-
stantaneous current.

Induced emf.

Length of time in seconds (or fraction of
one secend) for a complete cycle.

Frequency or the number of cycles per
second.

Impedance in ohms.

Inductive reactance in ohms.

Capacitive reactance in ¢hms.

Admittanee in mhos.

Angle between current and impressed
emf, or between impedance and resist-
ance, etc.

o,

~

o

SN T Nm

introduce some new quantity that will express in
ohms not only the resistance to current but the
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combined effects of resistance, capacitance and in-
ductance at a definite stated frequeney. This
quantity is called impedance, and Ohm’s Law is
adjusted to read—

E (volts)

2ot I (amperes)

(12:7)
where Z is the symbol for impedance or the com-
bined effect of the circuit’s resistance, inductance
and capacitance taken as a single property which
can be expressed 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 capacitance expressed in micro-
farads, to a single expression in ohms, we can
calculate the current at a given frequency in any
single branch as readily as thongh it were a
branch of a direct-current network.

The effect of inductance or capacitance in op-
posing the flow of current in any alterrating-
current circuit is known as reactance and is ex-
pressed in ohms the same as resistance. However,
in combining resistance and reactance into a
single property measured in ohms, which we have
already referred te as impedance. we must add
them vectorially because they do net act in phase.
We shall take up the calculation of impedance
after first learning how the reactance may be
determined for any single frequency from the
inductance and capacitance values in a given cir-
cuit branch.

L=2.7 Henrys
— 00—

t

E=10V
f= 1000~

L @ ]

FIGURE 12-13

12.7 Inductive Reactance

Referring to Chapter 8, it will be recalled that
we consider two factors as being involved in the
calculation of the effects of inductance; first, the
physical property of the circuit called inductance
and second, the rate of change of current value,
which uses induetance “as a tool” in creating the
reactive effects. In an alternating-current circuit
containing inductance, therefore, we should expect
greater reactance for higher frequencies because
higher frequencies mean an increase in the aver-
age rate of change of current. By referring to
Figure 12-12 thix becomes apparent. Here are two
current cyeles of the same effective value but the
A cyele has twice the period, or half the frequency
of the B cyvcle. Also the slope of the A curve at
any point such as P,, is half the slope at any cor-
responding point such as P, on the B curve. The
slope is the meusure of current change and we
would expect, therefore, that the induced en:f of
the B curve would be twice as great as that of the
A curve. Thus, the reactance due to inductance
depends 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 indue-
tive reactance expressed in ohms is equal to the
inductance in henrys times the frequency in
cyeles per secornd. multiplied by 2= or—

X, = 2=fL (12:8)

where X, is the inductive reactance in ohms, =

is 3.1416, f is the frequency expressed in cycles

per second, and 7 is the inductance in henrys.
For practical use this becomes—

X, — 6.2832fL (12:9)

Example: In Figure 12-13 assume that the
source of alternating emf is a sine wave, 10
volts, 1000 cyceles per second, and the induct-
ance shown has negligible resistance. What
is the effective current through the induct-
ance?

Note:—In practice inductance coils have ap-
preciable 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.
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Fi1c. 12-14 ErFECT OF INDUCTIVE REACTANCE

Solution:
X, — 6.2832fL
16964 ohms
E
16964

10
16964

.00059 ampere, ans.

In this example, the current will be 90° behind
the impressed voltage, as shown in Figure 12-14,
because the induced emf due to the current must
be equal and opposite to the impressed emf and
the induced emf is the rate of change of current
times the inductance and must, therefore, be 90
behind the current.

6.2832 x 1000 x< 2.7

12.8 Capacitive Reactance

The effect of capacitive reactance in the circuit
is exactly opposite to that of inductive reactance
—in fact, the two tend to neutralize each other.
Capacitive reactance decreases with increasing
frequency and capacitance values. It also tends
to make the current lead instead of lag the voltage
(see Figures 12-14 and 12-16). Accordingly, if
inductive reactance is assumed as positive, capaci-
tive reactance must be taken as negative.

This time relation of the voltage and current
in a circuit containing capacitance may be seen
by referring to Figures 12-15 and 12-16. Here
when the impressed voltage £ is at its maximum
positive value, the capacitor is charged to a value
equal and opposite to the impressed voltage. The
current in the circuit is therefore zero. As the
positive impressed voltage decreases toward zero,
the opposite voltage of the capacitor forces cur-
rent to flow in a negative direction. This negative
current reaches its maximum value when the im-
pressed voltage becomes zero. Now the impressed
voltage reverses, becoming negative, and as it

rises to its maximum negative value, it charges
the capacitor in the opposite (positive) direction.
During this time, the negative current decreases
to zero as the capacitor becomes fully charged.
Then as the negative impressed voltage decreases
from its maximum, the capacitor 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 cur-
rent leading the voltage by 90°.

The equation for capacitive reactance is as fol-
lows:

1
2=fC
where C is capacitance in farads. Converting C to
the customary capacitance unit, microfarad. we
have—

X, (12:10)

1,000,000

¢ 2:11
X, 2:fC (12:11)
or with 3.1416 substituted for =—
1,000,000
. ’ g 112
X 6.2832fC (12:12)

Example: In Figure 12-15, £ is 10 volts, f is
1000 and C is 2.f. What is the current in
amperes ?

Solution:

E
X,

1,000,000
6.2832 < 1000 < 2

1,000
6.2832 < 2

79.5 ohms

10
79.5

.126 ampere, ans.

(minus sign here means leading current)

C=2 pf.
14
1A
E=10V
f=1000"~

(<)
N\

FIGURE 12-15
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Fi16. 12-16 ErrFECT OF CAPACITIVE REACTANCE

12.9 Combination of Inductive and Capacitive Re-
actance

If we wish to get the combined or total react-
ance of an inductance in series with a capacitanee,
such as that shown in Figure 12-17, we may
combine the reactances as follows:

X=X, +4X
or, from equations (12:9) and (12:12)—
1,000,000

X - 6.2832fL (12:13)

6.2832fC

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
capacitive reactance predominates.

Example: Calculate the current in the circuit
shown by Figure 12-17.

Solution:

With no resistance in the circuit—

and current under two conditions; first, when a
circuit contains pure resistance, and second, when
it contains pure reactance. Under the first con-
dition, we can represent the current and voltage
as shown in Figure 12-18 (A), and for the second
condition, as shown in Figure 12-18 (B). In a
circuit containing resistance only, the current and
voltage are in phase. In a circuit containing only
reactance, the current either “leads” or “lags” the
voltage by 90°. Thus, the effect of reactance on
the phase of the current is at an angle of 907 to
the effect of resistance. Therefore, in a series
combination of the two, the resultant effect can-
not be found by simple addition or subtraction.

C=1puf. L=6H

=1
1¢ /OO0 S
AN

E=10V
f=1000~

(<)
N

FIiGure 12-17

For the purpose of this discussion, let us as-
sume a series combination of resistance and in-
ductive reactance as in Figure 12-19. The vector
diagram in Figure 12-20 shows a horizontal line
R to represent resistance, and since the effect of
reactance is at right angles to the resistance, line

J E X, is drawn at right angles from the end of R
X to represent reactance. The line Z, then repre-
and sents the resultant of I? and X, or the impedance.
X X, +X. Since the lines I, X, and Z always form a right
triangle, of which Z is the hypotenuse, an equa-
6.28221L 1'000'09? tion can be formed to find the value of Z directly.
6.2832f( The equation in this case is—
1,000,000
X 283 . ! >
X - 6.2832 < 1000 < .6 6.2832 > 1000 > 1 . .
3770 — 159 = [ i -
3611 ohms
10
I 3611 .0028 ampere, ans.
12.10 Impedance
To determine a way to combine reactance and
A Y ix B

resistance when we wish to evaluate the imped-
ance, let us consider the relation betweer voltage
[ 109 ]
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R=5002 L=.0lH
N\~ ~ 0000 ———

or
Z \/I?" + 4"[")

If the reactance is a capacitive reactance, the
combined effect of resistance and capacitance, as
shown in Figure 12-21, may be represented by the
vector diagram of Figure 12-22 in which the re-

(12:14)

FIGURE 12-20

actance is shown 90° behind the resistance since
it acts in the opposite direction to inductive re-
actance. The mathematical result and the equa-
tion are the same as for inductive reactance—

Z =~\/RT+ X2 (12:15)

In these diagrams if I is represented by the
same line as the current, Z will be represented by
the same line as the impressed emf; consequently
the angle 6 will represent the phase difference be-
tween the voltage and current. and with the

R=1000 C=1 pf.

— —

f=1000~ ’l
()
N

FIGURE 12-21

adopted convention for direction of rotation and
that for plotting time on the sinusoidal chart,
will represent current lagging behind impressed
emf for positive angle as shown in Figure 12-20,
and current leading impressed emf for negative
angle as shown in Figure 12-22.

We can now consider a simple series circuit
with all three properties, resistance, inductance,
and capacitance, as shown in Figure 12-23. Here
we have two reactances acting in opposite phase
as shown in Figure 12-24(A). In constructing

R R
S . . .
90° ¥ ‘
X [ z ‘
1 -y
A B8

FIGURE 12-22

the impedance triangle, X. must be considered as
negative and subtracting from X; as shown in
Figure 12-24 (B). If X, is less than X, X will be
positive, and if X, is greater than X, as shown
in Figure 12-25, X will be negative.

Having the relation of impedance to its com-
ponent parts fixed in mind by the foregoing
graphical construction, we can calculate its value
in the same manner as we calculate the length of

R=200 L=04H C= 1pf
W T ———{———
t

| a

f = 1000~ '
Y ]

O

FIGURE 12-23

the hypotenuse of any right triangle, as has been
explained. Thus, we may combine resistance, in-
ductive reactance and capacitive reactance in one
general equation for impedance where

. e 1,000,000
X - X, + X. - 2=fL o2fC
and
., 1,000,000 \*
A l R* + (Z:fL "~ anfC ) (12:16)
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Example: In Figure 12-23. R is 20 ohms, f is — o ) 710000000 T\
1000 cycles per second, L is .04 henry and C ’ | (20)* +<6-28 % 1000 < .04 — — )
. . . ! 6.28 < 1000 < 1
is 1uf. What is the numerical value of the 7 -
impedance in ohms? V(20)2 + (2561 — 159)*

Solution: /400 + 8464
. (2_,1 1,000,000>2 /8361
' - ~Hle— 2=fC 94 ohms, ans.

TABLE VI

CHART OF VECTOR RELATIONS

Z

Angles of Lag Voltage (Z))

Voltage (2)

‘GL'

R R c
AM——(
B¢/ | LS ] Current (R)
Zc Xc l | Voltage (Z)
O -
/ Time
/
\/
180°
PROPERTY REACTANCE IMPEDANCE PHASE ANGLE
Induetance (L) .. ... .. ' N, = 2=fL Z, =R+ X; 6, — Tan! ARI‘
_ L 1.000.000 Ny Ne oo
Capacitance () Ne= — 9-f(" Ze = VR*+ X/ 6 — Tan ! };
Net Effeet . X - X+ N |z R X 6 = Tan~! I\{

Notes: 1. If lines Ze, Z;, or Z represent phase of voltage. line I will indicate lead or lag of current and 6,
6, and ¢ will be angle of lead or lag.
2. Power factor is cosine of phase angle (Power = EJf cos ).
3. The impedance symbol is usually written Z/4; for example, Z/6 = 15/30°, ete.
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FIGURE 12-24

In these calculations we have only determined
the numerical value of the impedance. This does
not completely describe it, however, since there
could be any number of resistance, capacitance
and inductance combinations which would give
the same numerical value. It is essential, there-
fore, to include an additional factor 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 ¢ in Figures 12-24 and 12-25.
Impedance is customarily expressed, accordingly.

R
% § |1
L R Z | |
{ ‘Xc
Xe XL lJ/
1

FiGURe 12-25

in the form Z/6 (Z at an angle 6) where Z is the
magnitude of the impedance and ¢ is the angle of
lag or lead between any emf impressed across
the impedance and the resultant current. As may
be seen from Figure 12-24,

# is equal to tan- ‘% the angle whose tangent is%{)
T

Also, by simple trigonometry we know that K = Z
cos § and X — Z sin 6. Thus, with the impedance
expressed in the form Z/# it is completely defined
and we may readily determine the magnitude of
its resistance and reactance components.
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CHAPTER 13
ALTERNATING CURRENTS—(Continued)

13.1 Series Networks

In Chapters 2 and 3, means of solving direct-
current networks for the current values in the
various branches were described. The same
methods and equations apply to the solution of
alternating-current networks. But in this case
certain additional factors enter, which, while not
making the solutions any more difficult in prin-
ciple, involve an increase in the amount of mathe-
matical work required. This is due to the fact
that whereas d-¢ 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¢
quantities are two-dimensional (i.e., vector quan-
tities) and both their magnitudes and their time
relationships with some reference point must be
used in making calculations with them.

Ry Ro R3
A% M AN
E

ji|e—

FIGURE 13-1

We learned in Chapter 3 that the total resist-
ance in a d-c¢ series circuit such as is shown in
Figure 13-1 is equal to the arithmetic sum of the
individual resistances, or—

R = R, + R. 4+ R, etec. €3:1)

Similarly in an a-¢ series circuit, as shown in
Figure 13-2, the total impedance is equal to the
vector sum of the individual impedances or—

Z-Z 472+ 7, (13:1)

the bars over the impedance symbols meaning
that they are vectors and to be treated aceord-
ingly in performing the indicated additions.

To graphically illustrate the application, let us
assume that Z, — 10 echms with 6, 30°, Z, 15

ohms with 6. 45° and Z, 20 ohms with
0 60" ; we then have the three vectors repre-
sented by Figure 13-3(A) which, when added,
give the value of Z shown in Figure 13-3(B). If
we shouid represent not only the impedance vec-
tors but the resistance and reactance components
as well, we should find that each group of com-
ponents adds algebraically as shown by Figure
13-4. By comparing Figure 13-4 (C) with Figure
13-4(B), we find that X is the sum of X, X, and
X. and R is the sum of I, . and ;. Therefore
since—

Z = R+ X2

we have—
Z N R + Rs4 R + (N + No N (13:2)

[n order to evaluate 7, it is necessary then to
find the values of the components of each indi-
vidual impedance; these are obtained by multiply-
ing the value of each impedance by the proper
function of its angle.

Z Z; Z3
l——’m‘h 7000 —— 0000 —
oy
\_/

FIGURE 13-2

Example: Find the total impedance of the cir-
cuit of Figure 13-2 using the values for Z,,
Z., and Z, given above,.

Solution:
X - Zsing
R Zcosh

This gives
Xy 10 22 500
Ly — 10 x 866

5 ohms

8.7 ohms
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F1G. 13-3 GRAPHICAL ADDITION OF IMPEDANCE VECTORS

The other values can be determined in the
same way, and we find that—

X, = 10.6 ohms
. — 10.6 ohms
X; = 17.3 ohms
I, = 10.0 ohms
Applying equation (13:2)—
Z N+ R+ RyF+ X+ X+ X7
=/ (87 +10.6 + 10)® + (5 + 10.6 + 17.3)2
Vv (29.3)2 + (32.9)¢
44.0 ohms
, 32.9
29.3
tan-'1.12
48°.

Therefore
Z = 44/48° ohms, ans.

# — tan

The foregoing calculation covers a general case.
In practice, however, we usually have given the
inductance, capacitance and resistance values

Z/:xl / 4
Rl

Rz Ry
A
A A
/ /
z,1% /
2,0 ,
/s R3 % X
T 148
Rz.i //
" % 2 Z J
R, R
B c

F16. 13-4 ANALYSIS OF IMPEDANCE VECTOR ADDITION

rather than the individual impedances with their
respective angles.

Example: Find the impedance of the series cir-
cuit shown by Figure 13-5.

Solution:
Z-VR ¥R F+R)™F X.FX)°*
where

1.000,000
2=fC

1.000,000
" 6.28 X 1000 % .2

— 796 ohms

and

XL

2=fL

6.28 % 1000 x .02
= 125.6 ohms
Then

Z = /(70 £ 60 + 100) + (—796 + 125.6)*
Vv (230)% + (—670.4)*

709 ohms
and
— 670.4
# — tan ! 230
tan-!' (—2.9) 71°,
whence

Z = 1709/-71°, ans.

Ry=7000 C=.2puf. R,=600 Ry=100Q

000 AN
L=.02H

I(
AN 16

f =1000~

()

\Z

FIGURE 13-5

13.2 Parallel and Series-parallel Networks

In Chapter 3 we learned that the combined re-
sistance of two parallel resistances was equal to—
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R\R,

k= ik,

(3:4)
or that if more than two resistances are in paral-
lel, the combined resistance may be found by add-
ing together the reciprocals of each resistance
(called conductance) and taking the reciprocal of
this value. That is—

G=0G, +G: 4 Gy (3:6)
ar

1 11 1
R R, R, R,

Now if we substitute impedance for resistance
in the above equations, they will hold for the a-c
case, providing that we remember that imped-
ances are vector quantities. Thus for two imped-
ances in parallel, we may write the value of the
combined impedance as—

i 13
7+ 2 Sk
or, for more than two in parallel,
1
=1 _ 1 1 (13:4)
VA Z, Z. Z,, ete.
which latter may also be written—
Y - Y, 4+ Y, + Y, ete. (13:5)

where Y represents the reciprocal of impedance
and is called admittance.

Ry=500  Lj=.01H

’——wv O
+

‘ al
Rp=400  Lo=.03H |
AM - IO
E=10V
f= 1000~

~

FIGURE 13-6

The mathematical solution of such equations as
(13:3) ordinarily requires that the vectors be re-
solved into two components. These components
represent resistance and reactance respectively,
and are at right angles. The reactance component
which is usually represented alorg the Y-axis is
distinguished by the coeflicient *;”, to indicate its
position relative to the resistance component along
the X-axis. The vector is then expressed in the

standard notation as Z = Z/6

€

R + jX where
"’ indicates a rotation of 90° in a counterclock-
wise direction. In the algebra of complex quanti-
ties, **j”" is then handled like any ordinary coeffi-
cient. The use of this notation makes possible the
direct application of the same equations as those
used in d-c caleulations to the solution of a-c net-
works. As an example, let us determine the cur-
rent delivered by the generator of Figure 13-6 and
the phase angle of this current with the generator
emf.

By Ohm’s Law we know that the total current
delivered by the generator is—

Lv

"o

where Z/6 is the total impedance of the circuit
and consists of the net impedance of the two
parallel paths whose individual impedances may
be indicated as Z,/8, and Z./6.. Then from the
usual equation for parallel circuits—

706 Zy /8 X Z.s/8s (12:3)

4 Zl HI ’*— Z: 0: t) et

The first step is to find the values of Z,/6, and

Z:/8>. We know that—

X,
} e 1
A tan R,
where
E, — 50 ohms
and
X 2=fL, — 6.28 > 1000 % .01 — 62.8 ohms
Then
6, = tan (02 tan '1.255 — 51°27
50
Then, since R, — Z, cos 6,—
n, 50 50 .
Zi = cos8, " cos51°27 g3z ~ B0-3ohms
Impedance of branch 1
Z,/6, — 50 + j62.8 — 80.3/51°27".
Likewise 2, — 40 ohms
X, — 2=fL. — 628 % 1000 < .03 - 188.4 ohms
o — tan— 1904 tan-14m1 - 7800

40 40

cos 7817 ~ 2076 — 1930 ohms
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Impedance of branch 2

R;=100  13=.2H

Av
- Z./6: — 40 4 j 188.4 193.0/78°Y". e
+ 4 g
Then using equation (13:3) and expressing the L Ry=301 Ly=3H
vectors of the numerator ir the Z/6 form, since Ri=200 2 oW . MG L=1H8
multiplication is involved, and the vectors of the A §R2=,2ﬁ c
denominator in the R + 7X form, since addition is = E=10V R =60fh>z
involved, we have— Cr=1pl | f=1000"~
L . {~)—

Z[_Q Z]Zﬁ X Zz&
(R + 7X1) + (R: + jX2)
2. Z:/0, + 6
(R + R2) + (X, + Xo)
80.3 % 193.0/51°27 + 78°Y’
T (50 + 40) + 7 (62.8 + 188.4)

FIGURE 13-7

formed in a single operation. This may be illus-
trated by solving the circuit of Figure 13-7 to find
the current delivered by the generator and its
phase relationship with the emf.

Solution:
15500/129°28" .
= 90 4 j251.2 Zi = By 45X,
oqr 106 1,000,000
15500/129°28 X, = — T , 159.3
_ 9 I 2-fC, 6.28 > 1000 % 1
/a“ 90 Z, — 20 — § 159.3 — 160.7/ — 82°51’
o512 90
cos| tan—! 0
9 Zy — Ry + jX. = 72 + jO0 = 72/0
/ € ’
- (1)(5)50()#2‘—’—2—25 | . il 160.7/ — 82°51’ X 72,0
‘ an—! 4 N 2 ] 3+T2 4+
cos (tan—1!2.79) BN ol 4050 Y= 2 S 2 o g
15500/129°25 11,570/ — 82°51” 11,570/ — 82°51’
I 92 — j 159.3 184/ — 60°1
il 70°17’ '
cos 70°17 ==L 62.8/ — 22°50’ — 58.0 — j24.4
15500 /12928’ Zy = Ry + 1X5
90 oy X, — 2=fLy — 6.28 % 1000 %X .2 — 1256
g374 (1017
Z, — 10 + j 1256 — 1256/ 89733’
15500/129°28’ .
ICRTERT VA R i X
267/70°17 Lo e
X, — 2=fL, — 6.28 % 1000 % .3 — 1884
15500 D ey . ,
= oy /129728 — 70 17 Z,— 30 + j 1884 — 1884/ 89°5’
58.0/59°11" 7 2.7, 1256/ 89°33" < 1884 /89°5
n
. . 2,365,000/ 178°38"
I~y s8/59°11" 40 + 7 3140
0 2,365,000/178°38’
g (07 59 11’ = .173/ — 59°11’ 3140/89°16"
Thus we find that the generator will deliver a cur- 753/89°22" — 8 + j 753
rent of .173 ampere and this current will lag the Z. — R; + iXs

generator voltage by 597 11"

With a little practice it will be found that sev-

X, = 2zfL; = 6.28 < 1000 < .1 — 628

eral of the detailed steps given above can be per- Zo = 60 4 7628
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The total impedarce Z — Z, + Z, + Z,
Z =580 — 7244 4+ 8 4 77565 + 60 + j628
126 + j 1356 — 1360 /34°4(’

1 E 10 00735

7 1360/ 8440’ 84740

The current delivered by the generator has a
value of .00735 ampere and lags the impressed
voltage by 84 40",

133 Alternating-Current Resistance

In alternating-current networxks, the apparent
resistance of a particular piece of apparatus is
often quite different from its direct current or
true resistance. The resistance offered to alter-
nating current may be much greater than that
offered to direct eurrent; furthermore, in such
cases the value of the resistance depends on the
alternating-current frequency. We find, then, that
not only the reactance component of an impedance
but its resistance component as well may be a
function of the frequency.

“Alternaiing-current resistanee”, in the case of
a coil winding for example, represents not only
the actual resistance of the conductor used to
wind the coil but includes also a factor due to
power losses within the iron core. These losses
are caused in part by hysteresis and in part by
small currents induced in the iron itseif as a con-
ductor, and called eddy currents. The total power
loss in the coil inciudes not only the heat losses
due to the resistance of the coil winding but also
the core losses. Since any power loss can be ex-
pressed in the form of the equation P = I*R, we
assume that the winding has in effect a resistance
which satisfies this equation. The part of the
power loss that is due to the iron core increases
with the frequeney. Therefore, we should expect
the a-c resistance for a high frequency to be
greater than the a-c resistance for a low fre-
quency. Certain comparable losses may occur in
the dielectric materials of capacitors that may
also have the effect of increasing the apparent
resistance ot the circuit.

The effective resistance of a long wire such as
an ordinary transmission line also increases as the
frequency of the e¢nrrent through it increases, due
to a cause known as skin effect. It is a result of
the fact that any eurrent flowing through a wire
is accompanied by a magnetic field set up around
the wire. This field exists to some degree at least

within the wire as well as in the space surround-
ing it. As the frequency of the current in the wire
increases, however, the reaction in the interior of
the wire between the current flowing and the
counter-voltages induced by the magnetic field
tends to prevent the field from penetrating deeply
into the wire. The net effect is to force the cur-
rent in the wire to flow nearer the surface instead
of being evenly distributed through the cross-sec-
tional area of the conductor. Since the current
thus flows through an effectively smaller conduc-
tor area the resistance increases. At low frequen-
cies this effect is small but at the high frequencies
used in radio work the a-c¢ resistance of a con-
ductor due to skin effect may be many times the
d-c¢ value.

13.4 Resonance

In a circuit containing a given inductance. the
reactance, X,, depends upon the trequency; if the
frequency is doubled, the reactance is also
doubled. In the case of a given capacitance value,

o

L
70000

—L
TN

B

FiG. 13-8 SERIES RESONANT CIRCUIT
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Fic. 13-9 CURVES oF CURRENT VALUES IN SERIES
RESONANT CIRCUIT

on the other hand, the negative reactance, X, is
reduced when the frequency is increased. This is
illustrated by Figure 13-8 where the inductive
reactance X, and the capacitive reactance X. are
plotted against frequency. If a series circuit con-
tains both inductance and capacitance, as shown in
Figure 13-8 (A), there is therefore some frequency
at which the negative reactance, X., becomes
equal but opposite in value to X,. Where the
dotted line crosses the zero axis in Figure 13-8
(B), the combined reactance is equal to zero.
This is called the frequency to which the circuit
is resonant, or where—

1,000,000
2=fC

The value of the resonant frequency, f,, can be de-
termined in terms of the inductance and capaci-
tance by solving this equation for f as follows:
1,000
27:\/71(;

0 27:f14

f, (13:5)
Since the total reactance is zero at the resonant
frequency, the impedance is then equal to the re-
sistance of the circuit and the current flow is de-
termined solely by this resistance value.

Figure 13-9 illustrates the behavior of a series
resonant circuit similar to that shown in Figure
13-8 (A), but including some resistance. when the
applied emf is varied through a band of frequen-
cies. The curves were plotted by assuming an im-
pressed emf of 1 volt for each frequency of the
band, and three different values of resistance. As

will be noted, the peak current values depend en-
tirely upon the resistance values, for at the peak
the positive and negative reactances exactly neu-
tralize each other and the current is determined
solely by the resistance. The addition of resist-
ance 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
resonant frequency is reduced. Below the reso-
nant frequency, the capacitance in the circuit will
have the major effect in limiting the current, and
the circuit will tend to look like capacitance with
the current leading the voltage. Above resonance
the inductance will limit the current and the cir-
cuit will look like inductance with the current
lagging the voltage. At resonance the current and
voltage are in phase although the current may be
relatively very large. The actual voltages across
the inductor and capacitor may therefore be
many times as great as the voltage applied to the
circuit.

Example: To what frequency is the circuit
shown by Figure 13-9 resonant if C is .254

uf, I is .10 H; what current will flow at reso-
nance when 2 is 4 ohms and E is 1.0 volt and

what is the voltage drop across the indue-
tance?
Solution:
1,000
I~ g28\/.10 x 254
1,000
6.28/.0254
- 1,000
6.28 < .159
1,000 cycles per sec. Ans.

E 1.0
1 % 4 25 amp. Ans.

E, 1X,
X, 2=fL — 6.28 < 1,000 < .10 — 628
E, .25 < 628 157 volts. Ans.

The resonance principle has numerous and in-
teresting uses in connection with communication
circuits. One application is the use of a capacitor
of proper value in series with a telephone re-
ceiver winding, repeating coil winding, or other
winding having inductance, where it is desired to
increase the current.
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A much more common use of the resonance
principle is the so-called “tuned” circuit which is
so extensively employed in radio and other high
frequency applications. It is an arrangement
whereby the circuit has a much lower impedance
to some particular frequeney than to any other
frequency; if a band of frequencies is impressed,
it selects, so to speak, a high current for the par-
ticular frequency but permits only a small current
for any other frequency. Figure 13-9 illustrates
this principle.

In many tuned cireuits, capacitance and induct-
ance are connected to form a parallel-resonant
circuit as shown in Figure 13-10 (A). For this
connection, when the positive reactance is equal
and opposite to the negative reactance, and the
resistance of the inductor is low, the combined
impedance presented to the generator is extremely
great and there is 4 minimum load on the genera-
tor. In other words. the generator circuit is prac-
tically open. Figure 13-10 (B) shows the com-

B

Fi1G. 13-10 PARALLEL-RESONANT CIRCUIT
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F16. 13-11 CURVES OF CURRENT VALUER IN
PARALLEL-RESONANT CIRCUIT

bined reactance, X', presented to the generator by
this circuit. It car be seen that at the resonant
frequency the two parallel reactances combine to
give an extremely high value. At the same time,
there must be a current through the inductance,
determined by dividing the voltage of the genera-
tor by the impedance of this branch. Similarly,
there must be a current through the capacitor
which can be determined in the same way. These
currents are equal in value, but are flowing in
opposife directicns, thereby neutralizing each
other in the lead to the generator. Effectively,
this gives an open eircuit in so far as the genera-
tor is concerned, but a circuit equal to either the
inductance or capacitance alone connected to the
generator in so tar as either of the branches is
concernied. The physical explanation here is that
a current is oscillating around through the in-
ductor and capacitor, with the emf of the genera-
tor merely sustaining this oscillation. Of course,
since the inductance must have some resistarce,
there will be an /22 loss in the inductance, and it
would never be possible to have the theoretical
case where the generator current is actually zero.

Figure 13-11 illustrates the selectivity of a
parallekresonant circuit made up of the same
units as were used in the series resonant circuit.
It will be noted that the selectivity of the paraliel-
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resonant circuit is also decreased as the resistance
is increased. Indeed, there is a value of resist-
ance 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.

In radio and other high frequency work the
parallel-resonant cireuit is often called a “tank
circuit”. This is because it acts as a storage
reservoir for electric energy. llere it may be
more helpful to think in terms of energy trans-
ferring back and forth between the electric field
of the capacitor and the magnetic field of the in-
ductor rather than merely of current oscillating
back and forth in the parallel circuit.

135 Q

Where resonant circuits are used for purposes
of tuning or frequency selection, it is important
that the resistance of the circuit be held to a min-
imum. This is illustrated by Figures 13-9 and
13-11 where it is shown that the sharpness of
tuning is greater the lower the resistance. Since
the resistance in the circuit is largely contained
in the inductor, the objective is to have the ratio
of the reactance of the inductor to its a-c resist-
ance as high as possible. This ratio is known as
the Quality or Q of an inductor and is usually ex-
pressed by the equation—

= =" (13:6)

The Q of resonant circuits used in practice varies
from values in the order of a hundred in the case
of iron-core coils to values as high as 20 thousand
or more in the case of certain cavity resonators.

In a series resonant circuit at the resonant fre-
quency, the voltage developed across the capacitor
is  times the net voltage across the coil and
capacitor, or K. = QFE. In a parallel-resonant cir-
cuit when @ is large, the total impedance of the
combination at the resonant frequency is Q times
the coil or capacitor reactance, or 7 = X,Q (at
resonance X. = X;).

Example: In a parallel-resonant cirecuit having
an inductance of 50 microhenries and a resist-
ance of 10 ohms, what is the Q of the cir-
cuit and what is the impedance at a resonant
frequency of 1000 ke?

Solution:
50 microhenries = 5 X 10-% henries; 1000 ke

= 10" ¢ycles.

X, = 2=fL = 6.28 X 10° X 5 X 10-% = 314 ohms
AV S ER
Q=" =", =314

Z = X, Q = 314 X 31.4 = 9860 ohms. Ans.
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CHAPTER 11

REPEATING COILS

14.1 Mutual Induction

The inductive effects discussed in Chapter 8
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 interlinkages as self-induet-
ance. The current resulting from the induced
emf was superposed upon the current resulting
from the impressed emf.

In practice, we may experience inductive effects
in circuits other than the one in which the cur-
rent due to the impressed emf is flowing. That is
to say, two coils may be so related that the lines
of magnetic induction established by a current in
the first coil may cut the turns of the second coil
(which may he connected to an entirely different
circuit) in the same way that similar lines estab-
lished 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 tke electric
circuit that is responsible for the effect is krown
as its mutual inductance.
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F1GURE 14-1

14.2 Theory of the Transformer

In the study of magnetism we found that a wire
in which there is a curvent is always surrounded
by a magnetic field. This field, when created by a
current establishing itself in the conductor, LTOows
outwardly from the wire as the current increases.
Figure 14-1 shows a group of lines of magnetic

AND TRANSFORMERS

induction around a conductor (shown in cross-
section) in which the current is increasing in
value. If a second conductor is in the vieinity, it
will be cut by these lines moving outward from
the current-carrying conductor. This induces an
emf in the second conductor, which, as illustrated
in the Figure, will establish a current in the oppo-
site direction to that in the first conductor. The
induced current will cease to tlow, however, when
the current in the first conductor reaches its
maximam value, or at any other instant when it
may have a steady, unchanging value because the
maguetic field has become stationary and the lines
of magnetic induction move neither outward nor
inward for a steady current value.

¢\ \ \
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FIGURE 14-2

If the current in the first conductor is de-
creased, we have the reverse condition, or that
shown i Figure 14-2, Ilere the lines, instead of
expanding and moving outward, are contracting
and moving inward, again cutting the second con-
ductor, but now the current induced is in the op-
posite direction. It is now in the same direction
in the second conductor as in the first. This law
for induced emt may be expressed as follows: Far
any two parallel coenductors, a current in one in-
creasing in value induces an emf in the other,
tending to establish a current in the opposite
direction. and a current decreasng in one will
induce an emf in the other, tending to produce a
current in the same direction.
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Fic. 14-3 PriNcIPLE OF INDUCTION ColL

Instead of the two single conductors shown in
Figures 14-1 and 14-2, let us consider two sepa-
rate coils, one inside the other, as in Figure 14-3.
If we call the one carrying the original current
the primary, which in this case we may represent
by the inside coil, and the other the secondary, we
shall find that a relatively strong magnetic field is
established by a changing current in the primary.
This will cut the entire group of conductors rep-
resented by the turns of the secondary, thereby
inducing appreciable potential in the secondary.
The ordinary telephone induction coil operates in
this manner. The primary, when connected in
series with the transmitter, carries a current
which decreases and increases in value in response
to the varying resistance of the transmitter. Con-
sequently, an alternating current is induced in the
secondary of the coil.

