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PREFACE 

THIS book has appeared in a number of editions during the past four decades, the 
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¬ 
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 instrumentalities 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 editions, 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. Every 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 Physics and Mechanics 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 
Superviso)- of Instruction 

32 Avenue of the Americas, 
New York, N. Y., 
June, 1961 
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CHAPTER 1 

BASIC PHYSICAL CONCEPTS 

1.1 Introduction 

Electricity is an agency of remarkable flexi¬ 
bility, with almost unlimited applications. By 
means of electricity, energy available at 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 chemical 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, b.v applying his 
knowledge of the behavior of electricity, to ac¬ 
complish the transformation and transmission of 
large amounts of energy that may be needed lor 
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 distances 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 concepts and in ihe 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 

shall adhere to the conventional, classical ap¬ 
proach, beginning with the study of direct cur¬ 
rent and direct-current circuits, and proceeding 
from there to alternating current theory, with 
particular 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 Electric 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 
other 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 vicinity. 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-
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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. Ex¬ 
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 
distinct 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. 
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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 direct 
current. It has long been customary to begin the 
practical study of electricity with an analysis of 
the behavior of such 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 through 
a conductor it is necessary that there be connected 
in the circuit a source of electric pressure which 
sets up what is known 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 ab. Figure 
2-2 shows a simple water circulating system. In 
the water mechanism, the pump creates a differ¬ 
ence in pressure between the points a and b. This 
difference in pressure, or “pressure head”, will 
cause water to flow from the outlet pipe a, through 
the small pipe to the flow meter, and return to 

the low pressure side of the pump at b. The 
amount of water that will flow will depend upon 
this difference in pressure and upon the nature 
of the small pipe. In the 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. 

Fig. 2-2 Water Circulating System Analogous to 
Simple 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 electric 
circuit, on the other 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 a, that at c will be lower than at point b 
and so on around the circuit. Thus we say that 
there is a potential drop from a to b that may be 
measured in volts, the magnitude of which de¬ 
pends on the resistance of the conductor between 
a and b. Similarly there is another potential drop 
between b and c, and c and d. 

2.3 Resistance 

In Figure 2-2, if the small pipe is made longer 
the How of water will be decreased although the 
pump maintains a constant difference in pressure 
between the points a 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 (10”) 
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, etc. 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 
so interrupted there is no flow of electricity. This 
protects the source of electromotive force against 
unnecessary losses, since when the circuit is open 
it 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 accord¬ 
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 at 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 ohms. 

This law, mathematically expressed, is as fol¬ 
lows : 

Current = Electromotive Force 
Resistance 

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

/ = ~ (2:1) 

This is the equation for Ohm’s Law. It is perhaps 
the most important one in all electrical work. It 
may be expressed in other forms, but when 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. 

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: E 24 

R 112 

, E 24 O1/ = .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) 

From this equation we may find the electromotive 
I 7 I 
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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 circuit is closed the current is .2 
ampere, what is the voltage of the dry cell? 

Solution: 7? 4 

/ = .2 

E IR .2x4 -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 force divided by the current or, alge¬ 
braically expressed— 

R E (2:3) 

Example: What is the resistance connected be¬ 
tween the points a 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 

/ .5 ampere 

P E 1-3 , A , _ 2.6 ohms, ans. 
' iS 

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 potential dif-

TABLE I 

Symbols Used in Electrical Work 

/ Current in Amperes 
E Electromotive Force in Volts 
R Resistance in Ohms 
P Power in Watts 
Q Quantity in Coulombs 
V Potential Drop in Volts 
G Conductance in Mhos (is reciprocal of R) 
T Time in Seconds 
C Capacitance in Farads 
L Inductance in Henrys 
f Frequency in Cycles per Second 
X Reactance in Ohms 
Z Impedance in Ohms 
T Admittance in Mhos 

ference between any 
called the voltmeter. 

two points in a circuit, is 

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¬ 
nected to measure the voltage 
of a source of electromotive 
force in a closed circuit. In this 
case we have a simple circuit 
with three resistors in series. 
If the voltmeter is connected 
across the points a and b as 
shown in Figure 2-11, which 
represents the same circuit as 
Figure 2-10, its reading will 
be lower than when connected 
across the battery. Moreover if the voltmeter is 
connected across the resistors b and c, and c and 
(I, the three readings, that is, the readings across 
« and b, b and c, and c and d when added to¬ 
gether, will be equal to the voltage of the battery 

Fig. 2-10 Voltage of Battery on Close» Circuit 



TAKLE II the circuit between a and b from the voltmeter 
reading. 

Resistivity of Various Metal Conductors at 20 C. 

I 

MATERIAL 
RESISTIVITY 

(MICROHM-CM ) 

Silver 
Copper (Annealed) 
Copper (Hard-drawn) 
( 