If now the two separate coils of Figure 14-3 are
wound on the same iron core in the manner indi-
cated by Figure 14-4, the effect will be intensified.
Because the iron offers a path of low reluctance
to the magnetic flux. the total number of lines will
be greatly increased and all of the lines set up by
the primary winding, P. will cut all of the sec-
ondary winding, S.

If the windings, I’ and S have the same number
of turns, and both the coils and core are con-
structed 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 emf of the secondary
winding is equal to the impressed emf of the pri-
mary winding. Such a device is called an ideal
transformer of unity ratio.

If, now, we should increase the number of turns
of the secondary winding S, we would find that
the voltmeter reading would be greater on the sec-
ondary than on the primary side of the trans-
former. If we should decrease the number of
turns of the winding S, the effect would be re-
versed. We have here a means, therefore, of con-
trolling the voltage applied to a load; we may
effectively increase or decrease the generator volt-
age by a proper choice of transformer. If a trans-
former 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 number of turns on the secondary
than on the primary so that the voltage is de-
creased, it is called a step-down transformer. The
voltage across the two windings is directly pro-
portional to the number of turns. This relation
is expressed by the equation:

E, N, .
E. N, (14:1)

We may explain this relation between the num-
ber of turns and voltage by our original law gov-
erning inductive effects, which states that the
induced voltage is proportional to the rate of
cutting lines of magnetic induction. Kach time
the alternating emf in the primary completes a
cvele, it establishes a magnetic flux in the iron core
which collapses to be established in the opposite
direction, to again collapse, etc. This flux will 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
represented by the symbol v. Now, the voltage
measured across the secondary (with no load con-

1 3
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nected) is merely the sum of these individual
turn voltages or—

EFe— Ngxw (14:2)

where N« is the number of turns on the secondaryv.

In the primary the induced emr must be exactiv
equal and opposite to the impressed emf since the
emf due to IR drop is practically negligible. This
could be expressed by an equation similar to equa-
tion (14:2). thus—

F, -N,.xuv (14:3)

Since v is the same in both equations (14:2) and
(14:3), we may derive equation (14:1) by divid-
ing (14:3) by (14:2).
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FIGURE 14-5

If a load in the form of a shunting impedance
Is connected to the secondary of the transformer,
as shown in Figure 14-5, the indnced emf in the
winding S eauses a current to flow through the
impedance Z,, which can be expressed as fol-
lows—

Ey

Is 7.

When this current starts to flow through the load
Zs, and threugh the winding S, it will establish
other lines of magnetic induction in the trans-
former core, which oppose those established by
the current in the wirding I°. This will tend to
neutralize tne magnetic field ir the iron core,
thereby tending to counteract tke inductance of
the winding P and to make it more nearly like a
plain resistance. With the induced emf 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 emf
effects as in the case of the transtormer 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 equivalent load were
connected directly to the generator, i.e., the cur-
rent supplied by the generator increases with an
increase of current in the secondary of the trans-
former.

The 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 proportionately
smaller current. This is seen when we consider
that the flux in the core depends upon the cur-
rent value times the number of turns, and the flux
established by one coil balances that established
by the other—

1_\' ‘Vl:

N.x I, I, N,

Ne X Isor (14:4)

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 trans-
former will be just equal to, the energy of the

primary circuit, where since—
Pp - Psand P — EI,
we have—
Eds = E.I,
from which—

1,\' k‘l' 1.\' ‘\71'

] E.°T g, v (14:4)
g VI » A

The value of the current in the secondary cir-
cuit is of course dependent on the value of the

load impedance Z.—that is, /. F./'Zs. From
which—

. Fix

Z\v 1.\'

Similarly the impedance presented to the genera-
tor by the primarv of the transformer is—

b‘l'

ZI' 1/,

The reiationship between the impedance ratio and
the turn ratio is then determined, with the help of
equations (14:1) and (14:4), as—

Z. E. 1. E. I, N N,
Zl' 15' El' El' 1_; ‘\rl- A\II»

or Z“' [ AV.\' ] ?
Zp N,

Inegmality ratio transformers may be rated

either according to their voltage ratios, step-up

(14:5)
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or step-down as the case may be, or in accordance
with their impedance 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 inequal-
ity 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 trans-
former, let us review in general what its presence
in Figure 14-5 has or may have accomplished.

a. The characteristics of the electric energy
may have been changed, or we might say
ils state may have been “transformed”,
inasmuch as in the primary circuit we may
have had high current 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 electric energy was transferred from
one circuit to another without any metallic
connection being made between the two
cireuits; 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 trans-
former is to accomplish the result given in «a
above, whereas in telephone work we are more
often concerned with b and ¢.

First, let us illustrate the power case by re-
ferring to Figure 14-6 which shows the use of
transformers in a simple power transmission cir-
cuit. Let us assume that a 110-volt alternating-
current generator at station A is to be used to

supply a load several miles away. 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 /12 drop of the line must
not exceed 10 volts. Therefore, the resistance of
the line, from the equation—

E 10 1

I 100 ~ 10 °Mm

R

must not exceed 1/10th of an ohm, requiring
extremely large copper conductors. If, however,
a step-up transformer of 1-to-20 voltage ratio is
inserted at the generator, and a step-down trans-
former of 20-to-1 ratio is inserted at the load, we
shall find from the relation between current, volt-
age and power, that the current in the transmis-
sion 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
distanl end, or the required 100 volts when
stepped down. Since the current in the line will
now be 1/20th of 100, or 5 amperes, the resistance
of the line in this case will be—

R 40 ohms

We find, then, that the size of the conductors for
the transmission line where the transformers are
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 1,/10th
ohm. The amount of copper required in the sec-
ond case is 1/400th or only 1/4th of one per cent
of that required in the first case. The economy
due to the copper saving is apparent.

14.3 Transformer Applications to Telephone Cir-
cuits

The applications of transformers to telephone
circuits are numerous and varied. The reduction
of energy losses in alternating-current transmis-
sion, as illustrated in Figure 14-6, has an applica-
tion to telephone transmission but is not so im-
portant as other uses. One very general use is to
accomplish the result given as b above. In this
case, the primary function of the transformer is
to transfer energy to another circuit rather than
to change the voltage and current values. When
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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
connmection with telephone repeater circuits and
certain other telephone apparatus, input and out-
put coils are used primarily to mateh impedances
to permit maximum energy transfer, as explained
in later Chapters,

One of the most common applications of the re-
peating coil in telephone work is in connection
with the common battery cord cireuit, as illus-
trated by Figure 14-7. IHere the alternating-
current flow in one subscriber’s line is repeated
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IF16. 14-7 TRANSFORMERS IN COMMON BATTERY
TELEPHONE CONNECTION

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 super-
posed d-c current for transmitter supply. An-
other very general use of repeating coils in the
telephone plant is for deriving “phantom’ cir-
cuits. Here the coils serve a unique purpose
which has no counterpart in electric power work,
and is not included in the classification of trans-
former functions given above. We shall therefore
need to consider this application more fully. How-
ever, it may be noted that the coils, while serving
this particular purpose, may also function as im-
pedance matching devices.

14.4 The Phantom Circuit

Figure 14-8 is a simplified diagram of two ad-
jacent 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 cir-

cuit is known as the phantom and utilizes the two
conductors of each of the two principal, or “side”
circuits, as one conductor of the third cireuit.
The two side circuits and the phantom circuit are
together known as a phantom group. These three
circuits, employing only four line conductors, can
be used simultaneocusly without interference with
each other, or without crosstalk between any com-
bination, provided the four wires have identical
electrical characteristics and are properly “trans-
posed” to prevent crosstalk.

The repeating coils emploved at the terminals
are designed for voice-current and ringing-cur-
rent frequencies, and do not appreeiably impair
transmission over the principal ov side eircuits.
The third or phantom cireuit is formed hy con-
necting 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 cireunit
are identical, any eurrent set up in the 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 wind-
ing, and the other part of the current will flow in
the opposite direction through the other half of
the line winding. The inductive effects will be
neutralized, and there will be no resultant eurrent
set up in the drop or switehboard side of the re-
peating coil. Since the phantom current divides
into two equal parts, the halves will flow in the
same direction through the respective conductors
of oneside circuit, and likewise return in the other
side circuit. At any one point along a side cireuit,
there will be no difference of potential hetween
the two wires due to current in the phantom cir-
cuit, and a telephone receiver bridged across them
will not detect the phantom conversation.

Since there is no connection, inductive or other-
wise, 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
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be understood by imagining a flow in the closed
side circuit through the line wires and the wind-
ings of the repeating coils at each end. With the
side circuit conductors electrically equal, there
can be no difference of potential between the mid-
point of the repeating coil line winding at one end
and the mid-point of the repeating coil line wind-
ing at the other end because the drops of poten-
tial for the two parts of the side circuits are equal
and opposite. If the side circuit, therefore, im-
presses 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
forgotten that the conductors are assumed to be
electrically identical, or in other words, the con-
ductors are perfectly “balanced”. The phantom is
very sensitive to the slightest upset of this bal-
ance, and circuits that are sufficiently balanced to
prevent objectionable crosstalk or noise in physi-
cal circuit operation, may not be sufficiently bal-
anced for successful phantom operation.

14.5 Standard Repeating Coils

A number of general tvpes of repeating coils
are currently standard in the Bell System. One

7 5
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— — e 4 2 — — — —_—
3
10
. 9 1
Line 12 i 6 Drop
11
8
o R
7 5
B. 173 - Type
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TABLE VII
STANDARD REPEATING COILS

IMPEDANCE RATIO LINE TO l

DROP 4-3 AND 8-7 TO 93-TYPE ' 62-TYPE
2-1 AxD 65
1:1 93-A 62-A
1:1.62 93-B 62-B
1.62:1 93-1" 62-C
2.66:1 93-G; 62-12
1.24:1 93-11
2.28:1 93-.]
1:1.28 62-1"
1:2.34 62-(:

principal type, illustrated by the 62 and 93 series,
has four windings, the terminals of which are des-
ignated by numbers as shown by Figure 14-9 (A).
The other type, illustrated by the 173 series, has
six windings which may be connected as shown in
Figure 14-9 (B) with four windings on the line
side, or with the 9-10, 11-12 windings not used,
depending on the impedance ratio required. In
all types, the windings which are used to form the
line side are precision manufactured so as to be
as nearly identical electrically as possible. This
balance is required, as we have already seen, to
avoid crosstalk where the coils are used in phan-
tom operation. The drop windings (that is, 1-2
and 5-6) do not need to be so well balanced in
normal use.

The 62- and 93-type coils have toroidal cores
made of many turns of fine-gage silicon-steel wire
sawed through at one point to introduce a gap in
the magnetic circuit. In the 93-type coil this gap
is filled with compressed powdered iron which,
while increasing slightly the reluctance of the
core gives it a high degree of magnetic stability,
preventing permanent magnetization under ab-
normal service conditions. In the 62-type coil the
gap in the magnetic circuit is unfilled which tends
to make the coil even more stable. This coil is es-
pecially well adapted for use on circuits com-
posited for d-¢ telegraph operation. The same
feature, however, tends to make the 62 series in-
efficient at low frequencies and they cannot be
used on circuits employing 20-cycle signaling,
whereas the 93 series may be used for such pur-
poses. Standard 173-type coils are built with
permalloy cores.

The types of repeating coils discussed above
are manufactured with a number of different turn
ratios to provide various impedance matching
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combinations. Table VII gives the standard im-
pedance ratios for 93- and 62-type coils. The 173-
type coils are likewise available in a wide range
of impedance ratios. The impedance ratio ob-
tained in their use depends on whether all four
of the line windings are used and on how those
used are connected. The impedance ratios that
can be obtained accordingly do not lend them-
selves readily to tzbular presentation, but various
ratios, line-to-drop, ranging from as low as 0.6:1
to as high as 2.52:1 may be obtained.

14.6 Radio-frequency Transformers

At the relatively high frequencies employed in
radio circuits, it is impractical to use transform-

RN

ers having iron or other ferromagnetic cores be-
cause the losses resulting from circulating or eddy
currents in the metallic cores become excessive.
For frequencies up to about 1,000,000 cycles (1
mc), however, it is possible to use cores made of
the magnetic materials known as ferrites. These
are ceramic-type materials formed by compress-
ing powdered mixtures of the oxides of various
metals, such as nickel, zine, magnesium, manga-
nese, and iron, into the desired shape and “firing”
at temperatures in the order of 1000° C. Ilec-
trically, the ferrite core is a semi-conductor and
its resistivity may be approximately one million
times as high as that of the ordinary iron core.
This reduces eddy current losses to negligible
values up to verv high frequencies. At the same
time, the ferrite’s magnetic permeability is high up
to several megacycles.

Before the deveiopment of ferrite materials it
was generally neeessary to use air core transform-
ers for most radio avplications and these are still
widely employved in ordinary radio cireuits. It is
not possible, however, to build such a transformer
so that all of the flux lines set up by one coil will
cut all of the turns of the other coil because the
reluctance of air to the flow of magnetic flux is so
high. The simple voltage, current and impedance

FIGURE 14-10

relationships that apply to iron-core transtorm-
ers therefore no longer hold true. In practice, air-
core transformers are designed largely on an
empirical or “cut and try” basis and large step-ups
of voltage cannot ordinarily be obtained.

When air-core transformers are used for cou-
pling between radio frequency or other high-fre-
queney circuits, the primary, secondary, or both
coils, are often tuned to resonate at the operating
frequency. Such a circuit is shown in Figure
14-10 where both primary and secondary are
tuned by means of variable capacitors. The tun-
ing is effected by adjusting the values of capaci-
tance so as to satisfy the resonance equation—

1

f - 2ﬁ\, I/C

In this way parallel-resonant circuits of high im-
pedance are obtained. In addition, a circuit of
this sort will act as a filter and pass a band of
frequencies the width of which is determined by
the ¢ of the circuit.

14.7 The Hybrid Transformer

There are a number of situations in telephone
practice where it is desirable or necessary to em-
ploy separate circuits for transmission in opposite
directions. Thus, an ordinary two-wire voice-
frequency telephone circuit readily transmits elec-
trical energy representing the voice message in
either direction. When a telephone repeater of the
22-type (Chapter 25) is inserted in such a circuit
to counteract the energy losses along the line,
however, it is necessary to separate the circuit
into two one-way paths. This is because the am-
plifiers used in the repeater are inherently uni-
directional devices.

A method for effecting such a separation is
illustrated in Figure 14-11. Here, each end of the
opened two-wire line is connected to a special type
of transformer, known as a hybrid coil or three
winding transformer. Each hybrid coil has six

FIGURE 14-11
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windings, as indicated, and all six windings are
wound on a single magnetic core. The circuit ar-
rangement also includes two balancing networks,
each designed ideally to have exactly the same im-
pedance as the line section which is connected to
the same coil. The function of the overall circuit
arrangement is to permit energy entering the coil
from the East line to pass to the E-W amplifier
and thence out on the West line through the West
coil. Similarly energy coming from the West line
passes through the W-I amplifier and out on the
line Iast. At the same time, the circuit must pre-
vent the output energy of either amplifier from
crossing a coil to enter the input of the other am-
plifier, since this would set up a local circulation
that would cause the repeater to “sing’ or “howl”,

How the hybrid coil acts to meet those require-
ments may be understood by an analysis of the
simplified circuit of Figure 14-12. This represents
a single coil connected to four impedances. Z, is
the impedance of the line and 7. is the equal im-
pedance of the balancing network. Z, is the im-
pedance of one amplifier output and Z; is that of
the other amplifier input. Two of the line wind-
ings of the coil are omitted for simplicity since
their presence would have no bearing on the
analysis.

Consider first a source of voltage inserted in
series with the amplifier output Z,. This estab-
lishes a current through Z, and the identical coil
windings ab and be, as indicated by the arrows.
This induces voltages across de and ef which are
exactly equal in value because these two windings
are also identical. The resultant current will pro-
duce equal voltage drops across Z, and Z,, because
these two impedances have equal values. The po-
tential at e is accordingly the same as at g and no
current will flow in Z,;. In other words, there is

no transmission from Z,, the output of one ampli-
fier to Zs, the input of the other amplifier. It may
be noted, however, that only half of the energy
delivered from Z, goes into the line Z,, the other
half being dissipated in the balancing network Z..
The amplifier must therefore be adjusted to sup-
ply twice as much energy as it is desired to feed
to the line.

Transmission through the coil in the other di-
rection may be studied with the help of Figure
14-13 where the voltage source is shown in series
with the line impedance Z,. The behavior in this
case is best followed by first assuming that Z. is
disconnected, leaving the terminals fg open. The
voltage source then sets up a current through 7,,
Z, and the winding de, as shown by the arrows.
The current through de induces a eurrent in wind-
ing ab which also flows through Z, and winding
be. This in turn induces a voltage across ¢f which
is the same in value as that across de since these
two windings are identical. The turn ratio of the
transformer is such that the impedance Z7,, as
seen through the winding de, is equal to Z;. The
potential difference hetween d and e is then equal
to the drop between e and g across the impedance
Z.. It is also equal to the potential difference be-
tween e and f, as noted above. But the voltage
across ef is opposite in direction to the drop across
7. so0 that points f and g are at the same potential.
Therefore, no current will flow in Z. if it is now
reconnected. This means that energy coming from
the line divides equally between Z; and Z, and
none reaches the balancing network Z.. Again,
however, only half of the incoming energy reaches
the input of the amplifier where it is useful, the
other half being dissipated in the output of the
other amplifier. The amplifier must be designed
to counteract this loss also.

Zy
‘ - ,1
| |
am&?@r&\a@ic

é—JWU_UEU\—TJUU
B

FIGURE 14-13

w/wv

[ 128




v
@ S

¢5000000 55— 000000 4
o TTOTE b 2 o TOTTT——
a - | S b ]
L
- Rep. Coil Rep. Coil s
ug, #1 ") Z2

e -

| »
000000 el 000000

Z4
——ANWVWA—— '1
- d c ht |
€6~ 00Q0000 —— —o— 000000 ~—*d
—o—FHTIVI b a—JU0000
a f b
4 Rep. Coil | Rep. Coil
Y @ #1 ’ #2 Zp
" e - o ¢ [
Q00000 —f €64 000000 /—o——
8 9—000000— 8o—000000~ h
- AW
23
B

F1G. 14-14 FOUR-WIRE TERMINATING SET

Hybrid coils of the type discussed above can
also be used at the terminals ot 4-wire telephane
circuits to convert the 4-wire line into a 2-wire
line. In practice, however, a slightly different
transformer arrangement, known as a 4-wire
terminating set is more generally used for this
purpose. This consists of two ordinary repeating
coils connected with one winding of one coil re-
versed, as shown in Figure 14-14. Such an ar-
rangement can also be used with the 22-type
telephone repeater if desired.

The principle involved here is the same as for
the hybrid coil proper, as may be seen by analyz-
ing the circuit. Thus, we may consider first the
ase of energy coming from the transmitting side
of the 4-wire line for transfer to the 2-wire line.
This is illustrated by Figure 14-14 (A) where the
energy source is represented by V, the 2-wire line
impedance by Z,, the equal balancing network
impedance by Z., and the impedance of the re-
ceiving side of the 4-wire line by Z;. As indicated
by the arrows, at any given instant V sets up
equal voltages in Z, and Z., but because the wind-
ing 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,. Simi-
larly, where the energy comes from the 2-wire
line, as illustrated in Figure 14-14 (B), equal volt-
ages are set up in Z, and Z, and there is no cur-
rent in the network, Z.. This is because the
dirvection of the voltage set up in winding e-f of
repeating coil 2 is such as to oppose the equal velt-
age set up in winding a-b.

Where repeating coils having six windings are
used in a hybrid arrangement, the ceonnections
are naturally semewhat different. Thus Figure
14-15 shows the arrangement at one side of a
repeater for a two-wire circuit. Here it is as-
sumed that the line and balancing network im-
pedances are equal and that the impedances
connected at HYB OUT and HYB IN are equal.

Current received from the line flows through
the line windings of both coils and induces equal
voltages in the network windings (9-10 and
11-12) of both coils. Because of the reversed
poling of the network windings of coil (B) with
respect to those of coil (A) the resultant voltage
across the network is zero. Lkqual voltages are
also induced in the 2-1 and 6-5 windings of both
coils and the power received from the line divides
equally between the impedances connected at
HYB OUT and HYB IN.

Current received from the output of one ampli-
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fier at HYB IN flows through windings 2-1 and
6-5 of the (B) coil and induces equal voltages in
the line and network windings. The currents in
these windings flow through the corresponding
windings of the (A) coil to line and balancing
network respectively. The currents in the line
and network windings of coil (A) induce equal
voltages in the 2-1 and 6-5 windings but these
voltages are opposite in phase because of the re-

versed poling of the network windings, and the
resultant voltage is zero. The power received
from the amplifier divides equally between the line
and the balancing network.

This arrangement requires that the windings of
a given coil be mutually balanced to a high degree
of precision in order to secure good trans-hybrid
balance but does not require a high degree of
balance between separate coils.
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CHAPTER 15
TELEPHONE TRANSMISSION THEORY

15.1 The Transmission System

Any transmission system consists of three es-
sential parts; a source of energy, a medium over
which it is desired to transmit energy to a receiv-
ing device, and the receiving device itself, which
usually converts the electric energy into some
form more useful. In a power transmission line,
an electric generator may be the source of energy
high voltage lines with fransformers at either end
may be the transmitting medium; a motor, lamp,
or heater may be the receiving device for con-
verting electric energy into some other useful
form. In a long distance telephone conmnection, 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 conduc-
tors, coils, and connections, may be thought of as
the transmission medium; and the telephone re-
ceiver at the distant end may be considered as the
third part of the transmission system, or the de-
vice which converts small electric currents into
audible vibrations of air called sound waves.

In this and the following two Chapters we shall
be concerned with the transmission line or other
medium over which energy is carried from the
transmitting to the receiving device. Our study
will begin with an analysis of the characteristics
of ordinary wire conductors at what we may call
relatively low frequencies—i.e., voice frequencies
and carrier frequencies ranging up to approxi-
mately 150 ke. Later we shall consider trans-
mission at higher frequencies, including radio fre-
quencies extending up to several thousand mega-
cveles. This will require us to make some study
of certain types of transmission mediums other
than the usual wire line. Before beginning our
analysis of the properties of the transmission line,
however, we may devote some attention to certain
basic theorems regarding networks and power
transfer that will be useful in the subsequent
analysis.

15.2 Transfer of Power

If a transmission system is to accomplish its
purpose, it must be so designed that the receiving
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device is successtully operated as a result of the
application of energy at the source. As a second-
ary consideration it may be designed for power
efficiency—that is, regardless of the magnitude of
the power delivered to the receiving device, to
keep at 2 minimum the power lost in transmitting
the energy from the source. Although this is im-
portant in any transmission system, its special
importance is in power transmission. In telephone
work we probably think more of the primary pur-
pose, that is, the syvstem’s effectiveness in operat-
ing the receiving device, regardless of what per-
centage of power may be lost.

The power efficiency of a transmission system
may be determined by dividing the received power
by the power delivered to the system at the gen-
erator end. This efficiency will increase as the re-
sistance of the receiving device increases, and the
most efticient operation is accordingly obtained
when the receiving circuit has high resistance. In
most telephone applications, on the other hand, we
are interested in receiving all the power possible
regardless of the efficiency. In a system contain-
ing only resistance the condition for maximum
transfer of power is obtained when the resistance
of the receiving cireuit is equal to the resistance
of the network to which it is connected, as meas-
ured across the receiving 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 thris case,
the battery will transfer to the external circuit
the maximum amount of power, but in doing so
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will operate at an efficiency of only 50 per cent.

Figure 15-1 shows a curve which represents the
power in a receiving circuit for various values of
its resistance expressed as a ratio of the fixed re-
sistance of the supplying circuit. Figure 15-2
shows the efficiency for the same conditions.

Maximum power transfer in a-c¢ circuits, where
reactances are involved, is obtained in the general
case when the impedance of the receiving device
is conjugate to the impedance looking back into
the network—that is, when the resistances are
equal and the reactances are equal and opposite
in sign.

15.3 Thevenin's Theorem

For the purpose of simplifying electrical calcu-
lations, we can consider anv electric system as one
network supplying energy Lo another. The first of
these networks may then he replaced by an equiv-
alent simplified circuit, which consists of an emf
and an impedance in series.

This means that regardless of how complicated
an electric 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 an impedance.
This principle is called Thevenin’s Theorem and
Figure 15-3 illustrates its use. Here E is a source
of electromotive force connected to a complicated
network. If it is desired to connect some receiv-
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FIGURE 15-3

ing device to terminals A and B, the effect of this
electric system on the receiving device will be the
same as that of the electric system shown by
Figure 15-4 where E’ is the voltage between ter-
minals A and B of Figure 15-3, and " is the im-
pedance measured or calculated from the same
terminals with the electromotive force F con-
sidered as having zero value. Thevenin's Theorem
may be briefly stated as follows:

The current supplied to a receiving device con-
nected to two terminals of any electrical system
is equal to the voltage between these terminals be-
fore the device is connected, divided by the im-

Fi1G. 15-4 APPLICATION OF THEVENIN'S THEOREM TO THE
NETWORK oF F16. 15-3

pedance of the receiving device plus the impedance
measured or calculated across the termina's with
any sources of emf considered as having zero
value.

154 Equivalent Networks

Thevenin's Theorem gives us a method of sub-
stituting a simple equivalent circuit for any com-
plicated electric system, but in so doing we are
required to replace the source of electromotive
force with one having another value. It is often
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FIGURE 15-5

desired to determine the simplest equivalent net-
work for a complicated electric system, which will
supply to some receiving device the same current
as the electric system and will take from the same
source of electromotive force the same current as
the electric system. A network consisting of three
impedances of proper value arranged in the form
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of a T as shown by Figure 15-5 may be substi-
tuted for such a complex network as that shown
by Figure 15-3, 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 4 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 impedances
in an equivalent T-network such as is shown by
Figure 15-5, the following equations may be used :

Impedance of « — 7, — ¢ (15:1)
b Zs — ¢ (15:2)
e =~ (Z; — 7.)Z, (15:3)

where 7, is the impedance of the complicated net-
work at the terminals connected to the source of
emf with the receiving device terminals open: Z.
is the same with the receiving device terminals
short-circuited: and Z, is the impedance of the
complicated network at the receiving device ter-
minals with the source terminals open.

At a single frequency, a long transmission line
can be exactly represented electrically by a simple
three-element equivalent network, although the
determination of the values of the three arms in-
volves in this case the use of certain higher
branches of mathematies. For many purposes, it
is convenient to deal with a long transmission line
by considering it as being made up of a number
of separate T-sections, each identical and each
representing approximately a short section of the
transmission line. Obviously the degree of ap-
proximation will be higher the larger the number
of sections used to represent a given line. Figure
15-6 illustrates such a multisection uniform net-
work where each T-section consists of two series
arms of value Z,/2 and a shunt arm Z..

15.5 Characteristic Impedance

One thing that we will ordinarily wish to know
about a transmission line, or a multisection uni-
form network representing such a line, is the in-
put impedance of the line. If a line is very long,
this input impedance will be found to depend en-
tirely upon the characteristics of the line itself
and will not be affected by what, if anything, is
connected to the far end of the line.

If we should measure or calculate the impedance
of the network of Figure 15-6 across the input ter-
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Fi1a. 15-6 MULTISECTION UNIFORM NETWORK

minals A and B, we would obtain a certain im-
pedance value which we may call Z’,. Now let us
connect this impedance Z’, across the receiving
terminals C, D). As seen from the sending end,
this will make the network 20 sections long in-
stead of 10 sections long. If we then repeat this
process, we will arrive at a new impedance which
cannected across the terminals C, D will make the
network 30 sections long. Very soon we will ar-
rive at an impedance value which will not change:
in other words, the network will become infinitely
long for all practical purposes. This impedance is
the characteristic impedance Z, of the network.
That Z, depends only on the impedance values of
the unit sections of the network is obvious from
the fact that those were the only impedance values
used in determining it. This being so, it follows
that if we take one section of the network and
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FiGURe 15-7

terminate it with its characteristic impedance Z,
as shown in Figure 15-7, the input impedance as
shown across A and B will also be Z,. Z, is then
readily calculated from the Figure as follows:

7 71 >
Z] 1.'< 2 ’*‘ ZO

7 _
. F7é‘+Zg+Zo
Z;Z et 22 4—; N /2/ Z;Zl N Z.223 o
z; =% 4 2.2,
[ 74‘ 77 (15:4)

As has already been pointed out, the more iden-
tical T-sections that are used in the multisection
network to represent a given length of transmis-

[133]



RL LR
2 2 2 2 ——
TN T TN AN T -°----°4W4W—T-fw-'v\,-o--—
0 - 1 1 2 . n
~ Gé =c 3 = S
L.T._.n L ?_I Lo
- —_ L —— 00— ———0——— —l——- 0 = ——

FIGURE 15-8

sion line, the more closely does the network ap-
proximate the line. If we take a transmission line
having a series impedance Z, per mile and a shunt
impedance Z. per mile and represent each mile by
# T-network sections, the impedance of each
series T-arm will be 7Z,/2n and each shunt arm
will be #Z.. The characteristic impedance of the
network may then be written from equation
(15:4) as—

VA A
Z, L 2z,
- 4n* n -

From this it may be seen that as the number of
sections #n is increased to a very large number, the
first term under the radical approaches zero and
the equation reduces to—

Zy = \Z\Z, (15:5)

Actually the use of higher mathematies, as pre-
viously mentioned, will show that this is the exact
expression for the characteristic impedance of a
uniform transmission line.

The fundamental transmission characteristics
of the wire transmission line are determined by
four basic properties known as the “primary con-
stants” of the line. These are the series resist-
ance of the conductors, I¥; the inductance of the
conductors, L; the capacitance between the two
conductors, C; and the leakage resistance or con-
ductance between the two conductors, G. I’ and
L are series constants and (' and & are shunt con-
stants. In terms of these constants, a multisec-
tion uniform network simulating the transmis-
sion line may be represented as shown by Figure
15-8. The series impedance of a single section of
this network may be written as—

Z] IL) j(l)[/ (15:6)

where the symbol o is used for convenience to
represent 2zf. The impedance of the parallel
shunt branch similarly is—

1

Z., G + juC (15:7)

From equation (15:5) the characteristic imped-

ance may then be written as

/R + joL
G + joC

Z, (15:8)
Here R is resistaunce in ohms per unit length of
line; L is inductance in henries; G is conductance
in mhos; C is capacitance in farads.

As the above equation shows, the value of char-
acteristic impedance is dependent solely on the
primary constants of the line and the frequency.
At any given frequency, therefore, this impedance
has a fixed value for any given type of line re-
gardless of the length of the line or what may be
connected to the line terminal. One of its most
useful applications in practical telephone work
lies in the fact that receiving devices to be con-
nected to a line may be designed with impedances
equal to the characteristic impedance of the line,
thus permitting a maximum transfer of power
out of the line,.

15.6 Propagation Constant

If a transmission line having characteristic im-
pedance Z, is infinitely long, or is terminated at
the receiving end with an impedance equal to its
characteristic impedance, the current entering the
line when a voltage E is applied at the sending end
will obviously be I, = E/Z,. Our next main inter-
est in the line will be to know what part of this
current or applied energy will reach the receiving
device. We may also be interested in knowing how
long it will take it to get there. To answer these
questions we may again simulate the line by a
multisection network and analyze what happens
in each individuul section. Clearly, since there is
a shunt path across the line in each section, the
current leaving a section will be less than that en-
tering it in the direction of transmission. But
since the sections are all identical, the ratio of
leaving to entering current will be the same for
all sections; that is—

I I I,
1, I, I, etc.
Accordingly, we may write generally for the cur-
rent at the end of the nth section—

In Il 1‘_' 1.’& L. _In
1“ 10 11 Ig In 1

or

(15:9)
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An equation such as (15:9) is most conveniently
dealt with by means of logarithms. Expressed in
this way it may be written—

ny or 2.303 log ;"

log, I nv (15:10)
I, '
where v is defined as the propagation constant of
the transmission line. Its value is dependent on
the primary constants of the line and the fre-
quency. It may be determined to any desired
degree of approximation by an analysis of the cur-
rent relationships in a single network section ter-
minated in Z, as illustrated by Figure 15-7. Its

exact value will thus be found to be—

1
G + joC

V (I — jol) (G + ju() (15:11)

The propagation constant v is a vector quantity
because it is equal to v/Z,/Z. and both Z, and 7.
are vector guantities. It may accordingly be sepa-
rated into a “real” and “imaginary” component
thus—

% | _Z—]: | Z’ + jol) =

v =24 ji (15:12)

where z, the real part of <, is a measure of the
amount by which the current or voltage is re-
duced in each unit length of line and is called the
attenuation constant. Similarly 3, the imaginary
part of v, provides a measure of the phase shift,
and is related to the time required for the energy
to traverse the unit length of line. It is called the
phase or wavelength constant. It should be noted
that while § represents an angle of phase shift, it
should not be confused with any phase angle
which may exist between the current and voltage
at a particular poeint on a line. In practice it is
usually easier to evaluate x and 3 by making use
of equations (15:11) and (15:12). They may be
expressed, however, directly in terms of the pri-
mary constants—1n, L, G and C, as follows:

o=\ W (R + 0L?) (G + 0*C*) + } (GR — »*LC)
(15:13)

3 (GR — o*LC)
(15:14)

The value of & gives directly in radians the
phase shift in current or voltage over a unit

length of line, such as one mile, having primary
constants R, L, G and C. (A radian is 360/2=

BN (R4 0L2) (G2 4 o7C?)
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or 57.3 degrees.) For a length of line comprising
n unit lengths the total phase shift will obviously
be n3 radians. The value of 2z may be used to de-
termine the current or voltage attenuation by ap-
plying the real part of equation (15:10). Thus,
for a line » units in length—

2.303 log IE;" (15:15)
0

iy

—nz = 2.303 log

I

where the current and voltage ratios express mag-

nitudes only withont regard to any phase differ-

ences that may exist. The power entering the
line is—

P, — EJ,cos#

and the power at the end of the »th unit length

IS—

P, - E., cos#

9 in both cases being the angle of the characteris-
tic impedance of the line. The magnitude of the
power loss or attenuation may then be determined
from—

P,

2.303 log 21z (15:16)
P

0

The pawer, therefore, is seen to die out or attenu-
ate in a ratio which is the square of the current
and voltage ratio.

In the foregoing we find for the most part a
mathematical significance of z and . Let us now
analyze the physical circuit to determine what ac-
tually happens as the current is sent from point
to point. In order to simplify the analysis, we
shall start with an actual cycle of emf impressed
on the sending end of a multisection network, and

!
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consider separately the effects of inductance and
capacitance on the propagation.

From our previous study, we know that induc-
tance 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. IFigure 15-9 shows the time re-
lationship 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 emf F', which is the sum of the IR drop
across the resistance and the IX drop across the

inductance. It combines with the original voltage
E to give the resultant voltage Ep on the load
side of the inductance. The curve E is obtained
by adding E and E, and it will be observed that
the resulting curve lags behind E, the original
voltage. A circuit containing resistance and ca-
pacitance, on the other hand, produces a leading
current as shown by Figure 15-10, and this cur-
rent produces an IR drop which is opposite in
phase to the current. Now if we combine the IR
drop and the voltage, we obtain the resultant volt-
age E,, which exists across the capacitor and the
load. This voltage likewise lags behind E, the
original voltage.

Tn both cases we have obtained a resultant volt-
age which lags behind the impressed voltage.
Bridged capacitance assists series inductance in
the phase retarding effect. Due to the presence of
reactance, therefore, the voltage has been “de-
layed in time”, so that the maximum voltage
reaches any given point along the network later
than it would if the reactance were not present.
Iiach section of the network, due to resistance and
leakage, absorbs energy and thereby reduces the
voltage which can act on the next section. Further,
the voltage available at the next section lags be-
hind the voltage impressed on the section, so that
as we move away from the generator, the acting
voltages are lagging farther and farther behind
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the generator voltage. Here we have a connect-
ing link between time and geographical distance
traveled along the line.

To bring this out elearly, let us assume that we
take our sections of such a length that, for a fre-
quency of 1000 cyveles, the time lag between volt-
ages can be represented by 30 degrees per section
on the time-voltage diagram; if we simulate by
each section fourteen and three-quarters miles of
104 open wire circuit, we will obtain sueh a re-
lationship. In order to make the story complete,
we will also assume the reduction in voltage mag-
nitude due to resistance and leakage loss to be
such as to give a ratio of 0.895 between the end
and beginning of each section. If we assume the
original voltage F, to be 10 volts, the voltage at
the end of the first section, F,, will be 8.95 volts,
lagging 30° behind £,. E., at the end of the sec-
ond section, will be 0.895 8.95 or R8.01 volts,
lagging 30° behind E, or 60° behind F.. If we
represent the voltages at various points by vec-
tors, we will obtain a system of vectors as shown
in Figure 15-11(B). where the multisection net-
work is shown as Figure 15-11(A) and the volt-
tage acting at each junction is directly below.

Since the ratio of current to voltage is constant,
it follows that the chart representing currents will
have the same form, with each vector proportional
and removed by an angle # from the corresnond-
ing voltage vector, where # is the angle of the
characteristic impedance Z,. Thus we may treat
a similar Figure such as 15-11(C) as a “aistance-
current diagram” where the vectors, I, I,. 1. ete..
show the magnitude and relative phase of the cur-
rents at the network junctions, It now we refer
all the current vectors to a common reference
point, we will obtain a broken curve such as that
of IFigure 15-12(A3, which shows graphically
how the currents at various points are related. In
this Figure the vector I, (G-0 is the current
entering the first section and [, G;-1, the cur-
rent leaving that section. Then the vector 1-0
must be the current that passes through the shunt
in the first section, because the sum of the current
through the shunt and the current going ahead
gives 1-0 as the resultant of the vector diagram.
This is perhaps more clearly illustrated by Figure
15-12(B). Ior the same reason 2-1 will be the
current passing through the second shunt. ete.

We may, therefore, conceive of the total enter-
ing current as the resultant of a number of com-
ponent currents which flow from the generator
through the various shunt paths and back to the

Fi16. 15-12 PonLarR DIAGRAM OF THE VECTORS OF
FiG. 15-11 (C)

generator, each component of a different magni-
tude and phase. The effect of these components
can be observed, since at certain junctions the
line current is flowing in the opposite direction to
that tuken by the entering current; at other
points there is a 907 phase difference between the
two; and at still other points there is no phase
difference. In other words. the current vector
may be considered as moving about (7, rotating
throunga 30° for every section traversed and di-
minishing in value about 107 in each section.
Figures 15-11 and 15-12 show the effective
values of the current at certain points along the
line and their relative phase positions. These dia-
grams are independent of time, i.e., they are ap-
plicable 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 15-13 which shows clearly how
the current reverses in direction as it passes
through the various sections. It also shows how
the current decreases in value or is attenuated as
it passes along the line. It will be noted that at
the instant shown the input current is at a maxi-
mum value flowing in a positive direction; at a
point three sections along the line no current is
flowing: at a polnt six sections along the line
maximum current is flowing in a direction oppo-
site to that of the current at the input end; at
nine sections there is again no current while at
12 sections a maximum positive current is flowing.
The distance between adjacent points where
maximum positive (or negative) current is flow-
ing is known as the wavelength and is represented
by the symbol ». The time required to set up one
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Il One Wave Length

Fic. 15-13 INSTANTANEOUS CURRENT ALONG UNIFORM
TRANSMISSION LINE

wavelength along the line is naturally equal to the
time required for the impressed voltage to com-
plete one cycle. The velocity of propagation of
the energy along the line is therefore equal to the
wavelength divided by the time required to estab-
lish the wave, which is the reciprocal of the ap-
plied frequency; thus—

w ; fa (15:17)

This velocity may range in value in telephone
circuits from as little as 10,000 miles per second
to & maximum approaching the speed of light in
a vacuum, some 186,000 miles per second.

The value of the wavelength % is readily deter-
mined from the value of ¢ which, as we have seen,
depends on the primary constants of the line and
the frequency. § gives in radians the phase shift
or delay per unit section. The total phase shift
for one wavelength is obviously 360° and since
360° equals 2 radians we may write the equa-
tion—

= 2 (15:18)

V]
The equation for velocity may then be rewritten
2=f ©

%

] 9

w (15:19)
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 magnitude of the re-
ceived current at the distant end and (3) its
phase relation with the sent current, (4) the
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power received, (5) the wavelength, and (6)
the velocity of propagation. The equivalent
distributed constants per loop mile of this
particular circuit at 1000 cycles are as fol-
lows:

I = 89.7 ohms C — .062uf
L — .040 henry G — 1.5 umhos

Solution:

o — 2zf — 2 % 3.1416 x 1000 — 6283
From equation (15:8)
, R+ joL
A“ ) (l‘ + j(uC

89.7 + /6283 % .040

1.5 % 106 4 76283 x .062 X 10 ©
266.8,/70°21"

389.5 X 10 © /89°47"

\/684,980 / ~ 19726
827.5 / —9°43" Ans. (1)

The input power, P,, is

P, = E,,cos6

Substituting
I, Ey in the above,
Zy
P E3 cos o
[} Z"
or
o I)Ule
Ei cos ¢

(Note: When Z, is a pure resistance, 6 is zero

and its cosine is one. Therefore, when 6 is
small in value it may, for all practical pur-
poses, be disregarded.)

w  -010 x 827.5 ]
E: 9856 8.396
E, — 2.90 volts
Then
E,
i Z,
3l 0035 ampere or 3.5 milliamperes
8275 P ' mper
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From equation (15:11)
v = V(R + jol) (i + joC)

\/266.8,70°21" 3895 10 © 89°47

V103,920 > 10 %1608’

3222 /804
From equation (15:12)
=2+ 78
3222 cos 80747
0556 + 7.3174

From equation (15:15)

1

7.3222 sin 80°47

2.303 log " N a
I
or
Iy
2.303 log / Nz
3.50 50 .0H56
r 207
log = 2.303 1.207
2 3 =4
3.()0 16_11
3.50 e G
I, 16.11 .22 milliampere Ans. (2)

Phase shift per mile
3 = .3174 radian or 18.2
Total phase shift for 50-mile circuit is
50 > 18.2 — 910
Then [, - .22

Ans. (3)
910° milliampere

From equation (15:15)

2.303 log E—“ na

2.90 50 % .0556

log E, 2303 1.207
2.90
E 16.11
2.90
F, 16.11 .18 volt
Then

P, — F.I, cosé
18 < .00022 < 9856
000039 watt or .039 milliwatt. Ans. (4)

I'rom equation (15:18)

2
5
6.283 o .
9.7¢ L s, (f
2174 19.79 miles Ans. ()
From equation (15:17)
W - fu

1000 < 19.79

19,790 miles per second Ans. (6)

The conditions along the line are graphically
illustrated by Figure 15-14. The ordinates of the
dashed curves in B and C represent the magni-
tudes 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 tke end of each 2-mile section.
The instantaneous voltage on the line is shown in
D). The power at all points along the line is shown
by E. As the power is proportional to the product
of FKI cos 6, it decreases faster percentagewise
than either the effective voltage or current values
illustrated by the dashed curves in B and C.
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CHAPTER 16
TELEPHONE TRANSMISSION THEORY—(Continied)

16.1 Loading

From the equations for attenuation and veloc-
ity developed in the preceding Article it will be
seen that in the general case both quantities are
functions of frequency. For telephone transmis-
sion over long lines. variation of these quantities
with frequency is obviously undesirable because it
results in distortion of the transmitted signal.
Thus frequencies at the upper end of the voice
range might suffer more attenuafion than fre-
guencies at the lower end of the range: also they
might differ from the lower frequencies in the
time taken in reaching the receiving point. The
seriousness of such distortions In practice of
course would depend on the extent of the attenua-
tion and phase shift variations with frequency.
Optimum transmission conditions would he ob-
tained with a line where z was as low in value
as possible and entirely independent of frequency;
and 2 was so related to frequency that 11" wou d
be indepencent of that factor. Such a condition
can be realized in theory with a line whose pri-
mary constants are of such values that LG nc.
When this is true, the value of « as determined
from equation (15:13) reduces to—

« = \VRG (16:1)
and ¢ from equation (15:14) becomes—
8 = o\/LC £16:2)

Here 2 is independent of frequency as desived,
and & is proportioral to frequency in such a way
that—

(D] [

W= , -
5 = o/IC EC

(16:3)
which is also indepentent of frequency.

Under the same optimum, it somewhat hypo-
thetical condition, the value of the characteristic
impedance works out to be approximately—

[L

C (16:4)

Zs =

Again this is independent of frequency, which is
desirable because the characteristic impedance of

the line can then be matched by pure resistance.

Unfortunately, a transmission line having such
optimum characteristics is net readily attainable
in practice. The value of (7 is actually very small
in normal transmission lines and it would not be
desirable to increase it artificially because that
would tend to increase the attenuation correspond-
ingly. The value of C likewise cannot be changed
much because of practical considerations of wire
spacing. To attain the optimum condition where
LG 1:C", therefore, it would he necessary either
to increase the value of L substantially or to de-
crease the value of 1. The latter is not practical
bevond rather narrow limits because of econamic
considerations. [t is possible, however, to increase
the value of L to a limited degree and thus ap-
proach the conditions sought. This practice is
known as loading.

The artificial addition of inductance or loading
to a circuit is practicable only to an extent that
will approximate the optimum situation discussed
above. Reasonably close approaches may be made
to the values given for 3, 1V and Z, in equalions
(16:2), (16:3) and (16:4), but the value for «
in practice will be more nearly

R . c ..
2= /,l 7 (16:5)
which may also bhe written
"R _ RC .
x o], 9 (16:5)

In a cable circuit, which is the only type of
circuit to which loading is now applied, the con-
ductance G is negligible and the inductance of the
conductors may also be neglected because of their
close spacing. If we introduce these assumptions
into equation (15:13), then the attenuation con-
stant for the non-loaded cable circuit will ap-
proximate—

S 2 YAl

B(

rd (O]

(16:6)

no

[f this is compared with equation (16:5) it will
be seen that the addition of inductance reduces
the attenuation <o the extent that the value of the
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ratio R/2L is less than o. Since it is generally
not feasible in practice to increase inductance
without also adding resistance, loading also in-
creases the resistance of the circuit, and this par-
tially offsets the beneficiai effect of the added
inductance. Nevertheless, material net reduction
in the value of z can be obtained. Practical load-
ing also decreases phase distortion as pointed out
above; and increases the value of the characteris-
tic impedance, as may be seen by inspection of
equation (16:4). This latter gives the effect of
transmission at a higher voltage and lower cur-
rent, which also may be helpful to an understand-
ing of why the attenuation is decreased.

Despite the advantages discussed above, there
are important practical limitations to the useful-
ness of loading in modern telephone practice. One
disadvantage is its effect in decreasing the veloc-
ity of propagation. Where the loading is “heavy”
—i.e., relatively large amounts of inductance are
added—the time delay of propagation over very
long circuits may become great enough to intro-
duce disturbing effects. Much more important is
the fact that practical loading imposes a sharp
limitation on the total range of frequencies that
can be transmitted. This would not be true if it
were feasible to add the required inductance to
the circuit on a continuous uniform basis by wrap-
ping each conductor with a spiral of magnetic
material such as permalloy. This can be and is
done in cases such as long submarine telegraph
cable where only a single conductor is involved.
But it would obviously be impracticable to apply
a similar technique to the many conductors of
ordinary telephone cables or open-wire lines. In-
stead, “lumped” loading is applied by inserting
inductance coils at regularly spaced intervals
along the lines. This effectively breaks the loaded
circuit up into network sections, the major elec-
trical constants of each of which are the series
lumped inductance and the shunt capacitance.

Such a network has the essential characteristics
of a “low-pass filter” which means that it will tend
to block the transmission of frequencies above
some critical value. This filtering action is due to
resonance effects which are explained in a later
Chapter, but it may be noted at this point that
the equations given above for the characteristics
of a loaded circuit have a definite resemblance
to the resonance equation given in Article 13.4.
The critical frequency where the attenuation of
the loaded circuit begins to increase rapidly is
known as the cutoff frequency and may be deter-

mined from the following equation—

o —

= LC
where L is the inductance of the loading coil in
henries and (' is the total capacitance of the length
of circuit between the adjacent coils in farads.

In the design of loading systems the value of
this cutoff frequency may be varied considerably
by varying the spacing of the loading points and
the amount of inductance inserted. It is not fea-
sible in practice, however, to design a loading sys-
tem in which the cutoff frequency is much higher
than about 30,000 eycles. Loading, therefore, can-
not be applied to circuits on which broad-band car-
rier systems are to be superimposed. Its present
application in long distance telephone practice is
limited to toll cable circuits on which carrier sys-
tems are not superimposed, and to the relatively
short toll entrance cables connecting to open-wire
facilities.

(16:7)

16.2 Total Losses in the Transmission System

It was pointed out previously that a complete
transmission system includes at least three parts
—a generating or sending circuit, a transmission
line, and a load or receiving circuit. We have seen
that there will be attenuation losses on the line in
any practical case. Unless the impedance of the
sending circuit is exactly equal to the sending end
impedance of the line, and the impedance of the
receiving circuit is exactly equal to the impedance
of the receiving end of the line, there will be other
losses known as reflection losses at these junction
points. Figure 16-1 represents a simple trans-
mission system in which a sending circuit having
an impedance Z. is connected at points 1 and 2 to
a line of length [, of characteristic impedance Z,,
and propagation constant ~; which in turn is con-
nected at points 3 and 4 to a receiving circuit of
impedance Z,;. Assuming first that the line is so
long that both its sending end and receiving end
impedance is equal o its characteristic impedance

1 3
————-
E |
Zo ZR
Zs :
o— R R
2 4

FIGURE 16-1
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FIGURE 16-2

Z.. there will be reflection losses at both junction
points if neither Z; nor Z, is equal to Z,. Con-
sidering the junction at 1.2 the ratio of the current
I, entering the line to the current /,” that would
enter the line if 7, were equal to 7, is—

I, 2V Z:Z,

1) 7o+ Z, (16:8)

Similarly the reflection ioss at point 3,4 may be
determined from—

I 2v ZuZi‘R

1 Zy+ 2y

It may be noted that the criterion for no re-
flection loss is that the impedances at each side of
the junction points should be identical and that
this is not the same as the criterion for maximum
power transfer, which requires that the imped-
ances be conjugate. The total loss in the trans-
mission system, remembering that an effectively
infinite line is assumed, is now equal to the sum
of the two retlection losses, determined as ahove,
plus the loss in the line itself, which is = ¥/,

If, as often may be the case, the line is not
electrically “infinite” in length, the sending and
receiving end impedances will be somewhat dif-
ferent from Z, becanse of the different imped-
ances connected to the distant ends. Any such
differences will of eourse reduce the accuracy o?f
the reflection losses as calculated from the equa-
tions given above. An exact general expression
for the total loss of the system, however, may be
written as follows:

I, Ze+ Zy

2\/2.2.\' 2\'Z.Zn
N N A A

Zo+ Zs " Zut Zn
% (Zo+Zr) (Zo +izs)
(Zo+ Zp)(Zo+ Zy) (Zo— Zp) (2, Zg)s—

vl

«

Here the first three terms represent the two re-
flection losses as above, and an inverse term cor-
recting for the fact that Z; is not equal to 7Z;;
the fourth term : * represents the line attenua-
tion and phase shift; and the final term repre-
sents an “‘inter-action factor” which takes care of
the fact that the line may be so short that the
impedance looking into it from either end is not
Z,. Inspection will show that this inter-action
factor will approach unity as the length of the
line is increased because ¢ *¥ becomes very small.
Similarly, if Zs equals 7, the first term of the
equation becomes unity.

The desirability of matching the impedances at
each junction point in a transmission system
whenever possible is evident.

16.3 Coaxial Conductors

Our consideration of transmission lines thus far
has been confined to lines made up of two parallel
wire conductors. An entirely different corfigura-
tion of conductors may be used to advantage
where high. and very high, frequencies are in-
volved. This configuration is known as coaxial
and the conducting pair consists of a cylindrical
tube in which is centered a wire as shown in
IFigure 16-2. In praetice the central wire is held
in place quite acemrately by insulating material
which may take the form of a solid core, discs or
beads strung along the axis of the wire or a
spirally wrapped string. In such a conducting
pair equal and opposite currents will flow in the
insulated central wire and the outer tube just as
equal anrd opposite currents flow in the more
ordinary parallel wires.

At high frequencies, a unit length of coaxial in
which the dielectric loss in the insulation is neg-
ligible (effectively gaseous) will have an induct-
ance which is about one-half the inductance of
two parallel wires separated by a distance equal
to the radius of the coaxial tube. The capaci-
tance of the same coaxial is approximately twice
that of two parallel wires separated by the same
distance and having the same diameter as that of
the central coaxial conductor. If the outside radius
of the central conductor is designated a and the
internal radius of the tube is b, the characteristic
impedance at high frequencies neglecting leakage
may be shown to be approximately—

[l
C

Z, 138 log z (16:9)
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The attenuation constant per mile, where both
conductors are of the same material, varies as the
square root of frequency and is approximately—

1 1
R \/7< « b )

9 1 .
@ 7, .24 < 10 b (16:10)
log p

where « and b are in centimeters. I'rom equation
(16:10) it may be determined that minimum
attenuation is obtained when the coaxial is so
designed that b/« 3.6. With this configuration
Zy is about 77 ohms. The present standard co-
axial used for transmission in the DBell System
employs a copper tube .375 inches in inside diame-
ter and a copper center wire .1004 inches in di-
ameter. This, it will be noted, approximates
the optimum ratio specifed above for minimum
attenuation. The nominal impedance is about 75
ohms. Velocity of propagation in the coaxial
approaches closely the speed of light. A study of
the basic characteristics of the coaxial shows that
at the high frequencies assumed, the attenuation
is substantially less than that of a parvallel wire
line of comparable dimensions. More important
is the fact that the shielding effect of the outer
cylindrical conduetor prevents interference from
external sources of electric energy, and also pre-
vents radiation losses of the energy being trans-
mitted over the coaxial.

16,4 Units for the Measurement of Transmission
L.osses and Gains

As in dealing with any other quantity, we re-
quire some unit of measurement when dealing
with the energy losses due to attenuation in the
transmission of human speech, or in the trans-
mission of any alternating current from a send-
ing device to a receiving device over a long line
or through complicated ecircuits. Without some
such unit we would be handicapped in giving any
scientific expression to the grade of telephone
transmission under varions conditions. It would
be natural to say that suilicient 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 com-
ing 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 need 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 trans-
mission 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
mile and a capacitance of .054 uf per mile. In this
cable the series inductance and the shunt leakage
were negligible, while the bridged capacitance was
appreciable. It therefore attenuated the various
frequencies that make up the band for telephone
transmission unequally, attenuating the higher
frequencies more than the lower frequencies. To
illustrate, the attenuation constant » was equal to
109 for 800-cycle frequency and .122 for 1000-
cyele 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 dif-
ferent for different frequencies. Under these con-
ditions, to say that a telephone circnit had an
equivalent of a certain number of miles of stand-
ard cable was largely meaningless unless the fre-
quency 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
measurement and the substitution of a convenient
unit not differing greatly in magnitude from the
standard cable mile through the voice range, but

TABLE VIII

RELATION BETWEEN DECIBELS AND POWER RATIOS FOR
GAINS AND LOSSES

APPROXIMATE POWER RATIO

DECIBELS FOR  LOSSES FOR GAINS
FRACTION AL DECIMAL DECINAL

I 4/5 8 1.25
2 2/3 63 1.6
3 1/2 ) 2.0
4 2/5 4 2.5
B 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 25 8.0
10 1/10 .1 10,0
20 1,100 .01 100.0
30 1/1000 001 1000.0
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having exactly the same significance at any and
all frequencies. That is to say, the new unit, called
the decibel (abbreviated “db”). represenis always
a fixed percentage reduction in power no matter
what frequency is invelved. Tts magnitude may
perhaps be best grasped by remembering that in
a circuit equating to ter: db the output power will
always be one-tenth of the input power. Mathe-
matically, the power ratio for one db may be ex-
pressed as—

P,

I)(D
where P’, is input nower and P, is output power.
This corresponds to a current ratio of 10 and to
an attenuation constant value of 2 = .115. Table
VIII, showing the power ratios for several values
of deeibels, will aid in forming a clear conception
of the magnitude of the unit.

For any given power ratio the number of deci-

bels corresponding can be determined by the fol-
lowing simple equation—

10! (16:11)

No.of db = N = 10 1og g' (16:12)

n

or, if the current ratio rather than the power ratio
is known—

N = 20 log I (16:13)
I,
er from equation (15:15)
N = 20 log AR TR x — B.68 a
I, ©2.303
{16:14)

Although in the above we have been consider-
ing the decibel in connection with measurements
of loss or attenuation, it is equally useful in the
measurement of gain such as that given by a tele-
phone repeater. A telephone repeater would be
said to have a gain of so many db, for example, if
the circuit in which it was used was effectively
shortened, or had its net atteauation reduced, to
that extent.
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CHAPTER 17
TELEPHONE TRANSMISSION THEORY— (Continued)

17.1 Wave Propagation

In considering the transfer of electric energy
along circuits at the lower frequencies, we ordi-
narily think of a continuous flow of current
through the conductors under the pressure of an
applied electromotive force. Furthermore, in
simple networks or relatively short transmission
lines, we ordinarily think of this energy transfer
as being practically instantaneous. In the study
of long transmission lines and higher frequencies
these concepts tend to become inadequate, if not
incorrect, as may have already been noted. Thus,
even at a frequency as low as 1000 cycles, we
would find that the currert in a non-loaded 19-
gage cable circuit is flowing in opposite directions
at points about 88 miles apart, and that an appre-
ciable time is required for the transmission of
energy over that distance along the circuit.

Now if we increase the frequency tremendously,
we may reach a point where the current is flowing
in the line in opposite directions at points only a
few feet or even a few inches apart. In other
words, the flow of electrons in the conductors is
now back and forth within a very limited distance
range. Furthermore, because of skin effect this
oscillating movement of the electrons is occurring
only at, or very nearly at, the surfaces of the con-
ductors. Under these conditions it is somewhat
difficult to see any real relationship between the
movement of the electrons or current flow and the
transfer of energy along the line. It is easier now
to think of a wave of energy traveling along the
line in the space between and surrounding the
conductors, and setting up ‘“ripples’” of electron
motion in the wires as it goes along.

This traveling wave of energy is usually
thought of as an electromagnetic field which, in
the present case, is associated with or bounded by
the wire conductors but which can also exist in
free space where no conductors are present. Un-
der this concept the electromagnetic field is con-
sidered as being made up of (1) the electric field
whose lines of force radiate at right angles from
the charges on the surfaces of the conductors and
(2) the magnetic field whose lines of force en-
circle the conductors and are always at right

angles to the force lines of the electric field. The
total energy of the wave is always equally divided
between the electric and magne’ic fields and
passes back and forth between them at a rate de-
termined by the frequency of the applied emf.
The entire electromagnetic wave travels along the
line at the speed of light if not retarded by induc-
tance or capacitance effects in the conductors.

17.2 Reflections on Transmission Lines

If a transmission line were actually of infinite
length and without loss, an electromagnetic wave
of energy would obviously travel along the line
forever; and this would be true even though the
sending-end source of energy was disconnected
some time after the wave was started. Practically,
of course, we are concerned with delivering
power to receiving devices over lines of finite
length. It becomes necessary, therefore, to con-
sider what will happen when a traveling wave
reaches the end of a uniform line.

For purposes of such analysis, it is convenient
to assume a line of such low resistance as to be
practically without loss, a situation which is ac-
tually approximated in a relatively short line at
very high frequencies. Let us investigate first the
situation where such a lossless line is open at the
far end. In that case, there can be no current flow
at the open end and the magnetic field therefore

Resultant
Standing Wave

Reflected
Wave

Direction \ / {

of =\ > ‘

Propagaticn ~e 7 |
Incident Wave

Reflection at Crest of Voltage Wave

FIGURE 17-1
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must disappear. But the energy which the mag-
netic field contained must be conserved by being
transferred to the electric field. This energy,
added to the energy already contained in the elec-
tric field approaching the end of the line, doubles
the total electric field at that point. In other
words, the voltage at the open end of the lossless
line becomes twice as great as the voltage applied
at the sending end.

We may then consider that the increased volt-
age starts a wave of energy back along the line
towards the sending end. Thus the traveling elec-
tromagnetic wave reaching this total discontinuity
in the line is reflected in somewhat the same way
as a light wave is reflected from a mirror. If the
initial or incident wave is a sine wave the reflected
wave must also be a sine wave. Back over the
line, the reflected wave will add to the incident
wave at all points and the sum must also be a
sine wave. This is graphically illustrated in Fig-
ure 17-1 where an incident voltage wave is shown
reflected from the open end of the line at its posi-
tive crest. The redected wave then adds in phase
with the incident wave to give a wave having crest
values approximately twice those of the incident
wave. The resultant wave is known as a standing
wave because it does not travel longitudinally
along the line. In other words, if a voltmeter is
used to make measurements along the line it
would read zero at the nodal points and maximum
values of twice the effective value of the applied
voltage at the points where the positive and nega-
tive voltage crests are shown. Instantaneously at
these points the voltage would be varying from
maximum positive value through zero to maxi-
mum negative valie in accordance with the fre-
quency of the applied voltage. This is perhaps
better illustrated by Figure 17-2.

A reflection from an open-end line that results
in the development of a standing voltage wave of
approximately double magnitude will occur only
when the distance from the sending end to the
open end is equal to an odd number of quarter
wavelengths. The illustrations given, for ex-
ample, show a line one and a quarter wavelengths
long. It may also be noted that if, as we have as-
sumed, the line is lossless the impedance at the
sending end in this case is theoretically zero. Iin-
ergy is nevertheless surging back and forth in the
line. The line may accordingly be thought of as
behaving like a series resonant circuit. For this
reason, lines having discontinuities which cause
reflections and consequent standing waves are
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known as resonant lines. A uniform line of infi-
nite length or one terminated in its characteristic
impedance, on the other hand, is a non-resonant
line. Of course the complete no-loss condition we
have assumed for discussion purposes never ac-
tually exists, but at very high frequencies the in-
ductive and capacitive reactances may be so large
as compared with the resistance as to cause the
actual situation to approach closely the no-loss
condition.

A similar analysis of a line consisting of an odd
number of quarter wavelengths and shorted at its
distant end wil! show that the standing wave of
voltage will have its maximum value equal to the
maximum value of the applied voltage at the send-
ing end and will have a nodal point or zero
voltage at the shorted end. The sending end im-
pedance of such a line approaches infinity. Loss-
less lines whose length is an even multiple of
quarter wavelengths, on the contrary, have ex-
tremely high impedance when open at the distant
end and impedance near zero when shorted at the
distant end.

The extreme situations that we have discussed
above would not occur in a transmission line de-
signed to carry energy from one point to another.
We have considered only lines that were open or
shorted, and only at points that were some inte-
gral multiple of a quarter-wavelength at some
specific frequency. As will be brought out in a
later Chapter, short resonant lines of these types
have numerous useful applications in very high
frequency work, but they are not useful as trans-
mission lines in the ordinary sense. Nevertheless,
the phenomena of wave reflection must be taken
into consideration in any transmission line where
the impedances are not matched at all junction
points. Where there is any such impedance mis-



match on any type of transmission line, and re-
gardless of the frequencies being transmitted,
there will be some reflections. In general, the im-
pedance irregularity will not only prevent a maxi-
mum power transfer at the point of mismatch but
will also result in actual loss of energy. This is
due to the fact that any actual transmission line
must have some resistance which will cause I*I
losses due to the reflected currents in addition to
the I2I? losses of the useful current transmitted to
the load at the receiving end of the line. The ex-
tent of a reflection loss of course depends on the
extent of the mismatch and can be calculated from
the equation given in Article 16.2.

17.3 Electromagnetic Radiation

In analyzing the total energy losses that may
occur in the transmission of electric power from
one point to another, it is necessary now to con-
sider another phenomenon which has, up to this
point, been ignored. This is the loss due to radia-
tion.

In 1864, James Clerk Maxwell undertook to set
up a series of mathematical equations that would
provide a general statement of the relationships
between electric and magnetic fields under any
and all conditions, In rounding out this series of
equations to achieve mathematical symmetry, he
was led to some very interesting conclusions. The
equations seemed to indicafe that the hitherto
existing assumption that all of the energy con-
tained in the electric and magnetic fields accom-
panying the flow of current. in a conductor re-
turned into the conductor when the source of emf
was cut off was not wholly true. Some part of the
field, it appeared, would detach itself entirely and
escape into space in the form of electromagnetic
radiation, carrying with it a comparable part of
the total energy.

This led to the further conclusion that a moving
electric field can exist in the absence of any elec-
tric charges, despite the fact that an electric field
is usually thought of as being made up of lines of
electric force alwayvs terminating on electric
charges. Furthermore. if a moving electric field
can exist independently in space. it must be
thought of as being equivalent in certain ways to
a flow of electric current. In other words, the
moving electric field in free space must set up,
or be accompanied by, a moving magnetic field
just as it would be in the case of current flow
along conductors.

The Maxwell equations cannot be written in any
form that does not involve branches of mathe-
matics which are beyond the scope of this book.
With respect to radiated energy, however, the
equations indicate, and experience confirms, that
for a given current the amount of energy radi-
ated depends upon the square of the frequency.
Naturally the amount of radiation also depends
upon the intensity of the current. What is of
major significance from a practical viewpoint is
the fact that the amount of radiation goes up very
-apidly as the frequency increases, There is al-
ways radiation whenever there are changing
current values but at voice frequencies, and at
frequencies well up into the ordinary telephone
“carrier range”, the amount of radiation is negli-
gible for most practical purposes. At frequencies
that are measured in megacycles, on the other
hand, radiation may cause losses that are much
greater than any I*R losses in the conductor.

17.4 Radio Transmission

[t was not until some twenty years after Max-
well developed his famous equations that Hein-
rich Hertz demonstrated experimentally the truth
of the electromagnetic radiation hypothesis; and
it was some years later before experimenters be-
gan to develop methods for taking advantage of
this radiation phenomenon to transmit electric
energy through space for useful purposes. In this
case the objective was not to avoid energy losses
by radiation but to do everything possible to facil-
itate maximum radiation. Since, as we have seen,
the amount of radiation increases with frequency
at a geometric rate, purposeful radio transmission
naturally involves the use of high frequencies and
transmission lines or antennas designed to radiate
maximum energy.

If the transmission of the radiated energy were
through unobstructed space in the form of elec-
tromagnetic waves like light waves, there would
be no loss of energy “along the line” because there
would be nothing to absorb the energy. If energy
could be radiated from a given point and confined
in a narrow beam extending directly to the receiv-
ing point, this means of transmission could be far
superior to any wire transmission because of this
lossless quality. However, the natural tendency
of any radiator, isolated in space, is to send out
energy in practically all directions although only
such energy as actually reaches any receiving
point is useful.
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“Line losses” in radio transmission should
largely be thoughi of not as energy losses in the
transmission path itself, such as occur in wire
lines, but as energy escaping entirely from the
effective transmission path. The basic transmis-
sion problem, accordingly, is to devise methods
that will direct the path of the radiated energy.
Such methods are concerned primarily with the
~adiating antennas and it is customary in radio
work to measure the effectiveness of antennas in
controlling the directivity of radio propag:tion in
terms of antenna gain. This is merely a measure
in decibels, or other appropriate units, of the
amount of energy received at a given point from
a given transmitting antenna compared with what
would have been received if the transmitting
antenna radiated swith uniform strength in all
directions. Thus, high antenna gain in radio
transmission corresponds to low line loss in wire
transmission.

As is discussed briefly in a later Chapter, it is
possible to design antennas with quite high gains
—particularly in the superhigh-frequency range
(thousands of megaceveles). There is no practical
possibility, however, of designing antennas with
snch directivity that all, or even a major part, of
the transmitted energy will reach a receiver lo-
cated at any great distance from the transmitter.
In other words, there must always be a very sub-
stantial effective loss oi energy. What is perhaps
worse, this lost energy may be absorbed else-
where where it may interfere with other com-
munication cirecuits, or be received at unauthor-
ized points in such a way as to militate against
the privacy of the ‘ransmission. There remain,
therefore, obvious advantages in the empioyvment
of physical facilities that guide the energy di-
rectly to the desired receiving point. An ordinary
wire line is one type of such a guide but is satis-
factory at only relatively low frequencies because
its radiation and other lossex become too great at
high frequencies. A coaxial is a better guide be-
cause the outer tube acts as a shield te prevent
any of the electromagnetic energy transmitted
within the tube from radiating into space. At fre-
quencies in the thousands of megacycles, however,
the losses of any practical design of coaxial also
become very high.

The usefulness of radio transmission in practice
is found in two principal situations. The first is
where it is impossible or economically impractical
to construct physical facilities that will guide the
energy. Here the applieation is In transmission

over large bodies of water or to moving points
such as ships at sea, motor vehicles, trains, and
aircraft. The second situation is point-to-point
serviee over land where radio transmission is con-
sidered more economical on an overall basis than
other methods. A major application here is to
microwave radio relay systems. But even in this
case, it is necessary to use some form of physical
transmission medtum to guide the energy through
the relatively short distances from the transmit-
ter itself to the transmitting antenna, and from
the receiving antenna to the receiver. Within
limits. shielded wire lines or coaxials can be used
for this purpose. More effective. however, are the
simple hollow metal tubes commonly known as
waveguides.

17.5 Waveguides

It is convenient to think of a waveguide as a
device which merely isolates a particular radio
frequency transmission path in space. Propaga-
tion of electrical energy through the guide may
then be considered as essentially no different from
ordinary radio propagation, except that it is
wholly confined to this particular isolated path.
However, the cross-sectional dimensions of the
guide must be sutliciently large to permit the
traveling electric and magnetie fields to assume
configurations comparable to those that they
would naturally assume when traveling in free
space. This means, in mathematical terms, that
the field configurations in any given guide, and
in a given frequency range, must be such as to
satisfy Maxwell’s equations. Broadly speaking, it
may be said that for effective propagation a wave-
gruide must have a eross-sectional dimension that
is in the order of magnitude of at least one half
wavelergth of the transmitted energy. This limits
the practical use of waveguides to the transmis-
sion of very high frequencies where wavelengths
are no greater than a few inches.

Within the broad limits outlined above, there
are a number of possible field configurations that
will permit the transmission of energy throughk a
given waveguide. These possible configurations,
known as “modes™, can be classified into two ma-
Jjor categories. In ene category are the “trans-
verse electric”, or TE, modes in which the electric
field is always transverse to the axis of the guide,
while the magnetic field has components along the
guide axis. The second category includes the re-
verse situation where the magnetic field is always
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transverse to the axis and components of the
associated electric field are in the axial direction.
These are known as “transverse magnetic” or
TM, modes. Within each of these major cate-
gories, a number of different modes are usually
possible. These are ordinarily designated by a
double numerical subseript such, for example, as
TE,, or TM,,. In a guide of rectangular cross-
section, the first numerical subseript indicates the
number of half-cycle variations of the field in the
direction of the long side of the rectangle; the sec-
ond subscript gives the same thing in the direc-
tion of the short side.

Propagation of a particular mode in a particu-
lar guide is possible only when the wavelength of
the applied energy has less than a critical value
known as the “cutoff wavelength”. Any lower fre-
quency is effectively rejected by the guide. The
same guide, however, may permit propagation in
some other mode because different modes have
different cutoff values. For a given design of
guide, the particular mode that has the highest
cutoff value is designated the ‘“dominant” mode.
This is ordinarily the mode most desirable for
waveguide transmission since it permits the use
of the minimum sized guide for transmission of a
given frequency.

Many of the waveguides employed in micro-
wave radio relay systems are rectangular in cross-
section as illustrated in Figure 17-3. While the
ratio of the two dimensions is not extremely
eritical, it is usually two to one, as indicated here.
The dominant mode in this design of guide is
TIE,, which means that the preferred field con-
figurations are as shown in Figure 17-4. The elec-
tric field is transverse to the axis of the guide,
with its lines extending vertically between the top
and bottom walls. As indicated, the intensity of
the field is maximum at the center and tapers off
sinusoidally to zero values at the side walls. The

magnetic field, as always, is at right angles to the
electric field so that its lines form closed loops in
planes parallel to the top and bottom walls and
extending between and along the side walls as
shown in Figure 17-4(B). The magnetic field is
thus uniform between the top and bottom walls
and has its maximum intensity along the side
walls and minimum in the center of the guide,
where the electric field is strongest.

The cutoff wavelength of the dominant mode of
a waveguide proportioned as in Figure 17-3 is
equal to 2«, twice the length of the longer side.
The next higher mode, TE.,, is cut off at a wave-
length equal to «, while still higher modes have
still smaller cutoff wavelengths. This means that
the band of frequencies whose wavelengths lie be-
tween « and 2¢ are propagated in this waveguide
in the dominant mode only. All other modes are
automatically suppressd. This greatly simplifies
various waveguide transmission problems since it
permits working with only one, known set of field
configurations for the transmission of a consider-
able band of frequencies.

Although energy losses in rectangular wave-
guide propagation are kept down by confining the
field configurations to the dominant mode, atten-
uation in the guide is nevertheless high. This is
due to the currents induced in the inner walls of
the guide by the traveling waves. The existence
of such currents may be predicted from consider-
ation of the effect of either the magnetic or the
electric fields. Thus, referring to Figure 17-4(B),
it will be noted that the lines of magnetic flux ex-
tend both axially along the guide and transversely
across its longer cross-sectional dimension. As
this flux varies in strength, it tends to induce cur-
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rents in any adjacent conducting material, flowing
at right angles to the direction of the flux lines.
The result in this case may therefore be expected
to be instantaneous currents flowing vertically in
the side walls due to the relatively strong axial
magnetic flux adjacent to these walls. The same
axial flux also induces currents in the top and bot-
tom walls, flowing transversely between the center
line of these walls and the sides. In addition, the
transverse magnetic flux may be expected to in-
duce axial current flow in the top and bottom
walls, which will be of maximum strength at the
center line. Consideration of the electric fields,
as illustrated in Figure 17-4 (A) leads to the same
result. The transverse lines of the electric field
extending vertically between the top and bottom
walls establish a potential difference between
these walls, which causes current flow vertically
in the side walls. Further, since the electric field
is stronger at the center than at the side walls,
transverse currents will be set up between the cen-
ter line of the top and bottom walls and the side
walls. Finally, the sinusoidal shape of the travel-
ing wave, produces peaks and valleys in the
moving electrical field, thus creating instantane-
ous potential differences axially along the guide,
which in turn preduce axial currents strongest
along the center lines of the top and bottom walls.

In considering waveguide transmission, it is
convenient to think of these currents in the walls
as in the nature of eddy currents which merely
absorb energy from the traveling waves as a con-
sequence of I*I? losses. Their attenuating effect,
however, is considerable. The loss at 4000 mega-
ceveles of a 114 X 214 inch bronze guide is about
1.5 db per 100 feet. This is extremely high in
comparison with the losses of ordinary wire trans-
mission lines at lew frequencies. It is nevertheless
substantially lower in the microwave region than
would be caused by the usual type of wire line or
coaxial cable. The velocity of propagation of en-
ergy in a waveguide approaches but is always
somewhat less than the speed of light.

As in any other type of transmission line, it is
desirable that a waveguide be uniform in struc-
ture along its total length. Any discontinnity such
as changes in size or shape, holes in the guide
walls, or foreign conducting materials in its in-
terior, will distort the configuration of the travel-
ing electric and magnetic fields to a greater or
less extent. This distortion will, in general, cause
the generation of new and unwanted modes which
reduce the energy of the applied dominant trans-

mission mode. These new modes may or may not
be able to propagate in the guide. If so, they will
usually contribute nothing to the net effective
transmission. If not, their effect will ke like that
of a purely reactive load, causing some portion of
the dominant wave to be reflected back toward the
source with consequent additional losses. Reflec-
tion losses may also be caused by too sharp bends
or twists in a waveguide, as well as by improper
terminations at either the sending or receiving
end. When irregularities cannot be avoided, vari-
ous methods of “impedance matching”, similar in
principle to those employed in wire or coaxial
lines, are used to avoid or at least minimize re-
flection losses. Some of the methods and devices
employed for this purpose are discussed in sue-
ceeding Chapters.

In addition to avoiding discontinuities that
might result in the generation of unwanted modes,
it is of course necessary to energize the guide in
such a manner that only the desired dominant
mode is produced in the first place. In the case of
the rectangular guide that we have been discuss-
ing, this can be accomplished almost ideally by
the method showr in Figure 17-5. Here an ener-
gized coaxial probe is connected to the waveguide
midway between its sides and at such a distance
from the shorted end that reflected energy will
return in phase with the forward transmitted
wave. Current flowing in the center coaxial con-
ductor will set up a concentric magnetic field
which will lie in planes parallel to the top and
bottom of the guide. The IR drop in the probe also
establishes a potential difference between the top
and bottom of the guide which results in a trans-
verse electric field extending vertically between
top and bottom, with its maximum intensity at the
center. Thus, the desired dominant mode, coded
TE,,, is automatically produced.

Wave propagation in guides of circular cross-
section requires the use of somewhat different
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techniques than in the case of the rectangular
guides. The dominant mode in a circular wave-
guide, coded TE,,, is illustrated in Figure 17-6.
It will be noted that this is similar to the TE;,
dominant mode of the rectangular guide. Its cut-
off wavelength is closer to that of the next higher
mode, however, than is the case in the rectangular
guide, which limits the frequency range over
which operation in a single mode can be assured.
In most practical applications, accordingly, pos-
sible propagation of a number of modes must be
expected in the circular guide and the use of mode
filters or other means to suppress the unwanted
modes is generally necessary. On the other hand,
at frequencies in the order of 10,000 mc attenua-
tion in the circular guide is appreciably lower than
in a rectangular guide of comparable size. This
makes the circular guide more attractive for use
when it is desired to transmit several bands of
frequencies through a single guide as in TD, TH
and TJ microwave systems where the signal fre-
quency bands center about 4000, 6000 and 11000
me, respectively.

In circular waveguides, it is necessary also to
consider the polarization of the transverse electric
field. Thus, in Figure 17-6 the electric field lines
are shown as extending vertically across the guide
—as they are also in the rectangular guide of Fig-
ure 17-4. The geometry of the rectangular guide
does not permit the lines to take any other than
this configuration for the mode illustrated. The
circular guide, however, is perfectly symmetrical
in all transverse directions and thus provides no
positive means of holding the field lines in the
vertical position. In other words, there is noth-
ing to prevent the field from rotating into a hori-
zontal, or any other, position as the wave travels
along the guide. Such behavior could seriously
complicate methods for removing energy at the
receiving end of the guide. and otherwise con-
trolling its transmission. Means are available,
however, which permit precise control of the wave

Electric Field — —— Magnetic Field

Fic. 17-6 TE,, FIELDS IN CIRCULAR WAVEGUIDE

polarization. These depend upon certain interest-
ing properties of magnetic ferrites and are dis-
cussed briefly in a later Article.

Although it has not yet been applied in tele-
phone practice, it is hardly possible to conclude
this discussion of waveguide transmission with-
out mention of the circular electrie, or TE,;, mode
in the circular guide. This mode, which is illus-
trated in Figure 17-7, has the completely unique
property of continuously decreasing attenuation
loss as frequency is increased. It thus offers a real
possibility for waveguide transmission of very
broad signal bands over practically unlimited dis-
tances. Theory and experiment indicate that a
two inch diameter copper pipe operated in this
mode at frequencies in the order of 50,000 mc
could transmit a band of frequencies at least 500
me wide with a loss no greater than about 2 db
per mile. This compares favorably with the losses
encountered in current microwave radio relay
practice.

The reason for the low losses in this mode may
be understood by referring again to Figure 17-7.
Here the lines of electric force do not extend to
the walls of the guide as in all other transverse
electric modes, but close upon themselves. They
accordingly set up no charge accumulations at
half-wave intervals along the guide walls to pro-
duce the longitudinal flow of current that is the
principal cause of attenuation in other modes.
There is some circular current flow in the guide
walls but this is limited to that necessary to pro-
duce only such counter magnetic field as is neces-
sary to prevent the magnetic fields within the
guide from escaping through the walls. Further-
more, as the frequency increases the magnetic
fields within the guide tend to contract toward the
center so that, in theory at least, the attenuation
would become zero at infinite frequency.

As can usually be expected, practical attain-
ment of the results indicated by the above theory
presents some serious problems. Istablishment
of the TE,; mode in the guide is not too easy in
the first place. Maintenance of the mode in full
purity as the wave travels along the guide is prac-
tically impossible. Any mechanical irregularity
in the walls of a solid tubular guide, including
the slightest deviation from straightness, will re-
sult in the conversion of some part of the energy
into one or more of the many other modes of prop-
agation that are possible. This not only causes
some increase in attenuation losses but may pro-
duce more serious distortion effects when the

[152 ]



Electric Field

—~—— Magnetic Field

Fi6. 17-7T TE« FirLDS IN CIRCULAR WAVEGUIDE

guide is of considerable length. This is due to the
fact that some of the energy of the major mode
may be converted into a different mode at one
point and then reconverted back to the original
mode at some other point of irregularity farther
along the guide. In most cases, the velocity of
propagation ot the two modes will differ. The net
result may then be that the reconverted energy is
no longer in phase with that of the major trans-
mission. The magnitude of signal distortion pro-
duced will of course depend on the amount of mode
converted energy involved and the distance be-
tween the points of conversion and reconversion.

It would naturally be expected that waveguides
designed for long distance transmission would be
built with at least as much care as the rektively
very short guides now in use. Complete elimina-
tion of irregularities, including bends, is, how-
ever, obviously impractical. It follows that smec-
cesstul application of really long guides will
require the employment of methods that effec-
tively suppress unwanted modes. A number of
possible methods have been suggested. Mest
promising is a circular guide structure consisting
of a continuous insulated copper conductor wound
into a helix of very small pitch and supported
within a tube of ‘“lossy’” material. This is effec-
tively equivalent toa structure made up of a series
of individual copper rings insulated from each
other and likewise surrounded on the outside by a
lossy housing. Since the conducting rings are per-
pendicular to the axis of the guide, such a struec-
ture readily supports the TE,, mode as well as
the higher order circular electric modes. It cannot
support propagation of any other TE modes, or
of any TM mode, however, because no appreciable
path exists for the longitudinal guide wall cur-
rents that must be present in all but the circular
electric modes. The possible propagation of the
higher cireular electric modes such as TE.. or
TI<,; does not present a serious problem hecause
experiment has shown that substantial conversion
of the TE,; mode to these higher modes of the
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same family is not likely to eccur.

Somewhat similar results can be obtained by
coating the inner wall of a solid copper tube with
a thin layer of insulating material. This likewise
tends to suppress all but the circular electric
modes, while adding little to the loss encountered
by the desired T, mode.

17.6 Cavity Resonators

If one end of a waveguide is “shorted” (i.e.,
closed by a conducting end plate) total reflection
of any applied energy will occur just as when a
wire transmission line is shorted. And, as in the
case of the wire line discussed in Article 17.2, if
the short is at a point which is an odd multiple of
a quarter wavelength from the energy source, the
reflected wave will add in phase to the incident
wave to set up a standing wave in the guide. In
other words, the guide now behaves as a resonant
line with relatively large amounts of energy surg-
ing back and forth between its contained electric
and magnetic fields. This phenomenon is taken
advantage of to produce the cavity resonators
that we shall encounter in later Chapters. Thus,
if a section of waveguide one half wavelengtlh long
is closed at both ends to form a small box and ener-
gized at the center point, it may be considered as
two quarter wave lines, each of which is resonant.
The cavity then acts like a parallel resonani cir-
cuit made up of an inductor and a capacitor where
the application of relatively small exciting energy
may produce very large energy oscillations at the
resonant frequency.

As indicated above, the frequency of resonance
of any given cavity is determined by its internal
dimensions in terms of wavelengths. It follows
that practically any enclosed metallic (i.e., con-
ducting) structure of whatever size or shape may
behave as a resonator at some frequency, More-
over, as in waveguides, the existence of many dif-
ferent field configurations, or modes, is possible
within any given cavity. The resonant frequency
would of course be different for each such mode.
The particular mode which permits resonance at
the lowest frequency is designated the dominant
mode and this is the only mode with which we
need be concerned in most practical applications
of cavity resonators.

17.7 Waveguide Isolators

A device of great usefulness in waveguide
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transmission is the so-called isolator. This is a
waveguide element which effectively permits
transmission through a guide in cne direction
only. It can thus be used to prevent energy, re-
flected from a transmitting antenna or other dis-
continuity, from traveling backward through the
guide to points where it might adversely effect
the operation of vital circuit components such as
klystron oscillators or traveling-wave tube ampli-
fiers.

The non-reciprocal behavior of isolators de-
pends upon certain peculiar properties of the
magnetic ferrites whose use in high-frequency
transformer cores was discussed briefly in Article
14.6. Because of their extremely high resistivity,
ferrite materials do not normally have any ap-
preciable effect on the propagation of high fre-
quency electromagnetic waves. If inserted within
a waveguide, they are, in other words, practically
transparent to a microwave traveling through the
guide. Inthe presence of an externally applied d-c
magnetic field, however, the behavior of the fer-
rite is quite different. Within the ferrite, because
of its unique magnetic structure, there is now
definite interaction between the applied field and
the magnetic field of the traveling microwave.
This effectively changes the permeability of the
ferrite, which results in some distortion or dis-
placement of the electric field of the traveling
microwave. Moreover, the interactions are such
that the permeability change in the ferrite is dif-
ferent for the two directions of microwave trans-
mission. The electric field displacements are
accordingly also different.

Figure 17-8 shows a section of rectangular
waveguide in which a thin slab of ferrite, which
might be typically a few inches in length, is placed
in an off-center position. A d-c magnetic field is

assumed applied to the ferrite in a direction at
right angles to the magnetic field of the traveling
microwave. Such an arrangement will displace
the electric fields of forward and reverse traveling
microwaves in some such manner as indicated in
Figure 17-9. This shows at A the normal electric
field intensity distribution in a cross-section of
rectangular waveguide; and at B, the way in
which this field is displaced by the magnetized
ferrite for both forward and reverse waves. It
may be noted that the field intensity of the for-
ward wave is minimum at the ferrite slab while
the intensity of the reverse wave is maximum at
the same point. Now, if a coating of resistive ma-
terial such as graphite is applied to one side of
the slab, as shown in Figure 17-8, it will absorb
most of the energy of the reverse wave. The for-
ward wave, on the other hand, will be attenuated
only slightly by the resistive coating because of
its low field intensity at that point. The magni-
tude of the discrimination between forward and
reverse waves depends rather critically on such
factors as the length and width of the ferrite slab,
its location with respect to the guide wall, the
strength of the applied magnetic field, and partic-
ularly the length, shape and exact location of the
resistive strip. In practice, representative losses
introduced by field displacement isolators of this
type are about .2 db in the forward direction of
transmission and 30-35 db in the reverse direction.

In circular waveguide, advantage may be taken
of another special property of magnetized ferrite
to effect microwave isolation. When a short rod

A i P e B L SN £

—zz

"
‘l
11
';
3!

!A
!
|

H
H
|
A
t
oy~ i

A

= o - e —

] y Ferrite Forward ||

B

Fic. 17-9 ELEctrIC FIELDS IN RECTANGULAR
WAVEGUIDE

| 154



or pencil of ferrite material is centered in a cir-
cular waveguide and magnetized in a longitudinal
direction by an external magnet, it is found that
the plane of polarization of a transverse electric
microwave in the guide is rotated to a new an-
gular position as it passes the ferrite. The extent
of the rotation is accurately determined by the
size and shape of the ferrite pencil and the
strength of the applied magnetic field. Of par-
ticular interest, moreover, is the fact that the field
rotation is in the same angular direction regard-
less of the direction in which the microwave is
traveling through the guide. This rather remark-
able behavior is called “Faraday rotation” because
of its close analogy to a comparable optical phe-
nomenon first noted by Michael Faraday more
than a century ago.

How this Faraday rotation effect is employed
in microwave praetice to secure isolation may be
understood by reference to Figure 17-10. Here a
thin pencil of ferrite, tapered at both ends to
minimize reflections, is held centered in a section
of circular waveguide. An axial magnetic field is
established in the ferrite pencil by means of a
permanent magnet surrounding the section of
waveguide, as shown. It is assumed here that
the dimensions of the ferrite and the strength
and direction of the magnetic field are such that
the polarization of a wave in the guide will be
rotated exactly 45° in a counter-clockwise direc-
tion, as viewed from the left end of the guide. At
each end, the waveguide is transformed from cir-
cular to rectangular cross-section by a gradual
transition that prevents impedance irregularity.
The transition at the right end, however, is so
made that the rectangular guide there is turned
through 45° with respect to the left end rectan-
gular guide.

Permanent

F1G6. 17-10 FARADAY ROTATION [SOLATOR

From the general discussion of waveguide trans-
mission in Article 17.5, it will be recalled that for
normal TE,, transmission in a rectangular guide,
the electric field lines always extend between the
longer walls and parallel to the shorter walls. In
Figure 17-10, this configuration may be designated
as vertical polarization of the electric field. In a
circular waveguide, on the other hand, the domi-
nant mode TE,, may be transmitted equally well
in any plane of pelarization. If the desired direc-
tion of transmission in Figure 17-10 is from left
to right, a signal entering the guide at the rec-
tangular left end will necessarily be vertically
polarized. As it passes through the transition into
the circular guide, it will continue to be polarized
vertically. Passage through the ferrite, however,
will rotate the polarization 45° counter-clock wise.
But since the right rectangular guide is also
turned through 45°, the rotated wave will pass
into the rectangular guide at the right still in the
vertical plane with respect to the guide. Trans-
mission is thus effected without appreciable at-
tenuation of the wave.

But now if the transmitted wave is partially or
completely reflected by some irregularity farther
along in its path, the reflected wave will encounter
a different set of conditions. It will return still
vertically polarized until it reaches the ferrite.
Here it will be again rotated through 45° but also
in a counter-clockwise direction as viewed from
the sending end. Its plane of polarization is now
turned exactly 90° from that of the original input
wave. The rectangular guide cannot transmit a
wave in this horizontal polarization and the wave
must therefore be totally reflected when it reaches
the transition. If desirable, this second reflection
can be largely avoided by inserting a plate of
energy absorbing material between the ferrite
and the transition, as shown in the drawing. This
may consist of a small card of insulating material
which has been given a thin coating of a “lossy”
substance such as carbon or aquadag that readily
soaks up microwave energy. Mounted in a hori-
zontal plane, as indicated, the card effects high
attenuation of the reflected wave while offering
practically no opposition to the transmission of
the vertically polarized forward wave.

In practice, it may not always be feasible to
control the rotation of the wave polarization to
the precise angle that is required for 100% isola-
tion. A simple device such as that here pictured,
however, may be expected to introduce a loss of
only about .25 db in the desired direction of trans-
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mission, and from 30 to 35 db in the opposite di-
rection. When more complete isolation is desired,
several arrangements employing two or more

ferrite units in tandem have been designed.

The Faraday rotation effect is also used to pro-
duce the high-speed waveguide switches used in
certain microwave radio systems. Here the wave
rotation is controlled by an electro-magnet rather
than a permanent magnet and the magnetization
is of such value as to rotate the wave through 90°.
When a section of circular guide, so equipped, is
inserted in a rectangular guide as shown in Figure
17-11, it has no appreciable effect on transmission
as long as the electro-magnet is not energized.
Simply closing the circuit through the electro-
magnet results in complete blocking of transmis-
sion through the guide. Thus, two such devices
make possible almost instantaneous switching of
the wave transmission from one path to another.
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CHAPTER 18
CHARACTERISTICS OF CIRCUIT FACILITIES

18.1 Classification of Wire Facilities

Transmission facilities or media employed in
telephone and telegraph work, to be cataloged
completely, would have to include both waveguides
and free space. which is the medium of radio
transmission. In this Chapter, however, we shall
confine our attention to various types of wire
conductors, including coaxials. The kind of wire
line facility to be used in a particular case de-
pends upon ecoromic considerations and the trans-
mission requirements to be met. Ordinary wire
facilities may be classified in several ways accord-
ing to their uses, or on the basis of their physical
or electrical characteristics.

It is customary first to make a general distine-
tion between facilities used for toll (long distance)
and for exchange area transmission. The latter
facilities include the greater part of the total fele-
phone plant since local or short haul service is
naturally used more frequently thar long dis-
tance service. Accordingly, it is economically
desirable to design these facilities primarily on
the basis of providing satisfactory transmission
within the exchange area. For toll or long dis-
tance connections, of which local facilities neces-
sarily form a part in every case, more costly types
of facilities are used for the long distance links in
order that the transmission shall remain satis-
factory. This arrangement is in the interest of
overall economy because the long distance facili-
ties are relatively few as compared with the local
facilities. Tt means in general that the latter
facilities do not have to meet as exacting require-
ments as do the toll facilities with respect to
attenuation per unit length, impedance regularity,
or balanee against noise and crosstalk. In ex-
change area cables, for example, wire conductors
as fine as 22, 24, or 26-gage are widely used,
whereas the minimum gage in long tnll cables is
19. Generally similar distinctions as between local
and toll transmission apply in the case of open
wire facilities. However, it may be noted that
there is a certain middle ground where exchange
area trunks are of such great length in some cases
that their transmission requirements are not
widely different from those of the shorter toll

circuits. Loading is frequently applied to such
trunks and in some cases it may be necessary to
use telephone repeaters as well.

The principal types of toll or long distance wire
facilities are considered separately in the follow-
ing Articles.

18.2 Open Wire Facilities

In both open wire and cable circuits, the de-
velopment of the telephone art has involved the
use of many different types of circuit facilities.
At any given time, accordingly, the working plant
may include facilities ranging from earlier types
to newly developed types which are barely out of
the experimenial stage. Before the advent of the
telephone repeater, the majority of long distance
facilities were open wire and, in order to keep the
attenuation down. practically all of this open wire
was loaded with relatively high inductance coils
spaced at infervals of about 8 miles. The conduc-
tors used were almost entirely 165, 128, or 104
hard drawn copper wire and each group of four
wires was usually arranged to carry a phantom
circuit.

The wires were carried on crossarms in the
manner indicaled in Figure 18-1. ITere each cross-
arm carries 10 wires whick are numbered consecu-
tively starting with the left-hand pin of the top
crossarm when looking in the direction of the pole
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numbering of the line. The standard wire layout
on two crossarms, shown in the Figure, provides
ten side and five phantom circuits. Phantoms are
derived from wires 1-4, 7-10, 11-14, 17-20, and
5-6, 15-16. The last is called a vertical or pole-
pair phantom and has somewhat different electri-
cal characteristics than the other phantoms be-
cause of the different spacing and configuration
of the wires. Similarly the characteristics of the
“non-pole-pair” side circuits such as 1-2 or 9-10,
with 12 inch spacing between wires, are slightly
different from those of the pole-pair circuits like
15-16, where the distance between wires is 18
inches.

Many open wire lines, with an arrangement of
wires on poles as shown in Figure 18-1, are still
in use in the long distance plant. Loading, how-
ever, is no longer used on open wire facilities.
This is a result of the fact that the characteristics
of open wire circuits—particuiarly the leakage—
change markedly with varying weather condi-
tions. In dry weather, open wire loading is effec-
tive in reducing the attenuation of the circuits
considerably. But, due principally to the increased
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Fi1c. 18-2 WIRE CONFIGURATION FOR OPEN WIRE LINE ON
WHICH TYPE-C CARRIER SYSTEMS ARE SUPERIMPOSED

leakage, loading may actually increase the at-
tenuation of open wire circuits in wet weather.
In order to increase the overall transmission sta-
bility of such circuits, accordingly, all loading was
removed after the telephone repeater came into
general use, and the resulting increase in attenua-
tion was compensated for by the employment of
additional repeaters.

The application of carrier systems to open wire
lines has led to other changes in open wire facility
arrangements. On account of the higher frequen-
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Fic. 18-3 WIRE CONFIGURATION OF 8-INCH SPACED OPEN
WIRE LINE rFOR TYPE-J CARRIER OPERATION

cies employed in carrier systems, the probability
of crosstalk is increased. Since the greatest cross-
talk hazard is between the side and phantom cir-
cuits of a phantom group, it is desirable in many
cases to dispense with the phantom circuit alto-
gether. Further reduction in crosstalk possibili-
ties is effected by spacing the two wires of each
pair closer together on the crossarm, and increas-
ing the separation between pairs. Thus, Figure
18-2 shows a wire configuration used to a con-
siderable extent on iines carrying Type-C tele-
phone carrier systems (frequencies up to 30 kc)
in which the non-pole pairs have eight inch spac-
ing between wires and the separation between the
nearest wires of adjacent pairs is 16 inches.
This configuration which is designated 8-16-8
includes a pole-pair phantom group which ordi-
narily would be used only for voice frequencies.
The change in spacing from 12 inches to 8 inches
reduces the linear inductance of the pair and in-
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Fi6. 18-4 WIRE CONFIGURATION OF 6-INCH SPACED OPEN
WiIRE LINE FOR TYPE-J CARRIER OPERATION
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creases its linear capacitance by about 8%. The
resistance and leakage are not changed and the
attenuation is slightly increased. The character-
istic impedance is reduced by about 50 ohms.

Where open wire line facilities are designed to
carry broad-band carrier syvstems (Type-J) em-
ploying frequencies up to 140 ke, 8 or 6 inch
spacing between wires of a pair is employed, and
the pole-pair groups are usually dispensed with.
Ilach crossarm then carries 8 wires, with spacings
and configurations as indicated in Figures 18-3
and 18-4, and no phantom circuits are provided
for. These configurations are designated 8-24-8
and 6-30-6 respectively.

Open wire facilities are subject te the effects
of leakage which increase attenuation losses, par-
ticularly at carrier frequencies, and which must
be adequately controlled to obtain satisfactory
transmission. This is done by insulating the wires
from their supporting structure with glass insula-
tors. The effectiveness of such insulators under
given conditions of weather varies with their size,
shape, and the kind of pin employed.

When new open wire facilities are placed on
existing lines and are likely to be used for carrier
operation at frequencies above 10 ke, it is neces-
sary to take into account the manner in which
the other pairs on the line are insulated. This
arises from the fact that the wet weather attenua-
tion of similar gage facilities equipped with dif-
ferent types of insulators is unequal and that as
a result energy level differences may occur, which
cause crosstalk. When this is the case, it may be
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desirable that all of the open wire facilities of the
same gage which are to be used for carrier opera-
tion at frequencies above 10 ke be equipped with
the same type insulators.

Table 1X gives the more important physical and
electrical constants of the commonly uased types
of open wire circuits. The values given are cal-
culated for the single frequency of 1000 cyeles
and they apply only under more or less ideal con-
ditions. Caution must therefore be used in apply-
ing them to practical problems. For example, the
leakage of open wire conductors depends upon
weather conditions. In wet weather the values for
G given in the Table may be very considerably
increased, and the various constants dependent to
a greater or lesser extent on this value, such as
attenuation, wavelength, and characteristic im-
pedance, would change accordingly.

The Table of course does not give information
regarding any variations of the circuit constants
through the voice-frequency range. In practically
all cases, however, the attenuation, as well as
certain of the other circuit constants, changes
somewhat with changing frequency. The magni-
tude of this attenuation change can be determined
from curves in which attenuation is plotted
against frequency through the working range.
Figures 18-5 and 18-6 give representative attenua-
tion-frequency curves for 104, 128, and 165 open
wire, side and phantom circuits, having the wire
spacing and configuration shown in Figure 18-1,
over the frequency range from 0 to 5000 cycles.
Separate curves are given for dry and wet weather
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TABLE IX
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conditions but the latter curves naturally repre-
sent 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 expeeted, when open wire circuits
are used as conductors for carrier systems, the
-ariation in attenuation from the low- to the high-
frequency end of the transmission band is much
greater. Thus, Figure 18-7 gives curves for 8 inch
spaced, physical circuits, transposed {or Type-C
carrier, through the frequeney range up to 50,000
cveles. Here, in the band between 5000 and 50,000
cyceles, it will be seen that the attenuation more
than doubles. Similarly as shown in Fignre 18-8,
the lossesx over the open wire broad-band carrier
range (Type-J) increase by almost 3007% in the
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range from 20 to 140 ke. 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 conditiors, such as ice, sleet or snow
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accumulating on the wires., Thus, Figure 18-9
gives a representative example of the measured
effect of melting glaze of an estimated diameter
of 15 inch on an 8-inch spaced pair of 165-gage
wires. Here, the attenuation at 140 ke is some
four times the normal wet weather attenuation.
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18.3 Toll Cable Facilities

The use of cable conductors for long distance
telephone transmission presented very consider-
able difficulties in the early days of the art. For
obvious economic reasons, wire conductors in
cables are of considerably finer gage than open
wire conductors, which of course increases their
attenuation per unit length. The much higher
capacitance, caused by the necessary close spac-
ing of the conductors within the cable sheath, also
adds to their losses. In general, accordingly, cable
conductors used for long distance voice-frequency
transmission are loaded.

Before the development of the telephone re-
peater, 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 inductances as high as .245 henry were
inserted at intervals of 6000 to 9000 feet. As we
noted in our discussion of loading in Chapter 16,
however, such heavy loading, while effective in
reducing the attenuation, has some undesirable
effects. In the first place, it reduces the velocity
of propagation to relatively low values which may
seriously interfere with effective transmission
over the longer circuits. Also, such a loaded cir-
cuit acts as a low-pass filter with a relatively low
cutoff frequency—in the neighborhood of 2500
cycles. Requirements for high quality transmis-
sion demand that cutoff points be higher than
this.

It is desirable that the ordinary cable telephone
circuit transmit frequencies up to at least 3000
cycles without substantial attenuation distortion,
and circuits used for program transmission work
must handle frequencies much higher than this.
There has been a continuing tendency, therefore,
to use lighter and lighter loadirg 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 made it possible to use finer gage wire in toll
cables, so that practically all conductors in such
cables are now of either 16- or 19-gage.

The computed constants at 1000 cycles of the
types of circuits extensively used in toll cables are
given in Table X. This Table is similar in make-up
to Table IX and the general comments made
in the preceding Article regarding the former
Table also apply to this. As Table X includes
loading constants, however, it should be noted that
the secondary constants in this case are computed

on the assumption that the loading coil inductance
and resistance are added directly to the corre-
sponding basic wire constants and uniformly dis-
tributed. Certain of the resulting secondary
constants, particularly the characteristic imped-
ance, may therefore be expected to differ some-
what from values computed on the basis of
“lumped” loading.

The loading designations given in the third
column of Table X make use of a standardized
code. The first letter in the code indicates the
spacing between coils as shown in Table XI. In
general, only the H and B spacings are used in
toll cables proper. The other spacings listed in
the Table apply either to exchange area cables or
to toll entrance cables, which are discussed in the
next Article. The number following the first letter
in the code gives the inductance in millihenrys
and the letter S, P or N following this indicates
whether the circuit is side, phantom or physical
(non-phantom), respectively. For example, H-25-
P indicates a phantam circuit equipped with 25
millihenry coils spaced at intervals of 6000 feet.
For convenience, this code system is further ex-
tended 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 millihenry inductance and the side cir-
cuits are loaded with coils of 88 millihenry induct-
ance, both spaced at 3000-foot intervals. In phan-
tom groups, loading is usually applied to the side
and phantom circuits at the same point, but this
is not always true. Where the spacing is different
for the side and phantom loading, two letters are
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 millihenrys, but the side circuit coils are
spaced at 3000-foot intervals and the phantom
circuit coils at 6000-foot intervals.

In loaded cable circuits, the amount of varia-
tion of attenuation with frequency up to frequency
values fairly close to the cutoff point is relatively
small. This may be seen by referring to the curves
of Figure 18-10. These curves also show how the
cutoff frequency takes higher and higher values
as lighter loading is employed. The lightest toll
cable circuit loading is used for program circuits.
Figure 18-10 shows the attenuation-frequency
characteristic of one such type of loading (B-22)
which permits the transmission of frequencies up
to about 8000 cycles without serious distortion.
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NOTE. The values for cut-off frequency and transmission 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 insiructions. The values given in Bell System Practices should therefore ve used for engineering work.







For program transmission up to 15 ke still lighter
loading is used. One system employs 11 milli-
henry coils spaced at 1500-foot intervals; another
uses 7.5 millihenry coils spaced at 1000-foot in-
tervals. Either system may be applied to either
16 or 19 gage conductors. 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 attenua-
tion of the non-loaded conductors is of course very
much higher, as shown by the curves of Figure
18-11, but this is off set by the use of closely spaced
high-gain amplifiers.

Modern toll cables include coaxials as well as
the all-wire types that we have been considering.
As was noted in Chapter 16, the present standard
coaxial conductor used in the Bell System has a
tube diameter of .375 with a central wire .1004
inches in diameter. Early and more or less ex-
perimental types of coaxial having an outer tube
diameter of .27 inckes and a 13-gage central wire
are also in use. Coaxial cables in present practice
may be manufactured to include 2, 4, 6, or 8 tubes;
and in all cases they also include a number of
ordinary wire pairs or quads. In the manufactur-
ing process some “twisting” of the tubes with
respect to each other and the cable sheath occurs
so that the tubes are somewhat longer than the
cable. In the case of an eight tube cable this extra
length is about 1.54%.

CoaxiAL CAELE CROSS SECTION

TABLE XI

LOADING (COlL SPACING CODE

CODE DESIGNATION LOAD €011, SPACING 1IN FEET

A 700
13 3000

. 929
D 4500
14 5575
¥ 2787
J* 040
I 6000
X 6HR80
Y 2130

* spiral-four cable.

Figure 18-12 shows the attenuation loss at a
temperature of 55° F of a coaxial in an 8-tube
cable through frequencies ranging up to 6000 kc.

18.4 Toll Entrance and Intermediate Cable Facil-
ities

It is seldom practicable to extend open wire line
facilities into the central sections of the larger
towns and cities. Instead, the open wires are ter-
minated at a pole somewhere on the outskiris
where they are connected to cable conductors ex-
tending 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 location of the central! office,
ard other conditions peculiar to each particular
situation, such toll entrance cables may vary in
length from a few hundred feet to several miles.
There are also numerous situations, such as river
crossings, where it is necessary to insert relatively
short lengths of eable in the long open wire line.
Such cable lengths are known as intermediate
cables.

In order to meet the overall transmission re-
quirements of the long distance ecircuits, it is of
course desirable to keep the attenuation of toll
entrance and intermediate cable conductors to as
low a value as practicable. It is even more impor-
tant in most cases that the eable conduetors shouid
be so designed that fheir impedance 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. The cables
usually contain three gages of wire—namely, 13,
16, and 19, and the larger gages are connected to
the larger gages of open wire. That is, 165 open
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Fi1G. 18-11 ATTENUATION-FREQUENCY CHARACTERISTICS OF
NoN-LoADED €ABLE CIRCUITS OVER THE
TypPE-K CARRIER RANGE

wire will be comnected to a 13-gage pair in the
cable while 104 will be connected to a 19-gage
pair. For voice-frequency open wire circuits, the
standard loading for toll entrance and intermedi-
ate cables is H-31-18. Loading may be applied to
cable lengths as short as 2000 feet, but short
lengths may require artificial building-out in order
that the loading section shall be of the proper
electrical iength to give the desired characteristic
impedance.

Where open wire lines carry Type-C carrier
systems, the entrance cable loading must be very
light in order to transmit frequencies up to 30,000
cycles. For 12-inch spaced open wires, the corre-
sponding entrance cable loading generaily used is
C-4.1 and C-4.8, the former being used for the
larger gage wires and the latter for the smaller.

12— T T T T T
| i l
-+ l» 1 1 + ! 7
10 ; | ! | | I |
| |
L :
Y | !
= g | i
g L |
. -
K | | 1 i .
- , ~ .
$ | i *: | | — T | I
§ | f ! l Temp.=55°F |
5 4 et +— —
2 | | | } |
2 L ! 1 Il T +
< | | !
2t } 1 T t 1
| | | |
A N N S N U T S S S
\ | | 1 |
0 | | { | ] l l | | | ) ]
0 1000 2600 3000 4000 5000 6000

Frequency - Kilocycles per Second

F16. 18-12 ATTENUATION-FREQUENCY CHARACTERISTIC OF
TyPicAL 375 COAXIAL

i

| ——~{— Extremes for the L=
6 " Average Attenuation .
of Different Cables

Attenuation - Decibles per Mile

1

—_— .____i_ _A__J._A_n__d
20 40 60 80 100 120 140
Frequency - Kilocycles per Second
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Disc-INSULATED ToLL ENTRANCE CABLE CIRcuITs CoM-
PARED WITH NON-LOADED PAPER INSULATED CIRCUITS

This loading may be modified by means of capaci-
tance and resistance building-out to be satisfac-
tory with 8-inch spaced open wire. For very short
lengths of toll entrance cable and for long lengths
of office cable used with Type-C carrier systems,
X-2.7 loading is sometimes used.

In the case of open wire lines carrying Type-J
carrier systems, the top frequencies are so high
that it is impracticable to load entrance or inter-
mediate cable conductors of the usual type prop-
erly for these systems. Non-loaded conductors are
therefore used in most cases for toll entrance and
the resulting higher attenuation is compensated
by additional repeater gain. In certain cases, par-
ticularly in intermediate cables, however, a special
type of conductor is used to handle these high fre-
quencies. This consists of a cable made up of in-
dividually 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
capacitance of each pair is about .025 microfarad
per mile and the attenuation (non-loaded) is about
2 db per mile at 140 ke. This may be compared
with the attenuation of ordinary non-loaded cable
pairs at comparable frequencies by referring to
Figure 18-13. These disc-insulated quads may aiso
be loaded to improve still further their attenua-
tion and impedance characteristics.
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CHAPTER 19
ATTENUATING, IMPEDANCE MATCHING AND EQUALIZING NETWORKS

19.1 Pads or Attenuators

In the operation of various telephone circuits, it
is frequently necessary to reduce artificially the
currents and voltages at various points within the
circuits. To accomplish this result, attenuating
networks are inserted at the required points. To
attenuate all currents of the different frequencies
the same amount, the attenuating network obvi-

V2R, 12 R, VAR, VAR,
1 —"WVWWA—— AW 3 1 WA AMMAL—0 3
< >
3 i sk
< 1/4R1 S IARI
20 - ° 4 2 AW+ MM 4

" T"Pad " Balanced T or "H" Pad
ELECTRICALLY EQUAL"T"TYPE PADS

Ry e Ry
lo—g MWWW—p—— 3 1o +—VWN—¢——— 3
) ) ) J
R, 2 S 2R, 2R, 2 2 2R,
3 2 2 S
> 1/2 R, T
2 o — - ° 4 2 —AAAAAN—— ° 4
" "Pad " Balanced T"or **Square ™ Pad

ELECTRICALLY EQUAL"T"TYPE PADS

FIGURE 19-1

ously must be made up of resistances. By arrang-
ing appropriate resistances in a network of series
and shunt paths, any specified value of attenua-
tion may be obtained without introducing any im-
pedance 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 “z” types illustrated in
Figure 19-1.

These same pads may be made up in “H” and
“Square” networks where the series resistances in
wires 1-3 and 24 are equal. This balances the
two sides of the circuit without changing the elec-
trical characteristics of the pad. Thus, in Figure
19-1, the T- and H-pads are electrically identical;
that is, both pads have the same impedance (re-
sistance) and provide exactly the same attenua-
tion. 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 34, is the same. This is the case for the
four pads illustrated in Figure 19-1. It is possible,
however, for a pad to have a different impedance
as seen from either terminal. Under these condi-
tions the pad may be used to mateh two unequal
impedances and at the same time produce the de-
sired 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 reflec-
tion loss; second, the amount of attenuation the
pad is to produce. The characteristic impedance
of most circuits in which pads are connected in
practice is approximately a pure resistance. It is
this resistance the pad is designed to match in
order to prevent reflection loss.

When a symmetrical pad is terminated in its
characteristic resistance, the resistance it presents
at the other terminai is still, of course, its charac-
teristic 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 resist-
ances. The loss, or attenuation, of a pad is meas-
ured by the relation of the received current, /,,
to the sent current, /.. This loss expressed in db

is 20 log,, The value of this current ratio,

],’(
I ©

I . . .
]” can also be obtained in terms of the series,
r

1/2R, 1/2R, 5
1 WA AWWA———y
I L I, L
Rot v SR, S Ror
_ - 3+ - ]
e 4

Ror =V I/4R2 + Ry Ry

I, 1/2 Ri + R2 + Ror

1, R2

FIGUurE 19-2
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shunt, and characteristic resistances of the pad.
These relations for both the characteristic resist-
ance and the current ratio are given for the T-
and =-pads in Figure 19-2 and 19-3 respectively.

If the same values of series (R;) and shunt
(I?.) resistances are used in T- and =-pads, their
characteristic resistance and db losses will be dif-
ferent. However, by using proper resistances of
different values, two such pads can be made elec-
trically identical. In Article 154, equations
(15:1), (15:2) and (15:3), show how any net-
work can be replaced by a simple T-network, after
measuring or calculating three specific resistance
values. By applyving these equations to ihe =-pad

R) 3
1 - — ANy = .
Is B I :
Ror - 2Ry 3 2R, 3 Row
b E
o 4 e ]
% 4
R R) R2
°T "Y1/4R)2 + Ry R,
I Row . R1 R Romw

I, =1+7R, Y 2R, T TaR,2

FiGURE 19-3

in Figure 19-4, the equivalent T-pad can be calcu-
lated. The resistances R,, K., and R; in Chapter 15
are as follows:

R, Resistance across terminals 1-2 with ter-
minals 3-4 open.

E. — Resistance across terminals 1-2 with ter-
minals 3-4 shorted.

R, — Resistance across terminals 34 with ter-
minals 1-2 open.

In terms of ., !, and R. in Figure 19-4. these
resistances now become:

(R.+R)YR, R.R,+R,R. )
B pYr+r R 1R +R D
_ R, R, )
Ry = =t (19:2)
Iu)'; (I‘" + I\u) R’, R_:‘R", 4 11,, 11; (]93)

.+ R, + R. R.4+ R, + R.
By substituting these values in equations (15:1),
(15:2) and (15:3), ard solving for the resist-
ances of the T-network. we get—

, R.R, _
R, R. LR+ R (19:4)
R.R .
Rh R+I")II+R (19'5)
R, R. .
R. R.+ R, + I. (19:6)
Where the =-pad is symmetrical (I, = IZ.), the

values of R, and I, will, of course, be equal.

To convert a T-pad to a = type, we can make
use of three similar equations which can be de-
veloped from equations (19:4), (19:5) and (19:6)
above. This involves obtaining values of I, IV,
and L. in terms of R,, I2,, and R. This can be
done by first obtaining the sum of the products
of equations (19:4) and (19:5), (19:4) and
(19:6), and (19:5) and (19:6) which gives—

| I\’;’:R”h’: + 1".1*1\",'311): + 1‘711‘)”1‘,%
ot flfe Tl (R, + I, + BD®

This becomes—

RiRy+ R R+ R R. — , e Ru R

L:+ R, + R.

Then by dividing this equation by each of equa-
tions (19:6), (19:5), and (19:4), we get—

R.R,+ R, R.+R, R,

R, R, (19:7)
PR, + R, R.+Ry R, .
R, R, (19:8)
Il)v Ra Rh+Rn Rr '*—Rb Rc (19:9)
R,
When the T-pad is symmetrical (R, — R,), the
values of R, and R. will be equal.
R, R, Ry
1 +—AMWVWW—— 3 1 N\N\\N—v MMWW— 3
> L 5
R, < iR, 2R,
20 1 + 4 2 —4
" " Pad “T"Pad

FIGURE 19-4

In designing a pad, it is only necessary to eal-
culate the resistance values for either a T or =
type and from these values, each of the types il-
lustrated in Figure 19-1 can be obtained. Prob-
ably 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.
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Example: Determine the resistance values for
a symmetrical 600-ohm, 10 db H-pad.

Solution: From Figure 19-2,

600 Ij‘ + R R,
or
5 ,
4 + R, R. = 360,000
e
20 102‘]0 ] 10 db.
I, 10
log,, I 20 .50
g
I 3.16
Also from Figure 19-2
R, + 2 + Ry
I, e 3.16
I, R -
1;' + Ry + 600 — 3.16 I,
Ié‘ L 600
R. 216 231 R, + 277.8
Substituting 2. in the first equation above—
R4‘ + Ry (231 R, + 277.8) — 360,000 — 0

481 R + 2778 R,

From this

-277.8 + /77,170 + 692,640

360,000 — 0

s 062
—277.8 4+ 877.3 . .
962 623.2 ohms
and
R, = 231 R, + 277.8
= 144 4 277.8 = 421.8 ohms.

The H-pad will have a shunt resistance (I2.)
of 421.8 ohms, and each of the four series arm
resistances (I2,/4) will be 155.8 ohms.

A common use of pads is as an auxiliary
method of controlling the net gain of telephone
repeaters. Such pads are usually of the square
type. Table XII gives the series and shunt resist-
ance values for symmetrical square pads of 300-
ohm impedance in the range from 2.5 db to 25.0
db. Similar tables can be prepared for other

TABLE XII

SERIES (X)) AND SHUNT (Y) RESISTANCE VALUES

OF BALANCED = OR SQUARE PADS
Ry = 300 ohms

1 X 3
{
L L
Ry— = Y v ~—R,
[ x ]
o———#———\/\’\/» . —a
2 4

Resistance Values for Square Pads
. .
‘ Resistance Values

DB Loss — 7

Series, X Shunt, Y

0 0 | Infinite
25 a4 2099
5.0 91 | 1071
75 | 16 | 738
10.0 213 | 577
125 | 298 487
15.0 408 430
175 | 553 | 392
200 742 367
250 | 1330 | 33

types of pads used for various purposes in the
telephone plant.

In making certain tests, it is often desirable to
use a variable pad which has a fairly wide range
of loss values. Such a pad is called a variable at-
tenuator and usually consists of both fixed and
variable H type units. The variable units are ad-
justed 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.

19.2 Impedance Matching

Because it can be designed to have any desired
impedance values looking in either direction, a
simple resistance pad can be used to match any
two resistive impedances. The attenuation loss of
such a pad, however, would generally be greater
than the reduction in reflection loss obtained by
impedance matching, although its use might still
be desirable for other reasons.
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Within certain limits, impedances may be
matched by the insertion of a simple T- or =-pad
made up entirely of inductors and capacitors.
Such a pad would introduce relatively little at-
tenuation loss but its effectiveness as an imped-
ance matching device would of course be limited
to the frequeney for which its reactance values
were determined. Repeating coils or transformers
are therefore generally used for impedance match-
ing purposes in voice-frequency and other rela-
tively low frequency circuits.

As we learned in Chapter 14, however, iron-
core transformers cannot be used at the higher
carrier and radio frequencies because of exces-
sive core losses. Air-core transformers also have
definite shortcomings at very high frequencies.
Other devices accordingly must be devised for
matching unlike radio frequency transmission
lines or for matching such lines to their loads (as,
for example, the connection between an antenna
and the transmission line from a radio transmit-
ter). Among the most effective of such devices
is the quarter-waveiength resonant line.

- ]
Line A Line B

Z,= 490 Ohms
Zy= 600 Ohms Zgp =400 Ohms
1

F1GURE 19-5

If an impedance Z, is connected to one end of a
quarter-wave line whose characteristic impedance
is Z,. it can be shown that at the resonant fre-
quency (i.e., the frequency at which the line is a
quarter-wavelength long) the impedance Zg look-
ing into the other end of the line will be—

> A

Zs 7z

from which, we may write—
Zo \7SZR (19:10)

A quarter-wave line designed to have the charac-
teristic impedance Z, as determined from this
equation will therefore serve to match two unlike
impedances, Zg and Z., so that there will be no
reflection losses at the junction points.

As an example, assume that it is desired to con-
rect two non-resonant lines A and B having im-
pedances of 600 ohms and 400 ohms respectively
for through transmission at a certain high fre-

Zoy —

L'Z _r7__ S -

J\ 202
\ | /
T~

F16. 19-6 TAPERED IMPEDANCE-MATCHING SECTION
FOR W AVEGUIDE

queney. A quarter-wave line is inserted between
them as indicated in Figure 19-5. Then if the
quarter-wave line is designed so that its charac-
teristic impedance Z, — /600 < 400, or approxi-
mately 490 ohms, the impedance looking from line
A into the quarter-wave line will be 600 ohms, and
the impedance looking from line B into the quar-
ter-wave line will be 400 ohms.

Because of this useful ability to match unequal
impedances, the resonant line when so used is
commonly known as a quarter-wave {ransformer.
It is also interesting to note that a resonant half-
wavelength line acts like a transformer of unity
ratio. The impedance looking into one end of such
a line is equal to the impedance connected to the
other end regardless of the value of the character-
istic impedance of the half-wave line itself.

Quarter-wave sections or “lines” may also be
used to match waveguides of different impedances.
Here the coupling section is a piece of waveguide
one quarter-wavelength long with cross-sectional
dimensions such that its characteristic impedance
is equal to the square root of the product of the
impedances of the two guides which it couples.
Generally, however, matching of waveguides may
be more easily aceomplished by means of a simple
tapered section of guide as shown in Figure 19-6.
Such a section, however, must be several wave-
lengths long if reflection losses are to be com-
pletely avoided.

19.3 Attenuation Equalizers

One of the factors tending to decrease the in-
telligibility of telephone conversations is unequal
attenuation of the currents of different frequen-
cies as they pass over the circuits. For example,
the attenuation of a non-loaded open wire circuit
is greater 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 equalizers are usually associated with the
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Total Loss of Line and Equalizer

Attenuation Loss

0 Frequency

F1G. 19-7 PRINCIPLE OF ATTENUATION EQUALIZER

repeaters which must be included in the circuit to
assure a satisfactory volume of sound at the re-
ceiving end.

Attenuation equalizers are networks consisting
of inductors, capacitors, and resistors, which are
so proportioned and arranged that their attenua-
tion-frequency characteristics are complementary
to the line characteristics that produce the distor-
tion. In brief, the total loss of the line plus that
produced by the equalizer will be substantially the
same for all frequencies in the transmitted band.
This principle is shown in Figure 19-7.

One of the simplest types of equalizers, shown
schematically in Figure 19-8, is bridged directly
across the circuit to be corrected. Obviously, the
impedance of such a bridged equalizer must be low
enough at certain frequencies to allow sufficient
current to flow through it to produce the required
losses at these frequencies. Accordingly, the
equalizer circuit naturally changes the circuit im-
pedance, particularly at the frequencies where the
equalizer is to provide a substantial loss. This in-
troduces an impedance irregularity into the cir-
cuit of a sizeable value. The use of bridged equal-

-~
<«
>
‘5
. [ -& 7 .
Line E 1 Equalizer
'l., T - 4

Fi1c. 19-8 SiMPLE BRIDGED EQUALIZER

izers of this type therefore has definite limitations
In practice.

In long circuits equipped with telephone re-
peaters, the desired equalizing effects can be
obtained without introducing an appreciable im-
pedance irregularity by inserting equalizing net-
works at the mid-point of the primary sides of
the repeater input transformers. Instead of
changing the net loss of the line, however, 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 reason-
ably uniform over the transmitted frequency band.

19.4 Bridged T-Equalizer

Both of the above methods of equalization give
satisfactory results where the amount of attenua-
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tion distortion to be corrected is relatively small.
To use either of these methods to correct a large
attenuation distortion, might result in an imped-
ance irregularity of such a magnitude as to more
than offset the benefits obtained by equalizing. To
equalize for these relatively large amounts of at-
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F1G. 19-10 BRIDGED T-EQUALIZER

tenuation distortion, a somewhat 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 fre-
quency band transmitted.

As its name impiies, the bridged T-equalizer is
built in the genera! form of a T-network, but it
has an additional 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 or-
dinary Wheatstone bridge circuit illustrated in
Figure 19-9(A). Here a generator is connected
to the twe opposite points of the bridge through
the impedance R, and a galvanometer, G, is con-
nected across the other two points through an im-
pedance P. The bridge is balanced and no current
flows throngh the impedance P when the follow-
ing proportion holds true:

g ‘S\,orSB XA

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 19-9(B). The T-network proper is formed
by A, P, and B, with S as the bridging impedance
while 2 and X’ now become the input and output
impedances, respectively. Next, let us change the
impedances 12, A, P, and X to resistances of equal
value, which may then all be designated as 2. For
reasons to be explained later, we shall also re-
designate the impedances S and B as Z,, and Z.,,
respectively. Then. as illustrated in Figure 19-10,
we still have the same bridge which was balanced
when SB XA, and is now balanced when—

ZnwZsy — R <X Ror R* (19:11)

When the bridge is balanced no current tiows in

the impedance, P (Figure 19-9(A)), and for pur-
poses of analysis we may therefore simplify the
network by removing the R resistance which re-
placed P in Figure 19-10 giving us the network of
Figure 19-11. Looking from the generater across
terminals 1-2 of this circuit, we now see two paral-
le! paths wkich present an input impedance Z,,
of —

(R +Z.) (R+ Zy)

R4+Znw+ R+ Zy

R*+ RZ\, + RZs + 71,2,
2R + Zi, + Za

Zm

or substituting = for 7,,Z.,.

RQ2R + Z,, + Z))

Z’" 7,
2R+ Z\ + Z

R (19:12)
In other words, when the bridge is balanced
(Z1.Zs — R*).the input impedance of the equaliz-
ing network is a pure resistance, . Moreover,
since the T-network is symmetrical, the same rea-
soning can be applied at the output terminals 3-4,
and the impedance will also be found to be a pure
resistance, R, for the balanced condition.
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As in the case of any other circuit, the loss pro-
duced by this network may be determined by the
ratio of the current, I,, received in the output im-
pedance before the network is inserted to the cur-
rent, I,, received after the network is inserted.
Thus, the current, 7,, in the output before the net-
work is inserted will be—

E E

I p i porap

After inserting the network, the output of the
generator will remain the same because the im-
pedance of the network as seen at terminals 1-2 is
still . As the input current divides into the two
parallel paths (Figure 19-11), the current flow-
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ing in the output (terminals 3-4), I,, is—

R+ Zx

lo=bXp 72, TRy 2,
Then
1( R _h Z'.'I
IL 7 2R+ 7+ Za
or

I, 2R 4+ Zy + Zxn

I, R 7 (19:13)

Since we are considering the balanced condition

where Z,,7Z., = R* then Z., 17?- Substituting
<11
this in equation (19:13). we get—
IJ R* + 2RZ,, + Z3,
I, R+ RZ,,
) R+ 27, Zn .
= R =14 R (19:14)

This shows that, as long as the balanced condition
is maintained, the loss of the network is deter-
mined by Z,,. This is also apparent from an in-
spection of Figure 19-11 because this impedance
is in series with the receiving circuit, and any
value of loss may be secured without affecting the
input or output impedances, providing the bal-
anced condition is maintained.

To summarize, the bridged T-equalizer has a
constant impedance, as seen from both terminals,
equal to I when 7., is the inverse of Z,
(ZnZ 1, %), and its overall loss-frequency
characteristic is determined by the bridged series
impedance network, 7,,.

Both Z,, and Z., represent generalized imped-
ances which may be resistances, capacitances,
inductances, or any combination of them. The
one and only requirement is that established by
the balanced condition (Z,,Z., R?), which
means there must always be an inverse relation-
ship between Z,, and Z.,. If Z; is a pure induc-
tive reactance represented by jwl, then Z., must
be IR*/juwl. or —jR*/wl.,, which represents a ca-
pacitive reactance, —j/oC, where C L/R*. On
the other hand, if Z,, is a capacitance, Z., must be
an inductance, which is the reverse of the above
case. If Z,, is a resistance, then Z., will also be a
resistance. When 7,, is a network, Z.,, is a net-
work with the same number of elements but each
element is the inverse of the corresponding ele-
ment of Z,, as illustrated by the following table:

When Zu is: 7 becomes:
Inductive reactance. (‘apacitive reactance.
(‘apacitive reactance. Inductive reactance
Resistance. Resistance.

Series inductance. Parallel capacitance
Series capacitance. Parallel induetance
Parallel resonance. Neries resonanee
Series resonance Purallel rexonanec

Ly - N
— 0000 — Y
| [ L g1 §R i
— +—TO——— Q‘:’ 21j 21 - c22
c -
*11 Ryy 1
e T 21

SERIES NETWORK
IMPEDANCE, Z,,

SHUNT NETWORK
IMPEDANCE, Z,,

Fic. 19-12 INVERSE SERIES AND SHUNT NETWORKS

This inverse relationship is further illustrated
in Figure 19-12 where the series network, 7,,,
and its inverse shunt network, Z.,, are shown at
left and right, respectively. Here the advantages
of using the two-digit subscript for 7 become
more evident. The first digit of the subseript in-
dicates whether the element belongs to the series
or shunt impedance, while the second digit desig-
nates the corresponding inverse elements of the
two networks. Therefore, in Figure 19-12, (., is
the inverse of L,,; C.. is the inverse of L,.; L., is
the inverse of C,;; and Il,, is the inverse of I2,,.

In designing a bridged T-equalizer for a specific
use, the attenuation-frequency characteristic of
the Z,, network must be complementary to the at-
tenuation-frequeney 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 im-
pedance network, Z,,.

As an example of the general problem involved
in the design of the Z,, network, let us consider a
representative application of its use in a Type-C
carrier system. In this, as in other carrier sys-
tems, separate frequency bands are employed for
transmission in the two directions. For example,
in the Type-CS system, transmission in the East
to West direction occupies the frequency range
from about 6 to 16 ke, while transmission in the
West to Fast direction is in the range from about
18 to 28 kec. At the terminals and intermediate
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
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bands transmitting in opposite directions are sep-
arated by means of so-called “directional filters”.
The attenuation of the line facilities varies very
considerably over the wide band of irequencies
used. The directional filters also introduce appre-
ciable distortion near their cutoff frequencies. In
order to maintain uniform transmission, there-
fore, it is necessary to employ equalizers to
counteract both of these attenuation distortion
factors. This situation is illustrated in Figure
19-13. lHere the loss produced by the line, filters,
and their combined total, are 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 char-
acteristic of the equalizers is shown by the two
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upper curves A and B, each of which iz made
complementary (inverse) to the total line and
filter loss over the frequency band for its direc-
tion of transmission. By adding the losses of the
line, filters, and equalizer for each direction of
transmission, the resultant loss-frequency charac-
teristic becomes a straight horizontal line in each
case. Because of the rising characteristic of the
line, however, the total loss for the three lower
voice channels, L,, is less than that of the three
higher voice channels, L.. This difference is read-
ily corrected by making the amplifier gains differ-
ent for the two directions of transmission,

Now that we have noted the factors which give
these equalization curves (A and B) their particu-
lar characteristics, let us analyze in a general way
the equalizer design considerations for one curve
—sayv curve A. Clearly, the loss-frequency char-
acteristic of the series impedance, 7,,, should con-
form as closely as practicable with the curve A of
Figure 19-13, or with the solid line curve of
Figure 19-14, which is the same. As a first ap-
proach, a Z,, circuit made up of a single series
capaeitor, as in B, will give the general loss-fre-
queney characteristic indicated by curve ». This,
of course, is due to the fact that the current
through a capacitor increases with frequency;
consequently, its loss decreases. However, it will
be noted that curve b diverges widely from the
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desired characteristic at the higher frequencies.
To reduce the loss at f,, and thus bring the curves
closer together, we can add in series with the
capacitor an inductance, L,,, of such a value that
series resonance occurs at approximately the fre-
quency f,. This fails to solve the problem, how-
ever, because below the resonant frequency this
series circuit produces a loss that increases with
decreasing frequency, as indicated by curve ¢. Be-
cause 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 ex-
tremities.

Apparently what is needed is an inductance
that is considerably smaller than that of L,, over
most of the frequency range but equal to it at f,.
This can be simulated by a parallel resonant cir-
cuit which has a resonant frequency somewhat
above [}, as indicated at 1), because up to the reso-
nant frequency the inductive reactance of a paral-
le] resonant circuit increases with frequency. On
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this basis, L,, can be selected so that it is small
enough to approximate the desired loss at the
lower and mid frequencies. Then by shunting a
capacitance around it, forming a parallel reso-
nant circuit, the effective inductance of the paral-
lel combination at f, can be made equal to that of
the former L,,. In this way the low impedance,
and hence low loss, is preserved at f, and the loss
is still increased at lower frequencies. The net
effect is the characteristic shown by curve d. This
comes very close to the desired characteristie, but

even greater precision can be obtained by adding
the shunt resistance R,,, as shown by K. This
introduces a small increase in the loss over most
of the frequency range and modifies the curve as
shown by e.
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F16. 19-16 PRINCIPLE oF DELAY OR PHASE EQUALIZING
NETWORK

The final series network, Z,,, and its inverse,
Zs,, then take the form illustrated in Figure 19-15.
In the inverse network, Z.,, the shunting resist-
ance I, becomes a series resistance I2.,; the
series capacitance C,, becomes a shunt inductance

A

Fic. 19-17 LATTICE-TYPE NETWORK
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Lsy; while the parallel resonant circuit (';, and
L., becomes a series resonant circuit L, and C.,.
The degree of perfection with which a given loss-
frequency characteristic can be matched by such
an equalizer depends upon the number of coils,
capacitors, or resistors it is considered economical
to use.

195 Delay or Phase Equalizers

The equalizers discussed in the preceding Ar-
ticle take care of the variation of line attenua-
tion. Unfortunately, this is not the only way in
which the transmission characteristics of long
telephone lines vary with frequency. The velocity
of propagation, W, over these lines also may
change with frequency.

A pair of wires of zero resistance in free space,
separated from all other conductors and without
leakage, would transmit electric waves at the
speed of light. In an open wire circuit, what re-
tardation exists comes largely from the induct-
ance of the wires. In loaded cable circuits, there
is a much greater retardation due in part to the
larger capacitance between the wires, but much
more to the inductance of the loading coils which
are inserted to decrease the attenuation. In any
case, there is a finite time interval for transmis-
sion between the sending end of any circuit and
its receiving end.

This delay interval is greater with some types
of facilities than others and, of course, increases
in direct proportion with the length of circuit in
every case. Moreover, the delay may not be the
same for all frequeneies in the transmitted band.
A changing velocity of propagation at the various
frequencies means that the shape of a signal wave
at the receiving end of the line will differ to an
appreciable degree from the waveshape applied
at the sending end. Distortion of this kind is
called envelope distartion, and its seriqusness is
measured in terms of envelope delay in millisec-

—
T~

T

Fic. 19-18 BRIDGED T-NETWORK

onds. This delay distortion may be equalized by
inserting in series with the circuit a network hav-
ing the inverse characteristics. The total delay
produced by the circuit, added to that of the
equalizer, will then be constant over the frequency
band transmitted. This is illustrated by Figure
19-16.

Delay distortion, unless excessive, is of little
concern in ordinary telephone circuits because
the ear seems insensitive to it. For program
transmission, however, where frequency bands
extending up to 8,000 or 15,000 cycles may be em-
ployed, correction for phase distortion is generally
necessary. It is even more necessary in the case
of facsimile (telephotograph) transmission and
video transmission, where even slight delay devia-
tions may affect the quality of the received pic-
tures.

The design of delay equalizers involves some
rather complex network analysis. Two types of
networks are generally used. The first known as
a balanced lattice-type structure is shown sche-
matically in Figure 19-17. The second is a
bridged-T type of structure as illustrated in Fig-
ure 19-18. In either case the total equalizer is
made up of a number of such sections connected
in tandem. The bridged-T type of network is
somewhat more economical when balance between
the two sides of the line is not necessary, although
either type will produce generally similar enve-
lope delay characteristics.
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CHAPTER 20
FILTERS

20.1 Filter Requirements

In telephone and telegraph work, it is often de-
sirable to suppress or eliminate currents of cer-
tain undesired frequencies and at the same time
to pass currents of other frequencies. This is ac-
complished by means of electric wave filters. As
would be expected from our study of resonance in
Article 13.4, these filters are essentially networks
of inductances and capacitances. While the de-
tails of design of some of the more elaborate types
of filters are beyond the scope of this text, we may
consider here the general principles of the four
major types commonly used. These are known re-
spectively as (1) “low-pass” filters which trans-
mit, 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 at-
tenuate up to the cutoff value but readily trans-
mit currents of all higher frequencies; (3) “band-
pass’ filters which have both an upper and a
lower cutoff point, and which permit the trans-
mission of only those frequencies lying between
the two cutoff frequencies; (4) “band-elimina-
tion” filters which have over-lapping upper and
lower cutoff points and thus prevent the trans-
mission of frequencies between the two cutoff
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 frequencies outside of the
pass bands would be completely suppressed and
the attenuation would be infinite; (3) the fre-
quency intervals between the transmitted and
attenuated frequency bands would be very small;
in other words, the change from passing to sup-
pressing or vice versa, would occur in a very nar-
row transition band; (4) throughout the trans-
mitted bands, the characteristic 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
resistance on the attenuation-frequency curves of
resonant 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 react-
ance arms used in forming filters, or in the con-
figuration in whieh these arms may be arranged,
then there are an infinite number of possible de-
signs of filters. Naturally, however, filters are
designed to meet specific requirements using the
simplest networks practicable.

20.2 Low- and High-Pass Filter Sections

The simplest arrangements of elementary filter
networks arethe T and = sections shown in Figure
20-1, where Z, and Z. represent the series and
shunt impedances. respectively. (Note: the values
of Z, and Z. are not necessarily the same in the
two drawings.) For simplicity our discussion will
be confined to the T type of network, but as we
learned in the preceding Chapter, these two net-
works may be interchanged if certain definite

%7, %21 Z)
AN
Z, 22, 2z,
“T” Section “ T Section
FIGURE 20-1

electrical relations are maintained. These simple
networks are called prototype filter sections, and
are the basic structures from which practical fil-
ters are developed.

As covered in Article 15.5, when a network is
terminated in its eharacteristic impedance, Z,, the
impedance presented at the input terminals is still
Z,. Its value may be determined by taking the
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square root of the product of the impedances (geo-
metric mean) from one end with the other end
open-circuited, Z,., and then short-circuited, Z..,
(Zy = \/Z,Z,). Since we are now considering an
ideal filter made up of pure reactances in the form
of a T-network, these open- and skort-circuited
impedances must be either positive (inductive), or
negative (capacitive) reactance. Accordirgly. the
characteristic impedance must have ar angle of
0° or +90°. When the open- and short-circuited
impedances (reactances) have opposite signs—

Zl) \/( :i: ,)X—:)v') (:F—:;T !‘)

V= F (XX
or

Zo = \XoX,e (20:1)

This is an impedance with a zero angle, or effec-
tively a pure resistance. If, however, the signs are
alike—

Zy \/ (+ onc) (Zt .,;XAC)

APTRR )
or

Zy VY. X (20:2)
and the impedance has an angle of + 90" which,
of course, represents a pure reactance.

When, as in the first case, the characteristic
impedance ix a resistance equal to the impedance
of the terminating device, the network (consisting
of filter and termination) is capable of absorbing
power (energy) 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 device (termination). In other
words, the termination absorbs all the power and
the attenuation in the 4lter itself is zero. On the
other hand, when the characteristic 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 electric and mag-
netic fields, and return it during a later part of
the cyele. In other words, the filter will not trans-
mit any energy and therefore may be said to have
infinite attenuation.

Over a range of frequencies, the open- and
short-circuited impedances of the filler change
from positive to negative and vice versa, as may
be noted from Figure 20-2(B) for the three proto-

type filter sections illustrated. At the same time,
the characteristic impedance changes from resist-
ance to reactance and vice versa. When the char-
acteristic 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 20-2(D),
As we have already seen, the characteristic im-

pedance, Z, is
Zo = V2ol (20:3)

but we also know from equation (15:4) that—

Z ! Zj oy (20:4)
which may also be written as—
Z, ’ Z < 7:1' + Zs ) (20:5)

When the reactance represented by Z, is oppo-
site in sign to the reactance represented by the

quantity <Z41 + Z:_.> their product is positive and

the characteristic impedance is a resistance. On
the other hand, if these two reactances are of the
same sign the characteristic impedance is a pure
reactance. In the first case, the filter transmits;
in the second caxe, the filter attenuates.

The passed and attenuated frequencies may also
be determined from reactance curves for 7, and

<Z4’ JL Zg> as shown in Figure 20-2(C). When

these two curves hzve opposite signs, the charac-
teristic impedance of the filter is a resistance and
the filter transmi“s, but when the signs are alike,
the characteristic impedance is a reactance and
the filter attenuates. This is illustrate¢ by the
solid cnrve of Figure 20-2(D). At the critical

. . Z
point where the <4' + Zs ) curve crosses the zero

axis, the characteristic impedance, Z,, becormes
zero as is evident from equation (20:5). 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 other side the filter attenuates. This cutoff
frequency, f.. may be determined from the equa-
tion

Z,

Yt Z.=0

(20:6)
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Fi1G. 20-3 M-TYPE FILTER SECTIONS

In the low-pass prototype filter section of Fig-
ure 20-2(A)—

_j
2=f.C

at the critical frequency, f.. Substituting ihese
values in equation (20:6), we get—

—— (20:7)
=/ L(
Similarly, in the high-pass prototype filter section
of Figure 20-2(A) —

Z[ jgffclz and 22

7 0.
A e and Z. — j2zf.L
Then the cutoff frequency is—
. L (20:8)
4=\/LC

20,3 M-Derived Filter Sections

Now at this point it will be noted that although
we have used the elementary, or prototype, filter
structures of Figure 20-2(A) to derive equafions
for the cutoff 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 20.1. This
will be apparent from a glance at the loss-fre-
quency curves shown by the dashed lines in Figure
20-2(D), which illustrate the actual losses pro-
duced by each structure when inserted in a cir-
cuit of constant impedance (resistance). Because
the impedances of the prototype sections do not
remain constant over the frequency band, the
“insertion’’ 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 cutoff frequency is anything but sharp.

Some improvement could be obtained by cen-
necting several of these structures in tandem, but
the cutoff point would still be not clearly defined
and there would be altogether too much attenua-
tion in the pass band. To improve the sharpness
of cutoff, what we need is a structure which will
produce very much higher losses at frequencies
just beyond the cutoff frequency. This objective
can be approached by making the shunt impedance
of the structure resonant at a frequency a few
cycles beyond the cutoff frequency. Such a struc-
ture would, of course, have to contain series ea-
pacitance and inductance in its shunt arm. More
complex structures containing the desired shunt
resonant paths may be derived from the simple
prototype structures which we have considered up
to now. These derived filter sections are called
m-derived types or ust m-types, where the term
m is a constant factor used to maintain certain
relationships between the prototype and its de-
rived type.

Let us consider a T-section as shown in Figure
20-3(A) where—

7

i+ 22

Z, (20:4)
We wish to obtain a similar derived structure
having the desired resonance characteristic in the
shunt arm and whose characteristic impedance,
Z’y, is equal to the Z, of the prototype. (The pass
and stop bands of tke derived structure must, of
course, be the same as those of the prototype.)
Such a structure cun be obtained if the impedance
of the series arm 7', is made equal to the series
arm impedance, Z,, of the prototype, multiplied
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by a constant factor m. In other words—

Z' Zy (20:9)

and

Z'y = mZ, (20:10)

Then using equations (20:4), (20:9) and (20:
10), we can solve for the shunt arm impedance,
Z',, of the derived structure in terms of Z,, Z,,
and m to get—

7" 7. s (1 m*)

m 4m (E0311)

The m-type section then takes the general form
shown in Figure 20-3(B). This applies to both
low- and high-pass types but Figures 20-3(C) and
20-3(D) show the respective values in terms of m,
L and C for low-pass and high-pass T-sections. It
may be noted that the second term of equation
(20:11) can be physically realized only if the value
of m lies between zero and —1. By using different
values of m within these limits, any number of m-
type sections having the same characteristic im-
pedance may be derived. It is only necessary 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 cutoff 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—
YA 1 —m*
m + 2 < 4m > 0

In the low-pass filter, we have already noted that—

(20:12)

j

Zy = 12=f,L. and Z, - 2:f;C‘

By substituting these values in equation (20:12)
and solving for the frequency of infinite attenua-
tion, f,, we get—

1 1 v 1
=/LC(1 —m?) =/LC /1 —m?
(20:13)

Since, as shown in equation (20:7), the cutoff fre-
quency in the low-pass filter is—

1

fe :
=/LC

my, (for the low-pass filter) can be determined in

terms of f, and f, as—

- - (Y

In a similar manner, m,, (for the high-pass filter)
can be determined by substituting the proper
values for Z, and Z. in equation (20:12), and its
value found to be—

- - W
me = |1-(77)

The closer the values of the two frequencies, f. and
f., are to each other the lower the value of m.

Curve B of Figure 20-4 is an attenuation-
frequency characteristic of a representative mi-
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.

(20:14)

(20:15)

20.4 Composite Filters

A complete practical filter, frequently called a
“composite” filter, consists of a prototype section
connected in tandem with sufficient m-type sec-
tions to produce the desired narrow transition
bands and the required loss in the stop bands. All
of these sections have the same characteristic im-
pedance since this was one of the basic factors on

60[ t -
} . Prototype
| B.f = 3100"™

50— ¢c.m= 06
: D - Total Loss

Loss in Decibels

3 4
Fregquency in Kilocycles

F1G. 20-4 CHARACTERISTICS OF SECTIONS OF COMPOSITE
Low-prass FILTER SHOWN IN FIG. 20-6
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Fi1G. 20-5 HALF T M-TYPE FILTER END SECTIONS

which the m-type was derived from the prototype.
Unfortunately, however, the characteristic im-
pedance of T-prototypes and their m-type sections
is not constant for all frequencies in the pass
band. Instead, this impedance decreases rapidly
and becomes zero at the cutoff value as we have
seen (Figure 20-2). Such an impedance charac-
teristic 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 ter-
minal impedance of the complete filter over the
pass band. This can be effected by adding a “half
T-section” at each end of the filter structure.

By splitting a T-seetion through its shunt arm,
we obtain two “half T-sections’, each having a
shunt impedance of twice that of the original T-
section, while the series arm of each of the half
sections contains one half of the original total
series impedance. This splitting arrangement is
illustrated in Figure 20-5(B). We may then re-
arrange the series and shunt arms so that the
network takes the form of a = as in Figure
20-5(C). It should be noted, however, that we are
not converting the 'F-section into an electrically
equivalent =-section, but simply rearranging the
positions of the series and shunt arms without
changing their respective values. The new struc-
ture will have the same loss as it had in its origi-
nal T form but its impedance will be changed
because we are now viewing the network “mid-
shunt” instead of ‘“‘mid-series”.

Now, if characteristic impedance is plotted
against frequency for various values of m it will
be found that the impedance of such a structure is
practically uniform over the major poriion of the
pass band when m is equal to 6.6. We can take
advantage of this fact by breaking this =msection

into two equal parts, each designed with m equal
to 0.6. and using each half as an end section of
the composite filter as shown in Figure 20-5(D).
The terminal impedances of the complete filter
will then be practically constant over the major
portion of the pass band.

In designing a filter we must know the fre-
quency band to be passed, the cutoff frequencies,
and the impedance of the circuit in which the flter
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—

73
R o (20:16)
for both the low- and high-pass filters. Combining
this relation with the value of the cutoff frequen-
cies as given in equations (20:7) and (20:8), we
have for the low-pass filter—

L _’f‘ (20:17)
and
1
‘ .
C R (20:18)
and for the high-pass filter—
K
L 4=f, (20:19)
and
C ! (20:20)
4=f.R )

These are the values of the inductance and capaci-
tance in the prototype sections. Constants of the
other sections are developed from these proto-
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type constants.

Example: Design a low-pass filter with a cutoff
frequency of 3000 cycles to work into an im-
pedance of 600/0°. To provide a sharp cutoff,
f- should be 3100 cycles.

Solutions: From equations (20:17) and (20:
18), the inductance aned capacitance for the
prototype will be—

R 600 :
L =f. 23000 .06366 henry or 63.66 mil hen.
c 1 1

=f.R  =3000 < 600
- .1768 x 10 “farador.1768 uf.

From equation (20:14) and Figure 20-3(C),
the m-type section for f, — 3100 will be—

Y /1 ( 3000
mi, l ( > | 3100 0252
7'1211 252 :':2 63.66 8.02 mil hen.

1 m* 1 (.252)2
L( 4m ) 63'66< 4 % .252 )

59.16 mil hen.
mC — 252 < .1768 — .04455 puf,

In a similar manner the end sections, where
m — 0.6, will be—

19.10 mh. 31.83 mh. 31.83 mh.
I OO0 <L POT0 ——g— OO0 —
33.96 mh. |
o5 1768 pf.
= 053 pt.
—- - = - - .
End Section Prototype
m=0.6
50.93 mh.
— THO .
33.96 mh 1768 pt
—~ .053 pf
_ e - 4 _

39.85 mh.

mL _ 6 X 8366 _ 1010 mil hen.

2 2
1 — m? 1 — (.6)* .
b . = 16. ] hen.
L ( Am ) 63 66( 4.6 > 16.98 mil hen
mC = .6 < .1768 = .106 uf.

The composite filter thus takes the form illus-
trated in Figure 20-6. The attenuation-fre-
quency characteristics for this composite
filter and each of its component structures
are illustrated in Figure 20-4.

20.5 Band Filters

Band filters may be obtained by connecting a
low-pass and a high-pass filter in series, with their
cutoff frequencies so arranged as to pass or sup-
press the desired band. In practice, however,
these filters are designed and built as a single
structure having two cutoff frequencies, using the
same principles as already discussed for the low-
and high-pass types. The band-pass filter shown
in Figure 20-2 is one of several prototype forms.
An m-type section can be derived for each of the
various prototypes, and the one in question is il-
lustrated in Figure 20-7. 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 neces-
sary to use half T-sections for the end termina-

8.02 mh. 8.02 mh. 19.10 mh.
— GO0 ———— D000 — OO
LN L
g 59.16 mh. g 33.96 mh.
- 0446 pf. —= 053 uf.
_ D . ) . . _
fr =31007 End Section
m = 252 m=0.6
27.12 mh.
- ———5000 - ~+
N
% 59.16 mh. %33.96 mh.
L 0446 pf. = 053 pf.
- — . _

Composite Low - Pass Filter

FiGc. 20-6 MAKE-UP OF TyPICAL CoMPOSITE Low-Pass FILTER
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F1G. 20-7 BAND-PASS FILTER SECTIONS

tions with m equal to 0.6, thus providing uniform
terminal impedances over the major portion of
the pass band.

If f, is the lower cufoff frequency, and f, the
upper cutoff frequency of the band-pass filter, the
constants of the prototype are—

L - :(f,,n. 5 (20:21)
c, (Z’,’—.fzf,;ll)_ (20:22)
L. H(é:;f,f,,fl)‘ (20:23)
C: =—r ! o (20:24)

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 following:

m - ’ 1 - [f}fjfi_f';i) ]-

where f, is the resonant frequency of infinite
attenuation.

Since there are two cutoff frequencies, f, and
fi. there should be two resonant frequencies to

(20:25)

provide infinite attenuation both above the upper
cutoff frequency, f,, and below the lower cutoff
frequency, f,. It may be noted, however, from an
inspection of the m-type section of Figure 20-7,
that for each value of m there will be two reso-
nant frequencies in the overall network of the
shunt arm. Therefore, when one resonant fre-
quency. f,, is selected, which determines the value
of m, the other resonant frequency is also estab-
lished. Both of these resonant frequencies, which
result from one value of m, will occur at points
having approximately the same percentage devia-

tion from ir_respeetive cutoff frequencies. For
example, in a band®pass filter designed to pass the
frequenc@band between 20,000 and 23,000 cycles,

if f. is 2% above the upper cutoff frequency of
23,000 cycles, its value will be 23,460 cycles. By
substituting these values in equation (20:25), 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 approxi-
mately 2% below 20,000 cycles.

20.6 Crystal Filters

In our discussion thus far, we have considered

GLASS-SEALED CRYSTAL UNITS
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filters built with ideal reactance elements having
no resistance. This, of course, is not the case in
actual practice. The presence of resistance in the
inductors used in filter sections introduces addi-
tional losses in the transmitting bands, and re-
duces the sharpness with which the filter cuts off.
In other words, the width of the 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 num-
ber of channels that can be obtained in a given
frequency range.

Other things being equal, the sharpness with
which a properly designed filter cuts off, or the
width of the transition band, is determined by
the ratio of the reactance to the resistance of the
inductors used in the filter. As we have noted,
this ratio of reactance to resistance is generally
referred to as Q. The reactance of a coil of given
inductance increases directly with an increase in
frequency while its resistance remains fairly con-
stant 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 practice. In the
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frequency range up to about 30 ke, this value of
Q has been found high enough to provide satis-
factory filters for carrier operation, but for fre-
quencies above this value filter elements having
higher Q’s are desirable.

One of the most practicable ways to obtain such
high Q elements is by the use of mechanical vi-
brating systems, such as the piezo-electric crystal,
which possesses a natural mechanical-electrical
relationship. Of the many substances that exhibit
this piezo-electric effect, one that has been found
most satisfactory for these purposes is crystalline
quartz. Artificially grown crystals of certain
chemical compounds are also used effectively.
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Best known of these are EDT (Ethylene-Dia-
mine-Tartrate) and DKT (Dipotassium-Tar-
trate). When a piezo-electric crystal is strained
mechanically, an electric field is set up in its
neighborhood, which will induce electric potential
in any conductors in the field. Conversely, when
a crystal is placed in an electric field, it is subject
to mechanical strain and its shape changes very
slightly. Thin slabs of the crystalline material
when cut in certain ways will exhibit these 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 erystal will reach a sharp ‘“‘resonant” maxi-
mum. The natural frequency, or period of vibra-
tion, of the crysta! depends on its dimensions, its
density, and its elasticity.

In an electric circuit such as a filter, a crystal
acts like an impedance that can be represented
electrically as shown in Figure 20-8, where the
inductance, L, represents the mass reaction of the
crystal against motion (inertia); the resistance,
R, represents the energy dissipating action in the
erystal as il vibrates; C, represents the natural
capacitance of the crystal when at rest (static
characteristic) ; and C, represents the elasticity
determining the storage of mechanical energy in
the crystal (dynamic characteristic).

The ratio of Coto C, 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 20-8 where
the series resonant frequency is f,, and the paral-
lel resonant frequency is f,. Since there is a fixed
ratio of C,to C, (125 to 1) for quartz, the parallel
resonant frequency, f, is always 0.4 per cent
higher than the resonant frequency, f,.. This may
be more easily understood if we keep in mind that
resonance occurs when the mass reaction repre-
sented by L and the elastic reaction represented
by C, are equal in magnitude but opposite in sign.
For parallel-resonance, however, C, must be taken
into consideration ard fthe effective capacitance in
132 of that for the
resonant condition, thereby making the parallel-
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 fre-

the looped circuit becomes

quency scale, and this can be varied at will by
cutting crystals of different dimensions.

If an auxiliary capacitor is placed in parallel
with the crystal, however, the effective capacitance
of C, is increased, and as a result the parallel-
resonant frequency can be made less than 0.4 per
cent above the series resonant frequency. This
can be done witkout detracting from the favor-
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FiG. 20-11 PRINCIPLE OF LATTICE NETWORK

able characteristics of the crystal because the Q
of the added capacitor will normally compare
favorably with the Q of the crystal.

As we have seen, the simplest form of a filter
circuit is the T-network. Now if crystals are
placed in the series and shunt arms of such a net-
work, we have the circuit shown in Figure 20-9,
where capacitors are also added in parallel with
the crystals to permit control of the band width.
The characteristics of such a filter circuit can be
analyzed by drawing the reactance curves for the
series and shunt arms, as illustrated in this same
Figure, where the auxiliary capacitors are assumed
for the moment to have zero value. If the crystal
elements are so selected that the resonant fre-
quency of the series arm (zero reactance) coin-
cides with the parallel-resonant frequency of the
shunt arm (infinite reactance), the T-network will
have points of maximum attenuation at the paral-
lel-resonant frequency of the series arm (infinite
reactance) and the series resonant frequency of
the shunt arm (zero reactance). The
pass band must therefore lie between
these two points of maximnm attenua-
tion, as indicated in the lower drawing.
Because of the limitation of the ratio of
the frequency of parallel-resonance to
that of series resonance, tne peaks of
maximum attenuation cannot be separa-
ted by more than 0.8 per cent of the
frequency scale; and with the shunting
capacitors, the separation will be less
than this amount, depending upon the
capacitor values.

20.7 Lattice Networks

A more general type of filter is ob-
tained by using a bridge type (lattice)
network as illustrated in Figure 20-10,
where the two series arms are alike as

are the two shunt arms, but the series and shunt
arms differ from each other. This type of net-
work is equivalent to a bridge circuit where no
current flows in the output when the bridge is
balanced, which occurs at the frequencies 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 20-10 where
1-2 and 3—4 are the input and output terminals,
respectively. At a frequency where the series and
shunt reactances are equal, there is the same volt-
age drop across 1-3 as across 1-—4. This means
that the voltage difference between 3 and 4 is
zero, and the filter network has an infinite loss.
When the frequency is such that the reactances in
the series and shunt arms are of opposite sign, on
the other hand, the voltage difference between the
output terminals 3—4 is equal to the input voltage
across 1-2, and current of this frequency is
passed with zero attenuation (assuming no energy
dissipated in the crystals).

This may be more easily seen from examination
of this network rearranged in the more conven-
tional balanced bridge form of Figure 20-11.
Here the series arms, A and A’, and the shunt
arms, B and B’, may be either positive (inductive)
or negative (capacitive) reactance, 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,
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when the frequency is such that the reactances in
these two arms are of the same sign, the voltage
across the output terminals 8—4 becomes less than
that across the input. The loss of the network
then takes some definite value between zero and
infinity.

At both the resonant frequency for the shunt
arm (zero reactance or short circuit) and the
parallel-resonant frequency for the series arm
(infinite reactance or open circuit), the voltage
across the output terminals will be the same as
that across the input terminals (assuming no
energy dissipated in the network elements). These
two frequencies are the cutoff values. This type
of lattice filter network therefore passes the full
0.8 per cent band, and the pass band (and the
corresponding peaks of infinite attenuation) may
be placed in any position by varying the ratio of
the impedances of the crystals in the series and
shunt arms.

If we are working in the frequency range of
100 ke (106,000 eycles), however, the 0.8 per cent
pass band is only 800 cycles, which is too narrew
for a voice chanrel. In practice, wider pass bands
are required. They may be obtained by adding
inductance coils in the network of crystals. As
we have seen such coils have a relatively low Q,
and they will be satisfactory, therefore, only if
they can be used in such a manner that the loss

(energy dissipated) they introduce does not over-
come the beneficial effect of the low loss of the
crystals. As a practical matter, it has been found
that within certain limits the Q of the cryvstals
has sufficient margin to make the use of such coils
possible witkout serious detrimental effects.
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Fic. 20-14 TyricAL BAND-PAss CRYSTAL FILTER

If a coil is placed in series with a crystal, the
reactance characteristics of the combination are
as illustrated in Figure 20-12, where there are
now two series resonant frequencies instead of
one. This characteristic curve is obtained by add-
ing the curve for the inductive reactance of the
coil to the reactance curve for the crystal. The
resonant frequencies occur at the two points
where the combined reactance curve crosses the
zero axis. It can be shown that when the parallel-
resonant frequency is half-way between the two
series resonant frequencies, the parallel-resonant
frequency is 4.5 per cent greater than the first
series resonant frequency. This means the two
series resonant frequencies are now separated by
9.0 per cent.

By adding inductances to the lattice network of
Figure 20-10 we have the filter illustrated in Fig-
ure 20-13, 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 characteristic curves show that this
filter arrangement now has a pass band of 3 x 4.5
or 13.5 per cent. Inthe frequency range of 100 ke
this means a pass band of 13,500 cycles. The fre-
quencies of infinite 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 capacitors 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 inductors
becomes rather large for widths of less than 0.5
per cent. Above 13.5 per cent width, the ordinary
coil and capacitor filter is satisfactory, and below
0.5 per cent width, where the losses of the coils
become serious, the all-erystal 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 paral-
lel 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.

Crystal filters have a wide field of application—
especially where ‘‘broad-band” carrier is em-
ployed. A representative band-pass crystal filter,
such as is used in the high-frequency cable carrier
system (Type-K), is shown schematically in Fig-
ure 20-14. It may be noted that this filter con-
tains two lattice sections. In each section, the
erystal elements in the series arms are identical
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and those in the lattice (shunt) arms are identi-
cal. However, the elements of one section are not
the same as those of the other section. The induci-
ances are now cut in half and placed outside of
the lattice. The shunting resistance between the
two sections, together with the resistance com-
ponents 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 smail
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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 “me-
chanically one”. This means actually that there
are but two physical crystals in each lattice sec-
tion, or four for the whole filter shown in Figure
20-14. This is accomplished by plating the sur-
faces of the crystals used with a thin layer of
aluminum which is divided along the center line
lengthwise of the crystal to form twe electrically
independent crystal units from a single crystal.
Since the crystals vibrate longitudinally with a
node across the middle, they are clamped at this
node in mounting as illustrated in Figure 20-15.
The four crystals used in the lowest frequency
channel (64 kc) cof the Type-K carrier system
range in length from about 1.65 to 1.58 inches,
while those in the highest frequency channel (108
ke) range from about 0.96 to 0.94 inch. These

3t
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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 20-16 is a representative loss-frequency
characteristic of a two-lattice section erystal band-
pass filter. The attenuation peaks nearest the pass

Cp Cs
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Fi1G. 20-18 CouPLED CIRCUIT

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. Consider-
ing cutoff 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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20.8 Radio-Frequency Filters

At radio frequencies it is customary to speak
of devices such as we have been discussing as se-
lecting or tuning circuits, rather than as filters.
And generally speaking, such devices at radio fre-
quencies may be considerably simpler in design
than many of the complex structures used in low
frequency work. Thus the tuning circuits used in
ordinary radio receivers are usually simple paral-
lel-resonant tank circuits as indicated in Figure
20-17, which may be tuned to a particular fre-
quency by varyving the capacitance. In effect, such
a circuit is a band-pass filter because, although in
theory it is resonant at only one frequency, the
resistance which is necessarily included in the
circuit broadens the tuning so that appreciable
bands of frequencies on each side of the resonant
frequency are also selected. This is illustrated in
the resonance curves shown in Figure 13-11. Per-
centagewise, the tuning may be quite sharp, but
at radio frequencies a very small percentage devi-
ation may well be sufficient to include a desired
frequency band, such as that required for ordi-
nary voice transmission. Thus, to pass a 10,000
cycle band where the radio carrier frequency is
1,000,000 cycles means a percentage deviation on
either side of the carrier frequency of only 1%.

The selected frequency band may be broadened
somewhat if necessary by using a transformer ar-
rangement in which both the primary circuit and
the secondary circuit may be separately tuned to

Fi1G. 20-19 WAVEGUIDE BAND-rPASS FILTER SECTION

resonance. One type of such an arrangement is
shown in Figure 20-18. Such a circuit may be de-
signed to serve the purpose of matching imped-
ances as well as acting as an effective band-pass
filter. Here if the primary and the secondary
circuits are separately tuned to the same fre-
quency, and the coupling between the primary
and secondary windings of the transformer is ad-
justed so that the current in the secondary is at
maximum (critical coupling) the inter-action be-
tween the two tuned circuits will be such that the
frequency response of the secondary circuit will
be broadened appreciably and the current will be
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constant over a moderately wide band of frequen-
cies. Closer coupling of the transformer windings
will result in an even broader frequency response
in the secondary, but at the expense of some de-
crease in the maximum current value.

20.9 Waveguide Filters

At super-high frequencies it is impracticable
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to use tuned circuits, such as we have been dis-
cussing, employing coils and capacitors. Analo-
gous principles apply, however, in the design of
waveguide filters. Thus the resonant cavity,
which we have already considered as being com-
parable in many respects to the parallel-resonant
tank circuit, now becomes the basic element of the
waveguide filter. Superficially, at least, if such a
cavity is inserted in a waveguide it might be ex-
pected to pass a narrow band of frequencies cen-
tering about its resonant frequency, and to reject
other frequencies.

Figure 20-19 (A) is a sketch of such a resonant
cavity designed for insertion in a waveguide hav-
ing the same cross-sectional internal dimensions
as the cavity. The screw shown centered in the
top wall of the cavity is known as a trimmer and
is used for making fine adjustments of the reso-
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nant frequency. The screw end projecting into
the cavity is located in the region of the strongest
electric field. Its presence tends to shorten the
electric lines of foree and thus has an effect simi-
lar to increasing the capacitance in an ordinary
tank circuit. In other words, inserting the screw
farther into the cavity lowers the frequency of
resonance of the cavity. This result is effectively
the same as if the length of the resonant chamber
were increased.

When the cavity is inserted in the guide its
ends are enclosed by thin plates which, however,
must contain openings to permit the wave of en-
ergy to pass through. The openings in the end
plates are usually known as irises. Inthe arrange-
ment shown in Figure 20-19 (B), the irises are
vertical and the plate assembly has an effect like a
shunt inductance because the plates projecting
into the region of greatest magnetic field effec-
tively shorten the lines of magnetic force. P’lates,
with their irises, of course represent discontinu-
ities in the guide and will therefore tend to cause
wave reflections and reflection losses. But, when
the cavity section is of proper length (in the
order of one-half wavelength) reflections return-
ing into the waveguide line in either direction from
the two discontinuities will be so phased as to can-
cel each other. At the particular frequency at
which this is true, there will be a substantial
standing wave within the cavity but from out-
side, the line will appear electrically smooth and
power will be freely transmitted.

The Q of cavity resonators, as has been noted
earlier, is very high as compared with that of any
practicable resonant circuit made up of inductors
and capacitors—in the order of 20,000 as com-
pared to a few hundred. The resonance peak of
the cavity is therefore relatively very sharp and
for most purposes a single cavity inserted in a
waveguide would not permit the passage of a suf-
ficiently wide band of frequencies. This difficulty
may be overcome by using two or more cavities in
series. Such cavities could be tuned to slightly
different frequencies but usually the tandem cavi-
ties will be tuned to the same frequency and
coupled in such a way as to obtain an increased
flat band of frequency transmission on the basis
of the principles discussed in the preceding
Article. Two types of coupled waveguide filters
are in general use. The first, known as iris-
coupled, where the resonant cavities are adjacent
to each other and coupled by an iris having a
considerably smaller opening than those at the
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outer ends of the cavity, is illustrated by Figure
20-20. The second type, known as a cavity-coupled
filter, is illustrated schematically in Figure 20-21.
Here the two cavities, tuned for the desired fre-
quency, are coupled by a third cavity which is
tuned to a frequency well outside of the range of
frequencies with which the particular sifuation is
concerned. Waveguide filters may be built with
practically any number of waveguide cavities in
tandem, although each cavity causes some loss
and it is therefore desirable not to use more than
iIs necessary. In practice as few as three such
cavities can be readily arranged to provide a flat
pass-band of up to as much as 50 me in width,
with very sharp cutoff on each side.
Band-elimination filters as well as band-pass
filters are frequently used in waveguide practice.
These are also sometimes known as band-reflec-
tion filters. A simple filter structure of this type
is shown in Figure 20-22 together with its analo-
gous circuit equivalent. The transverse rod ex-
tending partially across the guide has an inductive
effect, as it tends to shorten the lines of the mag-
netic field. The screw extending into the guide
from the top has a capacitive effect, as we have
already noted. Together they act like a series
resonant shunt across the guide, which can be
finely adjusted to present an effective “short-
circuit” at a particular frequency. When three of
these resonant shunts, spaced approximately a
quarter-wavelength apart, are used as shown in
the Figure, it is readily possible to adjust them
so that the structure will reject quite sharply a
band of frequencies as wide as 20 me, while pass-
ing other frequencies freely. It should be noted
that the energy of the rejected frequency band is
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not absorbed in the filter but totally reflected. we shall see in a later Chapter, this behavior is

Furthermore, the design is such that the reflec- put to very practical use in the channel separating
tions from the several shunts add in phase. As filter arrangement of microwave radio relay sys-
tems.
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CHAPTER 21
ELECTRON TUBES

21.1 Vacuum Tube Elements

Of the several major types of electron tubes
used in telephore and telegraph work, the best
known and most widely employed is the high-
vacuum thermionic tube, generally known simply
as a vacuum tube, and familiar to users of radio
receivers and comparable devices. This tube con-
sists essentially of a metal or glass envelope from
which practically all air or other gases have been
evacuated, and into which are sealed two or more
electrodes whose terminals may be connected to
external circuits. One of these electrodes, known
as the emitter or cathode, is the source of the
free electrons that are essential to the tube’s
operation,

Electrons are supplied from the cathode by vir-
tue of thermionic emission. This depends on the
fact that certain metals or metallic oxides, when
heated to a point of incandescence, tend to release
electrons from their surface atoms into the sur-
rounding space. Effectively, electrons “boil out”
of the metallic surface in very considerable num-
bers to form a cloud of free electrons surrounding
the electrode. This cloud is of course negatively
charged and is known as the “space charge”. If
other electrodes in the tube are at the same poten-
tial as the cathode, the space charge cloud will
quickly reach a stage of equilibrium depending
on the temperature of the cathode, with electrons
in equal numbers being emitted and returned to
its surface. However, when a potential positive
with respect to the cathode potential, is applied
to another electrode, the electrons will be attracted
to it and a continuous stream of electrons will
flow from the cathode to the positively charged
electrode, which is usually known as the anode or
plate. This stream of electrons constitutes a flow
of electric current (which, however, in accordance
with the convention adopted long before electrons
were discovered, is considered as flowing from
the anode to the cathode).

Cathodes of thermionic vacuum tubes may be
heated directly by a current of electricity supplied
from a battery or other appropriate source. In
this case, the cathode will be in the form of a fila-

ment as in an ordinary electric lamp bulb. Cath-
odes are frequently heated indirectly, in which
case the cathode itself usually takes the form of
a small oxide-coated cylinder, within which is en-
closed an electrically insulated filament. This fila-
ment is alse heated by an electric current but its
electric circuit has no connection with the operat-
ing circuit of the tube. In most drawings of
vacuum tube circuits, the heating element is for
this reason not shown.

21.2 Twe-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 or diode
illustrated in Figure 21-1. Here the cathode is in-
directly heated from an external source and the
plate battery B holds the plate at a pesitive po-
tential with respect to the cathode. Under these
conditions, as we have already noted for the gen-
eral case, direct current will flow through the
plate-cathode-B battery circuit and will register
on the milliammeter. The value of current flow-
ing for a given value of cathode temperature, and
with other operating conditions remaining un-
changed, will depend upon the voltage of the B
battery. Figure 21-2 is a curve showing the rela-
tion between this space current and the plate volt-
age for three different values of cathode tempera-
ture. 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
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given temperature is reached. The failure of the
space current to continue its increase further with
increasing plate voltage is due to the fact that the
cathode is emitting the maximum number of elec-
trons possible for that particular temperature. If
the cathode temperature is increased, the satura-
tion point will increase correspondingly, as shown
by T. and T in the Figure. In practice, a vacuum
tube is ordinarily operated at such a cathode tem-
perature and plate voltage range that this satura-
tion point will not be reached.

Under these normal operating conditions, the
electron flow in the diode is dependent only on the
plate voltage. Increases and decreases of plate
voltage will cause corresponding increases and
decreases of plate current. If the plate voltage is
reduced to zero, or is made negative with respect
to the cathode, there will be no current flow. The
tube permits current flow in only one direction
and, therefore, may be used as a rectifier or de-
tector. Thus, if an alternating emf is substituted
for the B battery in Figure 21-1, a space current
varying in value for the positive half-cycle of
voltage but completely cut off for the negative
half of the eycle will result.

21.3 Three-Electrode Tubes—Triodes

The type of vacuum tube most widely employed
in telephone work, 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 21-3. In this device, the elec-
trons that 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 con-
trol grid. Due to the relative positions of the con-
trol 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 con-
trol grid of a typical tube used in telephone re-
peaters, 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 of the plate to the change in control grid
voltage producing an equivalent effect, is called
the amplification factor of the tube, and is usually
designated by the symbol, . Its value depends
entirely upon the mechanical design of the tube.

The utility of the triode tube in communication
circuits is primarily due to the sensitive response
in the plate circuit to small impressed potentials
on the control grid. In this connection the control
grid, in its control over the current in another cir-
cuit, is analogous to the valve of a water faucet.
It decreases or increases 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 cir-
cuit. To best illusirate the relation between the
control grid voltage and the current in the plate
circuit, a curve is employed which is known as the
characteristic operating curve or transfer charac-
teristic of the particular type of tube. Figure 21-4
illustrates such a curve for a single value of plate
voltage. Here the 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 the vertical ordinate shows the correspond-
ing plate current value.

When the control grid is strongly negative with
respect to the cathode, its field overpowers that
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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 gradually reduced, 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 flows in the circuit of the con-
trol 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 21-4. When the control grid be-
comes 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 piate currents is limited by the
ability of the cathode to emit electrons. Congse-
quently, as the control grid becomes more and
more positive, the plate current curve bends to-
wards a horizontal direction at its upper eand and
may even fall again due to the control grid tak-
ing a larger share of electrons. The point at which
this flattening takes place depends on the tempera-
ture of the cathode, as pointed out in connection
with Figure 21-2.

At low frequencies, the circuit between the con-
trol grid and cathede is substantially open when
the control grid is negative since no current flows
through the space by transfer of electrons. As in
the case of any two metallic electrodes separated
by an insulating medium, however, there is some
capacitance in the cathode-control grid circuit,
which will permit some charging current to flow.
The capacitance is so small that the charging cur-

rent will be negligible at low frequencies, but at
radio frequencies this capacitance effect may be-
come 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 21-2 in
that the potential of the plate must be made great
enough to overcome the effect of the control grid
vefore any current will flow. This is illustrated by
Figure 21-5 for a single value of grid voltage. The
potential at which current begins to flow is ul,
where &, is the voltage of the control grid. Above
this value the current varies as shown by the
curve of Figure 21-5, which is similar to the curve
for a two-electrode tube. Such a curve is knewn
as the plate characteristic of the tube.

In the design of triodes, one of the major char-
acteristics of the tube to be considered is the am-
plification factor 1. As noted earlier, this is the
ratio of a small change in plate voltage to a cor-
responding small change in grid voltage, with the
plate eurrent he.d constant. This may be repre-
sented by the equation—

E 3
o
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In more mathematical language, yu is the slope at
a given plate current value of a curve in which
grid voltage is plotted against plate voltage. Its
value may therefore be written as—
AFE,

: ' 21:2

@ AR, (21:2)
where A indicates a very small change in the
quantity which it precedes. The minus sign is
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necessary because the simultaneous changes in
plate voltage and grid voltage are in opposite di-
rections.

Another fundamentally important characteris-
tic of a vacuum tube is its output or plate resist-
ance, which is usually designated R, This is
somewhat different from a resistance in the ordi-
nary sense because the ratio between plate voltage
and plate current is not a simple application of
Ohm’s Law. Plate resistance of the tube is more
in the nature of an “a-c resistance”. It is the
ratio of a small change in plate voltage to a cor-
responding small change in plate current, with
the grid voltage held constant. In other words, it
is the slope of a plate voltage-plate current char-
acteristic curve such as is shown in Figure 21-5,
or—

AE,
Al,

A third basic characteristic of a vacuum tube
is its transconductance, usually designated G,.
This is defined as the ratio of a small change in
plate current to a corresponding small change in
grid voltage, with the plate voltage held constant.
It is the slope of the grid voltage-plate current
characteristic curve of Figure 21-4. That is—

A,
AE,
where G, will be in mhos when I, and E, are in
amperes and volts respectively.

Inspection of equations (21:2), (21:3) and
(21:4) will show that the three characteristics
are inter-related as follows—

R, (21:3)

G (21:4)

u - G.R,; R, cand G, — & (21:5)
R,

L
G"l
21.4 Dynamic Characteristics of Tubes

Curves of the types shown in Figures 21-4 and
21-5 are known as “static” characteristic curves

because they are plotted on the basis of fixed d-c
potentials at all points. In nearly all practical ap-
plications of vacuum tubes, a-c or rapidly varying
potentials are superimposed on the fixed d-c poten-
tial. Thus in Figure 21-6, the alternating voltage
E, is shown impressed on the grid in series with
the fixed negative potential of the battery C. The
outstanding characteristic of this simple circuit is
its ability to amplify small voltage changes im-
pressed by E, to comparatively large current
changes in the plate circuit. The grid voltage-
plate current characteristic of the tube, which is
of the form shown by Figure 21-4, is redrawn in
Figure 21-7. Here the alternating input voltage E;
is shown as a sine wave impressed on the charac-
teristic curve at the point P, where the distance
from P to the vertical zero axis indicates the fixed
negative bias maintained by the grid battery. The
resulting plate current is shown as a sine wave
about the horizontal axis drawn to the right from
P. The form of the plate current wave is a faith-
ful reproduction of the a-¢c wave impressed on the
grid as long as the portion of the tube character-
istic involved is a straight line. Furthermore, as
long as the varying grid voltage remains negative
with respect to the cathode, there is no current
flowing to the grid and no power is expended in
the input of the circuit.

The circuit of Figure 21-6 is interesting but it
obviously has little practical value unless some
means is employed to obtain useful output voltage
or power. One method of doing this is to connect
a load resistance, I, in the plate circuit as shown
in Figure 21-8. In this case, current flowing in
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the plate circuit will cause a proportional voltage
drop across the load resistance E,. The output
voltage E, represented by this voltage drop can
then be applied to other circuits. The presence
of the load resistance, however, will change the
shape of the grid voltage-plate current character-
istic of the tube. Instead of the static character-
istic curve of Figure 21-4, the new curve will be
a “dynamic” charucteristic. This is illustrated in
Figure 21-9, where 4 reproduces the static char-
acteristic curve of Figure 21-4, and B is the dy-
namic characteristic resulting from the addition
of the load resistance I?,. The difference is due to
the fact that the voltage drop across I2,, being in
series with the B battery, causes the positive po-
tential at the plate to vary with the amount of
current flowing in the plate circuit in accordance
with the following—

Ep Elf_]p[l)[ (21:6)

where F, is the d-c¢ voltage applied in the plate
circuit.

In Figure 21-9, P is the point on cutve 4 cor-
responding to the fixed value of grid bias pro-
duced by the C battery. In order that the dynamie
characteristic may pass through this point, it is
assumed that the value of the B battery is in-
creased until the net voltage at the plate is the
same as in the static condition with no load re-
sistance present. P is ‘hus established as a com-
mon reference point for the two curves. When
the grid voltage increases, the resultant increased
plate current causes an increased voltage drop
across II;. This reduces the plate potential and
thus prevents the plate current from increasing
to the same extent that it would increase without
the load for a like increase in grid voltage. This
means that the dynamic characteristic falls below
the static characteristic at all points to the right
of P. On the other hand, when the grid voltage
decreases below the value at P, the decrease in
plate potential due to the voltage drop in the load

resistance is less than the amount by which the
B battery voltage was increased. The dynamic
curve, therefore, lies above the static curve at all
points to the left of P. The net result, as indi-
cated in Figure 21-9, is that the dynamic curve is
considerably flattened and is more nearly a
straight line than the static curve. The difference
in slope also shows that the amplification of the
circuit with an output load may be expected to be
less than that indicated by the amplification fac-
tor of the tube.

The voltage amplification of the circuit of
Figure 21-8—i.e., the ratio of the output voltage
E, to the input voltage F,, is readily calculated
from Figure 21-10. Here the tube and its input
has been replaced by an equivalent circuit. This,
in accordance with Thevenin’s Theorem, consists
of the tube output voltage, which is equal to uF,
in series with its output resistance R,, as shown
at the left of points 1 and 2. From this simple
circuit it is evident that—

:JE,' RI.

B R, + R,

and from this, the voltage amplification of the cir-
cuit is—
E, ult;

7
E R, + R, {50

Inspection of this last equation shows that the
voltage amplification or “gain” of the circuit is
always less than the amplification factor of the
tube, but that it approaches the amplification fac-
tor as the load resistance increases.
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F1cG. 21-9 EFFECT oF LOAD RESISTANCE ON PLATE
CURRENT-GRID VOLTAGE CHARACTERISTIC CURVE
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The voltage amplification can also be deter-
mined graphically from a static plate characteris-
tic curve by the method illustrated in Figure 21-
11. Here is plotted a family of plate characteristic
curves for different values of grid bias voltage.
Across these curves a straight line known as a
load line is drawn. This load line applies to only
one specific load resistance value. It merely repre-
sents the effect of the voltage drop in the load on
the plate potential, and is exactly defined by equa-
tion 21:6 (£, — E, — I,R,). The intersection of
the load line with the horizontal axis where
I, 0 is obviously at the point where £, — E,.
The intersection with the vertical axis, when
E, = 0, would be at the point where I, - E,/I2,.
The intersection of the load line with any one
of the plate voltage-plate current characteristic
curves represents the zero input condition of the
tube for the particular value of grid bias apply-
ing to that curve. When an alternating voltage is
applied to the grid, the instantaneous relation be-
tween plate current and plate voltage will then be
represented by a point swinging back and forth
along the load line through the points of inter-
section.

The application will perhaps be better under-
stood by means of a concrete example. The char-
acteristic curves of Figure 21-11 are drawn for
a representative triode connected in a simple am-
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plifying circuit as in Figure 21-8. The plate sup-
ply voltage E, is assumed at 140 volts, grid bias-
ing voltage —4 volts, and the load line is drawn
for a load resistance of 6000 ohms. The static con-
dition of the tube is represented by the intersec-
tion of the load line with the —4 volt curve at
point P as indicated. The values of £, and I, are
then 95 volts and 7.5 milliamperes respectively.
The corresponding voltage drop across the load
resistance is then 45 volts (which is equal to
140 95 and to .0075 6000). Now, if an alter-
nating voltage having a maximum swing of plus
or minus 4 volts is applied to the grid, the operat-
ing point of the tube will swing along the load
line between points (L) where it intersects the
E, 0 curve, and (H) where it intersects the
E, 8 curve. These points establish the maxi-
mum and minimum values of the plate voltage as
107 and 82 volts respectively; and the maximum
and minimum values of the plate current as 9.6
and 5.4 milliamperes respectively. Thus the dia-
gram shows that an input peak-to-peak voltage
variation of 8 volts on the grid results in a varia-
tion of 25 volts at the plate. The voltage ampli-
fication under these conditions of operation is,
therefore, 25/8 or 3.1.
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F1G, 21-12 FOUR-ELECTRODE VACUUM TUBE

21.5 Multi-Electrode Tubes

There are many designs of vacuum tubes con-
taining more electrodes than the tubes we have
been considering. Most widely used of these are
four electrode tubes or tetrodes and five electrode
tubes or pentodes. The basic theory of operation
of such tubes is essentially the same as that of the
triode. The additional electrodes act to improve
the operating characteristics with respect to the
amount of amplification to be obtained and may
have other desirable effects.

At relatively low frequencies, the amplification
factor p. of a triode can be made to have almost
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any desired value by properly spacing and propor-
tioning the three electrodes. When tubes are used
with higher frequencies such as are encountered
in radio and other high-frequency systems, the
effect of inter-electrode capacitance becomes in-
creasingly important. This is particularly true of
the capacitance between the plate and control
grid, where its coupling effect may be especially
troublesome because it provides a path between
the input and output of the tube through which
output energy may feed back into the input cir-
cuit. This plate-control grid capacitance effect can
be practically eliminated by placing a shielding
grid between the control grid and the plate as
illustrated in Figure 21-12. This grid is known as
a screen grid, and the four-electrode tube is then
known as a screen grid tetrode.

As the plate is shielded by the screen grid from
the other electrodes, if (plate) has little effect in
withdrawing electrons from the space charge
area about the catnode. This function is taken
over by the screen grid which is given a positive
potential for this purpose. The flow of electrons
from the cathode, and their control by the control
grid, is practically the same as discussed in the

14 T
13
12 I~ Screen - Grid Voltage (E5) = 75 Volts
E .= Control - Grid Voltage
11+
Plate Current
———~-Screen - Grid Current
10+
- ESC -
g 9
a
£
Kt
z
¢33
5
5
(]
0

25 50 75 100 125 150 175 200 225 250 275
Plate Voltage

F1G. 21-13 CHARACTERISTICS OF FOUR-ELECTRGODE TUBE

Plate

Screen Grid
Control Grid “:_ _Suppress); Grid o 1
ﬁl— ] L

— / | 'MA

[- Cathode ‘__I ‘ v

i
c 4 B

Fie. 21-14 FIVE-ELECTRODE VAcCUUM TUBE

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 the three-electrode tube. However,
the electrons constituting the space current, on ar-
riving in the area of the screen grid have ac-
quired such a velocity that most of them pass
through the openings in the screen grid and, at-
tracted by the still higher positive voltage of the
plate, continue on to the plate. A small portion of
the electrons is. of course, intercepted by the
screen grid and does not reach the plate. This is
illustrated by the plate voltage vs. plate and
screen grid current curves in Figure 21-13 for a
representative screen-grid tetrode.

In the normal working range of the tube, where
the characteristic curve is relatively flat, it will
be noted that the plate current change is quite
small for a considerable change in plate voltage.
This means that the output resistance of the tube
is very high as compared to the triode. Due to
the presence of the screen grid, the variation of
plate voitage has relatively little effeet on the
plate current, but the control grid retains the
same control of plate current as in the triode.
The amplification factor is accordingly much
higher.

It will be noted, however, that at plate voltages
close to or less than the fixed screen grid voltage,
the characteristic curves show a pronounced drop
in the plate current. This is due in part to the
fact that the screen under these conditions is
drawing an excessive part of the cathode current
because of its relatively high positive potential.
More important is the fact that it is now attract-
ing electrons emitted by the plate as a result of
secondary emission. This emission is caused by
the high-speed electrons striking the plate with
such force as to knock some of the outer electrons
out of the plate material. Under normal operating
conditions these secondary electrons will fall back
into the plate due to the influence of its positive
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potential ; but if the screen potential is as high or
higher than the plate potential, some of them will
be attracted to the screen, thus effectively reduc-
ing the total flow to the plate and increasing the
screen-cathode current., Obviously, operation of
the tube in this region would result in marked dis-
tortion of the output signal. Generally, therefore,
screen grid tubes must be operated with a plate
supply voltage sufficiently high so that the maxi-
mum negative swing resulting from the control
grid input signal will not reduce the instantane-
ous plate potential to a value approaching that of
the screen.

While there is always some secondary emission
of electrons from the plate ot a tube, its effect on
the tube’s operating characteristics can be prac-
tically eliminated by introducing another grid be-
tween the plate and the screen grid, as shown in
Figure 21-14. This grid, whieh is maintained at a
potential negative with respect to the plate, is
called a “suppressor grid” and the tube then be-
comes a suppressor-grid pentode. The suppressor
grid is usually connected directly to the cathode,
often inside the tube. Its field repels the second-
ary electrons emitted from the plate, forcing

them back to the plate. Figure 21-15 shows char-
acteristic curves for a tube of this type. It will
be noted that like the screen grid tetrode, both the
amplification factor and output resistance are
high.

Typically, the small pentode designed primarily
for voltage amplification has a plate resistance R,
of more than 1 megohm, with an amplification
factor u somewhere between 100 and 5000. The
extremely high plate resistance tends to limit the
usefulness of such a tube for power amplification.
More effective for the latter purpose is the beam
power tube which is fundamentally a tetrode that
secures the effect of the pentode’s suppressor grid
by increasing the electron space-charge in the
region between the screen grid and the plate.

The structure of this tube is indicated by the
diagram of Figure 21-16, which represents a
lateral cross-section. As shown, the cathode is
flattened with the control and screen grids sur-
rounding it at relatively close spacing. Both el-
liptical grids are wound with the same number of
turns and these are so aligned that each wire of
the control grid is directly in front of the screen
grid as viewed laterally from the cathode. The
spacing between the screen and the plate is rela-
tively large. The beam-forming plates at each side
are connected directly to the cathode. When the
tube is in operation, these plates act to focus the
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electrons emitted by the cathode into lateral beams
as indicated in the drawing. The concentration of
the electrons, together with the wide spacing be-
tween screen and plate, results in relatively large
numbers of electrons being present in this space
at all times. The negative space charge thus es-
tablished in the screen-plate space is large enough
to hold the potential within the space to a value
lower than the voltage of either the plate or the
screen. It accordingly acts to suppress secondary
emission from either of these electrodes in much
the same way as the suppressor grid of the pen-
tode does. The characteristics of the tube are
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therefore very similar to those of the pentode.
However, the lateral alignment of the wires of
the control and screen grids effectively shields the
screen from the electron beam so that there is
practically no screen current. The amplification
factor is comparable to that of the pentode, al-
though generally somewhat lower. The plate re-
sistance is substantially lower (in the order of
50,000-100,000 ohms) which accounts for the ad-

vantage of the beam tube for power amplification.

There are many other possible designs of multi-
electrode tubes, some practical types of which con-
tain as many as eight electrodes. It is customary
also to employ multi-unit tubes in which two or
more independent electronic circuits are included
in a single envelope. The structure of such tubes
is indicated by their designations such, for ex-
ample, as duplex-diode, duplex-diode-triode, twin-
pentode, etc.
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CHAPTER 22

ELECTRON TUBES

22.1 Gas Tubes

Gas tubes are electron tubes whose envelopes
have been evacuated, and then partially refilled
with a small carefully regulated amount of an
inert gas, such as argon or neon, or a metallic
vapor, usually of mercury. Gas tubes are com-
monly built as diodes or triodes, and sometimes as
tetrodes. They are generally similar in appear-
ance to high-vacuum tubes but have considerably
different electrical characteristics.

In the thermionic gas diode, which is symboli-
cally represented as shown in Figure 22-1(A),
where the black dot indicates the presence of gas
in the tube envelope, electrons will be emitted by
the heated cathode just as in the case of the high-
vacuum tube. Also, if a relatively positive poten-
tial is applied to the plate, the electrons will flow
from the cathode to the plate. As the plate volt-
age Is Increased, the plate current will tend to
build up along a characteristic curve similar to
that of the high-vacuum tube. But, as the num-
ber and velocity of the moving electrons increases,
they will collide in increasing numbers with the
gas atoms in the intervening space. Some of these
collisions will cause ionization of the atoms—i.e.,
separation of an outer electron from the atom,
leaving a positively charged ion, Such action in-
creases the number of electrons moving toward
the plate, and further adds to the net current by
creating a flow of positive ions moving toward the
cathode. The net result is that after a certain
critical potential difference is reached, the tube
“breaks down” or effectively “arcs over” and be-
comes a relatively good conductor. The critical
voltage at which this occurs is known as the ioni-
zation potential or firing point of the tube. After
ionization has occurred, the value of the current

s, =
I
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(Continued)

flowing is determined by the resistance in the ex-
ternal circuit, and it may increase up to the maxi-
mum permitted by the emission capabilities of the
cathode without any further increase in the plate
potential. As a matter of fact, current will con-
tinue to flow freely even when the plate potential
is reduced considerably below the firing point.
There is a minimum sustaining value of plate po-
tential, however, below which the gas will de-
tonize and conduction will stop.
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The behavior of the tube is illustrated by the
heavy curve of Figure 22-2, which also shows by
the dotted curve the comparable behavior of a
high-vacuum tube. It may be seen that the tube
is effectively an electronic switch, which closes at
a certain critical voltage to permit a relatively
large current to flow, and opens at some lower
voltage to stop the current flow. When the voltage
is below the firing point, the tube has an extremely
high resistance, but as soon as ionization occurs,
its resistance is very low, Thus, it is a switch that
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can be closed almost instantaneously, and with
practically no power, by the mere application of
a suitable voltage to the plate. On opening, how-
ever, an appreciable time is required for the gas
to de-ionize completely. This time will ordinarily
be in the order of a hundred microseconds.

The gas triode is constructed with a third elec-
trode or grid placed between the cathode and
anode in much the same way as the control grid
of a high-vacuum tube, as shown in Figure 22-
1 (B). The operation of the tube is not funda-
mentally different from the gas diode, except that
the firing point may now be controlled by the
voltage applied to the grid; and since the grid is
closer to the cathode than to the plate, the voltage
to be applied to start ionization is smaller. The
gas triode cannot act as an amplifier, however,
because once ionization is started, the grid has no
further control of the current flowing across the
tube, unless it is made so negative as to cause de-
ionization,

In both gas diodes and triodes employing heated
cathodes, the construction is such that the anode
is much larger than the cathode. Because of this
fact, and the fact that the relatively heavy posi-
tive ions naturally travel at a much lower speed
than the electrons, the flow of current across the
tube is essentially in one direction only. These
tubes may, therefore, be used as rectifiers, as dis-
cussed briefly in a later Chapter.

Gas tubes in which the cathodes are not heated
are known as “cold-cathode” tubes. In this case,
there are no electrons “boiling out” of the cathode
but there are always a few free electrons floating
about in the cathode-anode space. If a relatively
positive voltage is applied to the anode of such a
tube, these free electrons will be attracted towards
the plate. As their velocity is increased, they will
ionize atoms with which they collide. If the ap-
plied voltage becomes sufficiently high, the tube
will break down and conduct a current in the same
way as does the hot-cathode tube. As would be
expected, the break-down voltage of the cold-
cathode tube must be higher; and the total cur-
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rent that can flow in the space, following ioniza-
tion, is lower than in the hot-cathode tube because
the cathode is not supplying electrons by therm-
ionic action. Within these limitations, however,
the cold-cathode tube has the same general char-
acteristics as the heated tube, and has the advan-
tage that it does not require a continuous source
of power for its operation. It is, therefore, par-
ticularly useful as a switching device where the
required operation is highly intermittent, In cold-
cathode tubes, the cathode is ordinarily much
larger than the arode, with the result that the
flow of electricity in the ionized tube miay be in
both directions. The tube, therefore, has no appli-
cation as a rectifier.

An important feature of all gas tubes is that
after ionization, the voltage drop across the tube
(cathode-to-anode) is constant over a considerable
range of eurrent variation. This is a characteris-
tic of the are discharge itself, and has nothing
to do with the positioning or shape of the tube
elements. The total voltage drop occurs in a thin
film surrounding the cathode, and its value de-
pends entirely upon the nature of the gas with
which *he tube is filled. This characteristic leads
to the extensive use of gas tubes as voltage regu-
lators. Thus. if a tube is placed across a circuit
as shown in Figure 22-3, and the applied voltage
is suflicient to start ionization, the load voltage
will take a value depending only on the tube volt-
age drop characteristie, and will remain constant
at that value regardless of variations in the ap-
plied voltage.

22.2 Phototubes

The phototube is ordinarily a high-vacuum tube
having two electrodes, Its action depends upon
the property of certain metals, notably sodium,
potassiam, rubidium, and caesium, to emit elec-
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trons when irradiated with visible or ultra-violet
light. As indicated in Figure 22-4, the photo-
emissive cathode is much larger than the anode.
The electrons which are emitted as a result of
light falling on the photo-active metal of the
cathode, are drawn away to the positively charged
anode, thus establishing a small current of elec-
tricity which varies in strength with the intensity
of the light.

In communications work, phototubes are used
principally in connection with telephotography.
Here they perform the essential function of pro-
ducing an electric current which varies with the
intensity of a beam of light reflected from the
picture being transmitted. A much larger field of
use for these tubes is in sourd motion picture pro-
jection where they translate the “sound-track” on
the edge of the film into sound. They are also
employed extensively for operating relays under
light control in various industrial applications.

22.3 The Cathode-Ray Tube

The cathode-ray tube is a highly specialized
type of electron tube which has many uses as a
testing and measuring instrument, although its
current widest application is as the “picture tube”
of the ordinary television receiver. Tubes of this
type were in use in many electrical laboratories
long before the invention of the tubes discussed
in the preceding Articles.

Figure 22-5 shows the general structure of a
representative “electro-static” cathode-ray tube.
The cathode, which is indirectly heated, is a small
cylinder, oxide-coated at tke end so that it has
the ability to emit electrons in large quantities.
The control electrode (sometimes called the grid
because of its analogy to the corresponding elec-
trode of the ordinary triode) is a metal cylinder
with a circular hole in its forward end, which is
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located close to and partially surrounding the
cathode. The control electrode serves the double
purpose of controlling the number of electrons
emitted by the cathode, and of focusing the emitted
electrons so that they will form into a narrow
beam emerging through the hole in its end. As in
other tubes, the controlling effect of this electrode
is affected by the application to it of a voltage
negative with respect to the cathode.

In front of the control electrode is an anode,
known as the first or focusing anode, which is
maintained at a potential positive with respect to
the cathode (usually by several hundred volts).
This electrode is also in the form of a cylinder,
somewhat larger in diameter than the control elec-
trode, having holes in its ends through which the
emitted electrons may pass. A second anode,
known as the accelerating anode, maintained at a
still higher voltage (usually one thousand or more
volts) is placed in front of the first anode. This is
a still larger cylinder likewise having small holes
in the ends. The two anodes act together to at-
tract electrons from the cathode, and to cause
their forward movement at high velocity (up to as
much as 25,000 miles per second). Some of the
emitted electrons will of course strike one of the
anodes and be neutralized, but because of their
high velocity, and because the arrangement of the
two anodes acts as a sort of “lens’” to focus the
electrons into a narrow beam, most of the emitted
electrons will proceed ahead through the holes in
the several electrodes to the distant end of the
tube. The four electrodes together are commonly
called an electron gun.

The electrons reaching the distant end of the
tube, which is coated on the inside with a fluo-
rescent material, give up their energy of motion
causing the fluorescent screen to emit light from
the point of impact. The spent electrons then find
their way to the conducting coating of aquadag
with which the sides of the tube are lined, and
are returned to the accelerating anode. Inci-
dentally, it may be noted that the tube is usually
operated with the accelerating anode at ground
potential, which of course means that the poten-
tial of the cathode is highly negative.

The practical usefulness of a cathode-ray tube
depends upon deflecting the beam of electrons
from the gun in such a way that a pattern will be
traced on the screen. In the electrostatic tube
shown in Figure 22-5, these deflections of the
beam are caused by voltages applied to the two
pairs of deflecting plates. Thus, if one of the
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vertical deflecting plates is made positive with re-
spect to the other, the negative beum of electrons,
as it passes between them, will be deflected in the
direction of the more positive plate, and the point
of light on the screen accordingly will move verti-
cally. Similarly, a difference of potential on the
horizontal deflecting plates will cause the light
spot to be deflected horizontally. Because of the
almost negligible mass of the electrons in the
beam, there is practically no inertia, and the beam
can be moved about with extreme rapidity. Thus,
if a high frequency sine wave voltage is applied
to the horizontal deflection plates, the spot of light
will sweep back and forth in a horizontal line at a
rate equal to the frequency of the applied voltage.
Due to the persistency of phosphorescence of the
screen material, a horizontal line of light will be
seen on the screen. The same voltage applied only
to the vertical deflecting plates will similarly pro-
duce a vertical line on the screen. It follows from

the geometry of the tube that voltages of the same
frequency applied simultaneously in phase to the
two pairs of plates will produce a straight diag-
onal line; while the same two voltages applied 90°
out of phase will produce a cirele.

More significant as a practical matter, is the
fact that the tube may be used to display the pat-
tern of a voltage wave of practically any form or
frequency. For this purpose, the voltage being
investigated is applied to the vertical deflecting
plates. At the sume time there is applied to the
horizontal deflecting plates a sweep voltage hav-
ing a saw-tooth pattern in which the potential
difference increases at a constant rate over a time
equal to the period of the voltage applied to the
vertical plates, and then returns quickly to its
starting point. The pattern of the wave applied
to the vertical deflecting plates will then be re-
peated continuously so that it will appear as a
steady picture on the screen.

For the picture tube of a television receiver,
both sets of deflecting plates are connected in
sweep circuits to move the beam over the surface
of the screen in synchronism with the seanning
devices of the ‘“television camera”. The control
electrode varies the intensity of the electron beam
(and the light spot) in accordance with the re-
ceived television picture signal.

Cathode-ray tubes may also employ electro-
magnetic means for both focusing and deflecting
the electron beain. An electromagnetic tube is
shown in Figure 22-6. It will be noted that both
the focusing and deflecting coils are outside of the
tube envelope, which helps to make the tube some-
what more rugged than the electrostatic tube.
The focusing coil is in the form of a ring, which
fits over the neck of the tube. Its ability to focus
the electron stream from the gun into a narrow
beam depends on its location with respect to the
anode and the amount of current flowing in its
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windings. The deflection coils are in two pairs, as
indicated. The electron beam is of course effec-
tively a current of electricity and like all other
electric currents is accompanied by a magnetic
field. This field inter-acts with the fields of the
deflection coils when they are energized in such a
way as to exert pressure on the electron beam,
just as pressure is exerted on a current-carrying
wire in the presence of an external magnetic field.

In addition to greater ruggedness, the electro-
magnetic tube has the advantage that large de-
flections of the electron beam may be obtained
without the employment of the excessively high
voltages that would be necessary for like deflec-
tions in an electrostatic tube of equal total length.
Tubes of this type are, therefore, generally used
in television receivers where relatively large pic-
tures are required. The electrostatic type has its
chief application in laboratory devices such as the
cathode-ray oscilloscope, where it is somewhat
more effective than the electromagnetic tube when
working with very high frequencies.

224 The Klystron

In the operation of electron tubes, it is some-
times necessary to give consideration to the time
required for the electrons to travel between cath-
ode and plate. In the usual triode, this “transit
time” is normally in the order of 10-* to 10"
seconds, depending on electrode spacing and ap-
plied voltage. This is an exceedingly brief inter-
val, but if an alternating voltage as high as 4000
or 5000 me is applied to the grid of a triode hav-
ing such a transit time, the polarity of the voltage
on the grid will have time to vary from one-half to
several cycles while an electron is moving across
the inter-electrode space. It is obvious that the
behavior of the tube in such circumstances would
be seriously affected.

While triodes are built with electrode spacing

sufficiently close to overcome the adverse effect of
transit time at super-high frequencies (up to ap-
proximately 5000 mc), there are entirely different
designs of electron tubes which make use of
transit time in their operation, instead of allow-
ing it to be a limitation. One such tube is the
klystron, which is also sometimes referred toas a
velocity-variation or velocity-modulation tube.

The principle of operation of the klystron may
be followed by referring to Figure 22-7. Included
within the evacuated envelope (not shown in the
Figure) is an electron gun, two sets of closely
spaced grids, and a collector plate. Each of the
sets of grids forms part of a resonant cavity,
which is tuned to the frequency at which the tube
is to operate. The electron gun is generally simi-
lar to the gun of the cathode-ray tube described in
the preceding Article. It develops a beam of high
velocity electrons which travel in a straight line
through the grids of the two cavities to the col-
lector plate.

Now, assume that the buncher-cavity is ener-
gized at the super-high frequency to which it is
tuned by virtue of its size and shape. Ilectrons
passing through its grids during a negative part of
the frequency cycle will be slowed down slightly,
and electrons passing during the positive half-
cycle will be speeded up slightly. As they proceed
onward through the so-called “drift space” be-
tween the buncher and catcher grids, they will
tend to form into bunches—as the speeded up
electrons overtake those that were slowed down.
One such bunch tends to form for each cycle of
the buncher-cavity oscillation. By the time the
electrons reach the grids of the catcher-cavity,
accordingly, they are traveling in bunches rather
than in their normal random spacing.

This electron stream constitutes a current
which is effectively varying in amplitude at the
frequency of the buncher-cavity. The varying
current, in passing through the grids of the
catcher-cavity, induces a varying voltage between
the two grids just as a varying current in the
plate circuit of an ordinary vacuum tube will in-
duce a corresponding varying voltage in a tuned
tank circuit to which the plate circuit is coupled.
If the catcher-cavity is tuned to the same fre-
quency as the buncher-cavity, the bunched or mod-
ulated beam of electrons will transfer energy to
the catcher-cavity, which can be delivered to the
load as useful output power.

As an amplifier, the klystron tube can be de-
signed to give a power gain of as much as 30 db
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and to handle a frequency band several megacycles
in width without serious distortion. These tubes
are also capable of delivering very high power
output, as much as 10 kw or more in some designs.
In general, however, they introduce too much noise
to permit their extensive application as amplifiers
of small microwave signals.

22.5 The Traveling-wave Tube

For amplifying signals at frequencies higher
than about 5000 mec, an entirely different strue-
ture, known as a traveling-wave tube, has many
advantages. This device depends upon the inter-
action between the field of a beam of moving elec-
trons and the field of a signal wave traveling at
approximately the same speed in an evacuated
tube. There are various possible structures that
will encourage such interaction but the helix ar-
rangement illustrated in Figure 22-8 is the one
that seems generally most useful.

As there indicated, this device employs a long
evacuated tube equipped with an electron gun at
one end and a collector at the other. The electron
gun is generally similar to that used in a klystron
or a cathode-ray tube. In a typical case, a positive
potential of about 1500 volts with respect to the
cathode is applied to the anode and the collector.
With the cathode properly heated, this produces
a beam of electrons traveling from the cathode to
the collector at a speed approximately one-thir-
teenth that of the speed of light. The beam is
focused narrowly in the center of the iube by a
powerful axial magnetic field of several hundred
gauss intensity, which is produced by magnets
surrounding the tube (not shown in Figure 22-8).

Within the long section of the tube, the electron
beam passes through a loosely wound helix of wire
which is connected to the signal input and output
lines by means of coaxial or waveguide couplers.
Signal current flowing through the helix wire sets
up an electric field that is directed along its cen-
tral axis and occupies the same position as the
electron beam. Current in the helix wire of course
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flows at the speed of light but the velocity of the
axial electric field which it produces is a fraction
of this depending on the diameter and the number
of turns of the helix per unit length along the
axis. Successful operation of the tube requires
that the diameter and the number of turns in the
helix be such as to make the velocity of the axial
electric field closely approximate that of the elec-
tron beam. In a typical tube designed for opera-
tion in the 4000 mc range, the helix has about
five turns per signal wavelength. The total
helix length is about four wavelengths or ap-
proximately twelve inches. Tubes designed for
operation in other frequency ranges would have
dimensions scaled proportionately, with all dimen-
sions decreasing as frequency of operation is
increased.

When the velocities of the electron beam and
the signal wave are approximately the same but
with the electrons moving at the slightly higher
speed, a traveling-wave tube such as described
above may give a power gain of 30 db or more. It
is also capable of delivering output power meas-
ured in tens of watts. Furthermore, since it in-
cludes no tuned cavities or other resonant circuits,
it can handle a very broad band of signal fre-
quencies without distortion. Uniform amplifica-
tion of signal bandwidths ranging up to 1000 mc
is readily attainable.

Mathematical analysis of what takes place in
the interaction of the traveling signal wave and
the electron beam is somewhat complex but a
qualitative physical picture may be developed
from the following considerations. The moving
electric field of the signal, which occupies the
same space geometrically as the electron beam,
of course changes its polarity cyclically in accord-
ance with the signal frequency. As it cycles from
negative to positive. it tends to increase the vel-
ocity of the beam electrons somewhat: as it
changes in the other direction, it tends similarly
to retard the beam electrons. Iach cycle of the
signal wave thus causes some bunching of the
beam electrons. Since the beam electrons and the
signal wave are traveling at essentially the same
speed, they are effectively stationary with respect
to each other and the bunching effect occurs at
regular spaced intervals equal to one wavelength
of the signal wave. The magnitude of the effect
is cumulative so that the bunches grow progres-
sively larger as the wave travels along the tube.
Considering only the beam current, the bunching
effect then appeurs as a superimposed wave which
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has the same frequency as the input signal wave
and which increases in sfrength progressively
along the tube. Since it has the same frequency,
this new wave is removed with the original signal
wave at the output terminal. The total output,
which is the sum of these two waves, may thus be
much greater in magnitude than the original sig-
nal wave but differs from it otherwise only by a
small shift in phase.

Like practically all other amplifying devices,
the traveling-wave tube is potentially capable of
developing spontaneous oscillations. Relatively
small impedance mismatches at the input and out-
put terminals may cause reflected waves to travel
back and forth in the tube and perhaps build up
oscillatory energy values that may interfere seri-

[ 208

ously with the desired operation. In practice, this
hazard is guarded against by inserting an attenua- -
tor at a point near the tube input as indicated in
Figure 22-8. Usually this is effected by painting
a short section of either the inside or outside of
the glass tube with a lossy material such as aqua-
dag. Energy reflected back from the tube output
is effectively suppressed by this attenuator. Of
course, it will also attenuate the forward traveling
input wave but if the attenuator is placed far
enough beyond the input to permit bunching of
the beam electrons to start, the bunching effect
will continue to take place through the lossy sec-
tion and the magnitude of the bunching wave will
increase steadily in the relatively long section
remaining.



CHAPTER 23
SEMI-CONDUCTOR PRINCIPLES AND DEVICES

23.1 Conduction Theory

The conduction of electricity through a vacuum,
as in the ordinary electron tube, is readily ex-
plained as the physical transition of electrons
from one electrode to arother under the influence
of an appropriately applied electric field. It is
true that no ene actually sees the electrons in mo-
tion but the indirect experimental evidence of
their presence and behavior is so voluminous as to
leave no real doubt as to what is going on. It is
customary, too, to explain electric current in a
metallic conductor, such as a copper wire, as a
stream of electrons flowing within the conducting
metal. This theory is perhaps not as strongly
supported by experimental evidence but it appears
to account successfully for most of the observed
phenomena of ordinary electrical conduction.

The theory assumes that there are always
present in a good conductor, such as copper, very
large numbers of free electrons which have be-
come detached by thermal agitation frem the
outermost orbit shells of the individual atoms. At
ordinary temperatures, the number of such free
electrons in copper at any instant is thought to be
about equal to the total number of atoms, which is
8x10°* per cubic centimeter. In the absence of
any electric field, thermal energy causes the elec-
trons to move about in rapid random mnotions,
colliding with each other and with the atoms,
whose movements are relatively quite limited.
Many return to eomplete a deficient atom shell
in the process; as many others are being simul-
taneously detached from other atoms to leave
these atoms positively charged or “ionized” for
the moment. The net result of all this activity,
from the viewpoint of an external observer, is
exactly nothing. However, if a difference of po-
tential is externally applied to the two ends of
the conductor, the resultant electric field impels
the free electrons fo move together in the direc-
tion of the field. Individually, the rapid random
movements of the electrons continue but the ap-
plication of the electric field results in a net mass
movement of electrons through the conductor at a
relatively slow rate. Because the free electrons

are so very numerous, this adds up statistically
to the passage of a vast number of electric charges
per second through any cross-section of the con-
ductor. This, by definition, constitutes an electric
current.

It is an oversimplification, however, to assume
that the conducting ability of all materials may
be determined solely by the degree of freedom
with which the outermost electrons of the indi-
vidual atoms may become detaehed. Experimental
evidence indicates that conductivity is also af-
fected by the atomic or molecular structure of
the material—i.e., the way in which the individual
atoms or molecules are associated with each other.
Thus, certain metals, such as lead and aluminum,
when cooled to a temperature approaching abso-
lute zero (—459.6°F.) exhibit a phenomenon
called snperconductivity. A current induced in a
closed circuit of such a material will continue to
flow almost indefinitely without further applica-
tion of external force. A reasonable theory would
appear to be that the absence of heat causes the
individual atoms to “freeze” in fixed positions,
leaving unimpeded passage for the free flow of
electrons through the conductor. But other con-
ductors, such as copper, which normally contain
even more free electrons than the metals men-
tioned above, do not display superconductivity
when cooled in the same way.

It is necessary to say that a completely satis-
factory theory to explain the behavior of super-
conductors has not yet been developed although
the phenomenon is currently a subject of intensive
study and bids fair to have future practical ap-
plications in electrical communication and allied
fields. Of even more current interest and applica-
tion are the semi-conductors, of which germanium,
silicon. selenium and certain metallic oxides are
representative. Devices emploring such materials
are already in extensive use in both telephone and
telegraph practice.

Ioxplanation of the behavior of the semi-con-
ductors must also be regarded as in a somewhat
theoretical stage although a considerable volunme
of literature on the subject has grown up in recent
years-—especially following the invention of the
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transistor in 1948. The following Articles at-
tempt to present the theory now most generally
accepted in relatively simple physical terms with
minimum recourse to quantum theory, wave me-
chanics, and the associated specialized mathe-
matics which is necessary to a more rigorous
analysis.

23.2 Semi-Conductors

Of the semi-conducting materials currently in
general use in electrical communications practice
the metallic element, germanium, has perhaps
been most thoroughly studied. Techniques have
been developed for refining it to an almost incred-
ible degree of purity and for processing it in the
form of single crystals which can be treated or
“doped” with impurity substances in any desired
proportion. Unless specifically stated otherwise,
the following discussion will be confined to this
material. The principles developed will apply in
general to all other semi-conductors, although
their specific characteristics may of course differ.

Germanium is a metal which in ordinary elec-
trical practice would be considered a very poor
conductor. At room temperatures, typical “n-
type” germanium, such as might be used in a
transistor, contains one free electron for about
10° atoms as compared with one free electron for
each atom in a good conductor such as copper.
“ven so, a cubic centimeter of this material in-
cludes something in the order of 10! free electrons
so that it is certainly not a good insulator. To
understand its capabilities and limitations as a
conductor, it is necessary to examine the ger-
manium atoms and their structural arrangement
in detail.

Chemically, germanium has atomic number 32
and valence 4. This means, in terms of modern
atomic theory, that the atom nucleus is surrounded
by four shells of orbital electrons containing 2,
8, 18, and 4 electrons. The first three shells are

@ Atom Core
= Electron Valence Bonds

F1G. 23-1 VALENCE BOND STRUCTURE
OF GERMANIUM

completely filled and so firmly bound to the nu-
cleus that they can play no part in any practical
conduction process. The outermost shell, with its
four valence electrons, is much less than half filled.
Considering an individual atom alone, theory
would predict that one or more of these four elec-
trons might be readily broken away by thermal
agitation or other relatively small forces. In the
structure of germanium, however, the individual
atoms are associated with each other in a crystal-
line lattice arrangement such that there is a
definite bond between each atom and four immedi-
ately adjacent atoms. The structure is of course
three-dimensional but the principle may be rep-
resented by the two-dimensional drawing of Fig-
ure 23-1. Two valence electrons—one from each
atom—act together to form each bond, as repre-
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sented by the two connecting lines between the
atoms. In this configuration, the valence electrons
are held in place much more strongly than they
are by the attraction of the atom nucleus alone.
In germanium, it requires some fourteen times as
much energy to ‘ree an electron from a valence
bond as it would to detach it from an isolated atom.
Nevertheless, some electrons are knocked out of
their valence bonds by thermal agitation at nor-
mal room temperatures. These electrons are free
to act as “charge carriers” and the electrical con-
ductivity of the germanium depends upon their
number. At higher temperatures, more electrons
are broken from valence bonds and the conduc-
tivity of the semi-conductor increases propor-
tionately. This relationship of conductivity to
temperature readily accounts for the negative
temperature-resistance characteristics of the semi-
conductor devices known as thermistors, which
are widely used in telephone work for automatic
transmission regulation and other purposes.
Thermal agitation at normal temperatures does
not provide enough charge carriers to make pure
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germanium capable of satisfactory transistor
action. It is necessary for this purpose to modify
the semi-conducting material so as to increase the
number of carriers in roughly controllable
amounts. This is done in two ways. In the first,
pure germanium is “doped” with a small amount
of an element with valence 5, such as arsenic
(atomic number 33). KFach arsenic atom will
enter into the lattice structure in the manner in-
dicated in Figure 23-2. Four of its outer-shell
electrons join in valence bonds with four neigh-
boring germanium atoms. The fifth valence elec-
tron is still associated with the arsenic atom but
is quite easily dislodged. The net effect is to in-
crease the number of free electrons in the material
in proportion to the relative amount of arsenic
added. In practical applications, this ratio is in
the order of one impurity (arsenic) atom to 10
million germanium atoms. The semi-conducting
material is now called n-type germanium because
it contains a more than normal number of mobile
negative charges.

Another way to increase the number of carriers
is to dope the germanium with an element having
valence 3, such as gallium (atomic number 31).
As illustrated in Figure 23-3, the gallium atom
also takes a position in the lattice structure. But
its outer shell provides enough electrons to enter
into valence bonds with only three of the ger-
manium atoms, leaving one bond incomplete. The
missing electron in the valence bond may be con-
sidered as a hole in the structure, which has an
effective positive charge exactly equal but op-
posite to that of an electron. The hole may be
filled by an electron which has been dislodged
from another nearby valence bond by thermal
agitation or other means. This process leaves a
hole in the other bond so that the hole may be
considered as having moved from one point to an-
other in the material. Thus, in net effect, the
material now contains a substantial number of
effective positive charges that are relatively free
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to move about in much the same way as free elec-
trons may do. Such a material is called p-iype
because its mobile charge carriers are positive.

At first approach, the concept of holes as posi-
tive charge carriers may be regarded as a some-
what fanciful way of describing the transition of
electrons from one valence bond to another. Act-
ually, the electron in a valence bond is in a differ-
ent “‘quantum state” than a valence electron in its
ordinary position in the outer atomic shell of an
isolated atom. In order to satisfactorily explain
various observed conduction phenomena, it is not
only convenient but necessary to treat the hole
left by the ejection of an electron from a valence
hond as if it were a real particle having mass,
positive charge, energy, and velocity. This con-
cept is reinforced by the observed fact that the
mobility of positive and negative carriers is dif-
ferent. In germanium, electrons move, under a
given electric potential, at somewhat more than
twice the speed of holes (about 3600 cm per sec
per volt per ecm for electrons; about 1700 for
holes) .

Whernever an electron escapes from the valence
shell of an atom, the atom is left with a net
positive charge. Such atoms are called donors
and are present in relatively large numbers in
n-type material. Similarly, when a hole escapes
from a trivalent atom, the atom has a net negative
charge because an extra electron has been added.
These atoms, called acceptors, are common in
p-type material. Both donors and acceptors are
therefore ions (i.e., electrically charged atoms),
but they are locked in position in the lattice strue-
ture of the material and can play no direct part
in any conduction process. The conducting ability
of the semi-conductor is thus due solely to the
presence of free electrons and free holes, and is
proportional to the sum of all such carriers—both
positive and negative. In pure, or intrinsie, ger-
manium at normal temperatures, the number of
free electrons is equal to the number of holes be-
cause whenever an electron is released from a
valence bond by thermal agitation, a hole is simul-
taneously created. Holes and electrons will of
course be continuously neutralizing each other
through new recombinations but a like number
will be escaping from other valence bonds at the
same time so that the net conductivity remains
constant under static conditions. In n-type ger-
manium, there are many more free electrons than
holes. These are then designated the “majority
carriers’” but there will always be some holes
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present, too, as “minority carriers”’. The opposite
situation prevails in p-type material, with holes
now taking the role of majority carriers. Finally,
it may be noted that the intrinsic material (pure
germanium) will display certain n-type character-
istics because, even though the number of holes
and electrons is the same, the mobility of the
electrons is appreciably greater than that of the
holes.

23.3 Semi-Conductor Junctions

On the basis of the theory outlined above, it
should not be surprising that a junction of semi-
conducting materials of opposite types can con-
stitute an excellent rectifier. When a battery,
poled as indicated in Figure 23-4, is connected
across such a junction, holes will be pulled out of
the p-type material toward the right and electrons
will be pulled out of the n-type material toward
the left. There can then be no current flow, except
that due to such relatively few minority carriers
as may be present (holes in the n-type material,
electrons in the p-type). When the applied voltage
is in this reverse direction, there are practically
no carriers at the junction which thus becomes an
effective insulator. It is of interest to note, how-
ever, that the immobile donor and acceptor atoms
remain, each of which has its own charge as illus-
trated in the drawing. Very high static electric
fields may therefore exist, resulting in potential
differences of considerable magnitude across the
junction.

If the polarity of the battery is reversed, on the
other hand, the forward direction of the applied
voltage causes both holes and electrons to move
toward the junction. Here they neutralize each
other. The net result is a free flow of electrons in
the external circuit which is limited only by the
numbers of carriers in the semi-conducting ma-
terials. Depending on this factor and the physical
size of the junction itself, n-p junction devices
may be designed to transmit quite high currents
in the forward direction and to give very high
rectification ratios.

On the basis of the theory outlined above, it
might be reasonable to assume that, in the ab-
sence of an external applied voltage, the electrons
of the n-type material and the holes of the p-type
material would gradually diffuse across the junc-
tion until the difference between the two semi-
conductor types was entirely destroyed. As a
matter of fact, this does not happen. When the
junction is formed, it may be assumed that such
diffusion of carriers across the junction starts.
The carriers of opposite sign cancel each other
out as they cross the junction, leaving on each side
a layver of immobile charged atoms, as indicated
in Figure 23-5. The electric fields set up by these
fixed charges prevent further diffusion of the
mobile carriers toward the junction. In other
words, a potential barrier is automatically estab-
lished across the junction between the two types
of semi-conducting material, allowing each to
maintain its own special characteristics. In the
typical p-n junction, the magnitude of this po-
tential barrier is in the order of tenths of a volt.
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23.4 The Junction Transistor

The interesting behavior of the semi-conductor
junction can be taken advantage of to produce
another important electrical phenomenon known
as the transistor effect. The device pictured in
Figure 23-6 is a single crystal of germanium
which has been doped in such a way as to consist
of two blocks of n-type material separated by a
thin slab of p-tvpe semi-conductor. It thus in-
cludes two p-n junctions. Separate electrical con-
nections may be made to the p-type section and
to each of the n-type sections, as shown in the
Figure. Now if we consider only the left junction
(i.e., with the circuit opened at FK.) it will be
noted that the battery E. is poled in the forward
direction to permit the ready flow of a substantial
current, /.. Electrons move freely from the left
n-material across the n-p junction into the p-
material, and holes from the latter into the former.
Considering only the right junction, on the other
hand, the battery E. is poled in the reverse direc-
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tion so that practically no current can flow across
the p-n junction.

When both battery circuits are closed, an en-
tirely new effect appears. Under the influence of
E., electrons from the left n-section move freely
into the p-section as before. Here a few of them
may be neutralized by holes. But if the p-section
is made thin enough, most of the electrons will
diffuse right across the p-section and be caught
up by the field in the right n-section produced by
battery E.. The result is a current /. flowing in
the circuit through E.. and practically no current
flowing in the external connection to the p-type
section. /. may be almost, but never quite, equal
in value to I.. The ratio of I, to I,, which is usu-
ally designated by the Greek letter, 2, ranges be-
tween .95 and .99 in typical junction transistors.
The energy that drives /. comes from £, and E,
but the value of /. is determined solely by I..
This is the transistor effect, and its similarity to
voltage phenomena in the three-electrode electron

F-type

—— .1[ — Emitter ] Collector
’,.__‘ N - type N -type I /ﬁg- ‘,\\
le | | S B I T 1 \ ‘r"_ ]
v Ee EfS c N
i _ - \
i s

F16. 23-6 N-P-N JUNCTION TRANSISTOR

tube immediately suggests amplification possibil-
ities.

In discussing the transistor further, it will be
convenient to make use of certain nomenclature
which has become standardized for historical rea-
sons that will appear later. In the device of Fig-
ure 23-6, the n-type section at the left is called
the emitter, the p-type section is the base, and the
right n-section is the collector. The conventional
schematic representation is shown at the right.
Here, the emitter may be identified by the arrow
head, which is pointed in the direction of conven-
tional current flow—i.e., opposite to the direction
of electron flow. It should also be noted that the
arrows indicating the direction of current flow in
the emitter and collector circuits of Figure 23-6
are also pointed in the conventional direction for
current flow. This practice is followed throughout
this text although in much of the earlier literature
it has been the practice to point all such arrows
toward the transistor elements regardless of the
actual direction of current flow.
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The amplifying capability of the transistor de-
pends upon the fact, emphasized above, that the
value of the collector current, /., is determined by
the value of I,. As long as the positive biasing
voltage applied to the collector is large enough to
maintain a positive field in the collector, nearly
all of the electrons coming from the emitter will
move into the collector and the current 7. will
maintain a constant value slightly less than I.,.
Thig is illustrated by Figure 23-7 which gives the
collector characteristic curves of a typical n-p-n
junction transistor for several values of /.. Note
that the collector voltage V. indicated here is the
potential applied to the collector and is not neces-
sarily the same as the voltage of the biasing bat-
tery., E.. A large load resistance may be inserted
in the collector circuit without affecting the eur-
rent value, even though the /R drop across the re-
sistance approaches quite closely to the value of
E.. This means that, with an appropriate value
of E., a small varving signal voltage introduced
in the emitter circuit, as indicated in Figure 23-8,
will produce corresponding voltage variations
across the load ot much greater magnitude. Very
substantial voltage and power gains are thus
readily attainable.
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Junction transistors are also made with a p-n-p
arrangement. Their characteristics are generally
similar to those of the n-p-n transistor and the
above discussion may be employed to explain their
behavior by simply reversing the direction of cur-
rent flow and the polarities of the biasing bat-
teries, and substituting holes for electrons as the
majority current carriers. It should be noted
that the emitter current of the p-n-p transistor
will also flow in the opposite direction and this
will be indicated in the conventional diagram by
pointing the emitter arrow head toward the base
instead of away from it as in the n-p-n case.

Whichever type of transistor is being dealt with,
it is imperative to keep in mind that the emitter
must always be biased in the forward direction
and the collector in the reverse direction. Appli-
cation of biasing potentials not poled in accord-
ance with this basic principle may destroy the
transistor.

235 Metal to Semi-Conductor Junction

In the two preceding Articles, attention has
been confined to the behavior of junctions between
semi-conductor materials whose major conduction
properties depend on the presence of different
types of carriers (electrons or holes). Long be-
fore the invention of the transistor, however, it
was well known that junctions between certain
metals and certain semi-conductors, when prop-
erly formed, would behave as rectifiers. Thus,
large area junctions between copper and copper-
oxide and between selenium and cadmium, or a
cadmium alloy, have been used for many years in
the telephone plant and elsewhere as power recti-
fiers for converting alternating to direct voltages.
In a smaller version, the copper-oxide rectifier is
also extensively used as a varistor or diode in the
modulator and demodulator circuits of carrier
systems. Both copper-oxide and cadmium are p-
type semi-conductors. There are numerous other
metal to semi-conductor combinations that will
produce rectification, including many in which the
semi-conductor may be n-type.

The rectifying behavior of the metal to p-type
semi-conductor junction is readily explained in
terms of the relatively simple physical picture of
the atomic and charge carrier structure within
the semi-conductor that we have been using. Thus,
if we apply a voltage in the reverse direction to
such a junction, as shown in Figure 23-9, it may
be considered that the mobile holes are drawn to
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the right by the applied negative potential leaving
at the junction an array of immobile atoms which
are negatively charged. As in the n-p junction
free electrons in the metal are drawn to the left,
leaving positively charged metallic ions. The net
result is a high potential barrier across the junc-
tion. The fields, quickly built up on either side of
the junction, counteract the fields set up by the
applied voltage and thus stop any further action.

As mentioned above, junctions between certain
metals and certain n-type semi-conductors may
also behave as rectifiers. This is notably true of
the germanium diode which is usually built as a
contact between tungsten and n-type germanium.
The behavior of such a device does not lend itself
to explanation in terms of the relatively simple
physical picture of the atomic and current-car-
rier structure within the semi-conductor that we
have employed up to this point. Thus in Figure
23-10, we may consider that the battery, con-
nected in the reverse direction as shown, will
draw the free electrons of the n-type semi-con-
ductor toward the right and leave a layer of immo-
bile positively charged ions at the junction. But
what is to prevent the free electrons of the metal-
lic conductor from crossing the junction and neu-
tralizing the positive ions?

There is some potential barrier across the
junction between many metals and semi-conduc-
tors and, for that matter, between various differ-
ent kinds of metals. This is due to the fact that
it requires the application of at least a certain
energy to cause an electron to break through the
surface and entirely out of the structure of which
it normally forms a part. This energy is called
the “work function” of the material and its value
differs as between different metals or semi-con-
ductors. When contact is made between conduct-
ing materials having different work functions, it
is evident that conduction across the junction will
be easier in one direction than in the other in pro-
portion to the difference between the values of
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work function of the two materials. This means,
in other words, that there is an effective difference
of potential across the junction. Such potentials,
however, even in p-n junctions in semi-conductors,
are only of the order of tenths of a volt. By them-
selves, they are insufficient to account for the fail-
ure to conduct when an external voltage of one
or more volts is applied in the reverse direction.

To explain this behavior, the mathematical
physicist resorts to the theory of electron energy
bands. This theory derives largely from the Bohr
theory of atomic structure which was in turn
developed mainly from certain considerations of
“quantum theory”. The Bohr atomic theory pos-
tulates that the electrons surrounding the atomic
nucleus can exist only in certain specific orbits,
each of which is characterized by a specific energy
level. Furthermore, only a specified number of
electrons can be present in any one of the per-
mitted energy levels. When originally suggested,
this was a very bold hypothesis. However, later
developments in the mathematical field of wave
mechanics, which associates the energy of the
moving electron with a specific wave frequency,
gave it much support and made possible many
quantitative predictions of atomic behavior that
were subsequently verified by physical experi-
mentation.

EEmploying similar mathematical reasoning, the
energy band theory of conduction in solids postu-
lates that free electrons in a erystalline solid can
exist only at certain energy levels. Further,
mathematical analysis indicates that the permitted
levels occur in specific energy bands which, in
some materials, are separated by “forbidden” en-
ergy gaps in which the existence of electrons is
not possible. Electronic conduction in solids un-
der normal conditions results from the movement
of the carriers that may be present in the bands
which include the higher energy levels, and all
conduction is confined to carrier movement in
these bands. In other words, only carriers that

N - Type
Metal Semi - Cond.
_____ ®® =
T @® - -
®
- [ — @@ =

I
I
I
I
®
I
I
I

Fic. 23-10 REVERSE CONNECTION TO JUNCTION
BETWEEN METAL AND N-TYPE SEMI-CONDUCTOR

have certain energy values can contribute to elec-
trical conduction in the solid. Electronic conduc-
tion is generally confined to the band of highest
energy levels, known as the conduction band.
Conduction by means of positive holes may occur
in the next lower energy band, known as the
valence band.

Mathematical analysis under this theory enables
the physicist to determine the “width’ of the for-
bidden energy gap between the conduction and
valence bands of materials in which he may be
interested. In semi-conductors, the gap is sub-
stantial—about 0.7 electron volts for germanium
and 1.1 electron volts for silicon. (An electron
volt is the amount of energy required to raise an
electron through a potential difference of 1 volt.)
In good conductors, there is no forbidden gap,
the conduction and valence bands in most cases
overlapping one another. It follows that conduc-
tion electrons in a good metallic conductor are
generally in lower energy levels than conduction
electrons in the conduction band of a semi-conduc-
tor.

This difference of energy level explains the fail-
ure of the electrons in the metal of Figure 23-10
to move across the junction into the semi-conductor.
Under normal conditions, they simply do not have
enough energy to climb into vacant levels in the
conduction band of the semi-conductor. Since
there is no other place for them to go, no current
can flow. It should be noted that the difference
in energy levels is determined by the nature of
the materials and is not affected by the value of the
applied external voltage, up to a point of break-
down. If the external voltage is applied in the op-
posite (forward) direction, electrons from the
conduction band of the semi-conductor can drop
readily into the lower energy levels of the metal
conduction band in accordance with the general
law of nature under which any physical system
tends always to adjust its total energy to the low-
est possible value.

In the above, the energy band theory was
introduced of necessity to explain the rectifying
behavior of a metal to n-type semi-conductor
junction. It is perhaps unnecessary to state that
the theory applies equally well to the behavior of
metal to p-type semi-conductor and p-n junctions,
which were discussed in earlier Articles in more
simplified terms. Indeed, the design of semi-con-
ductor devices on other than a purely cut-and-try
basis requires the use of this theory and its asso-
ciated mathematics if the behavior of the device is
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Fi1c. 23-11 PoINT-CONTACT RECTIFIER

to be predictable in advance in quantitative terms.

23.6 Point-Contact Semi-Conductor Devices

The rectifying properties of metal to semi-con-
ductor contacts were taken advantage of in the
“crystal detector” which was a vital component
of early radio receivers long before current
theories of semi-conductor behavior had been de-
veloped. This device consisted of a metallic “cat-
whisker” in contact with a small crystal of galena
or iron pyrite. Its design was entirely empirical
and practically no theory was available to explain
its behavior. The modern descendant of this de-
vice is the point-contact rectifier or diode illus-
trated in Figure 23-11. This usually consists of
a pointed tungsten or phosphor bronze wire in
contact with a wafer of n-type germanium or
silicon.

A completely satisfying explanation of the
behavior of the point-contact rectifier, as dis-
tinguished from the large area metal to semi-con-
ductor rectifiers described in the preceding Article,
is still lacking. It is fairly obvious, however, that
any fundamental difference in behavior must be ac-
counted for by the great difference in the area of
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the contact junction itself. Thus, referring to
Figure 23-12, it may be noted that if a forward
voltage is applied across the junction an electric
field is set up in the semi-conductor, whose lines
of force are represented by the dashed lines. The
intensity of this field, or the number of flux lines,
is determined entirely by the value of the applied
voltage. But all of the lines must terminate at
the tiny point contact. The field intensity must
therefore be very high in the immediate vicinity
of the contact point. It is not unreasonable to
assume that the extremely strong field in this area
may then break many valence bonds of the semi-
conductor and thus release a maximum number of
electrons to flow into the cat-whisker. In any
event, the fact is that the point-contact device
gives much higher rectification ratios than can be
obtained from large-area rectifiers. For obvious
reasons, however, its current handling capacity
is necessarily quite limited.
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More important than its relatively high rectifi-
cation ratio is the fact that the point-contact
device can handle a much broader band of fre-
quencies. This can be explained by the difference
in the effective capacitance of the different kinds
of junctions. This capacitance, in the large area
junctions, is relatively so large that the rectifying
property of the junction is effectively lost at fre-
quencies above a few tens of kilocycles in the case
of the selenium rectifier, and above about two
megacycles in the case of the small copper-oxide
rectifiers that are used as modulators and demod-
ulators in carrier systems. The much smaller ca-
pacitance of the point-contact rectifiers, on the
other hand, permits them to handle frequencies
as high as 1000 megacycles in the case of ger-
manium and up to 10,000 megacycles in the case
of silicon. This is the principal reason why such
point-contact rectifiers are universally employed

[ 216 ]



as detectors in radar systems and in microwave
radio systems.

It is an interesting fact that the original tran-
sistor of 1948 was also a point-contact deviece. As
shown in Figure 23-13, this consisted of two cat-
whiskers in contact with a tiny germanium block,
the contact points being separated by from .001
to .002 inches. The emitter contact wire was
usually of beryllium copper and the collector wire
of phosphor bronze.

The behavior of this device might be expected
to be very similar to that of the junction transis-
tor discussed in Article 23.4. Holes injected into
the germanium by a forward biased emitter would
diffuse across the extremely small distance to-
ward the collector point without too much danger
of meeting an electron. Here they would be
caught up in the field of the reverse biased col-
lector. Thus, we might expect a collector current,
1., which would be only slightly smaller than, but
completely controlled by, the emitter current, I..
However, the remarkable fact is that the collector
current of the point-contact transistor takes values
that are typically from 2.3 to 2.8 times as large as
the value of the emitter current. Representative
collector current-voltage curves for several values
of I, are given in Figure 23-14. These may be
compared with like curves for the junction transis-
tor shown in Figure 23-7.

No entirely satisfying explanation of this cur-
rent-amplifying property of the point-contact
transistor has been developed. Perhaps most ac-
ceptable is the hypothesis that the intense field in
the vicinity of the emitter point creates so many
holes that not all diffuse across to the collector.
The excess holes, instead, are driven deeper into
the body of the semi-conducto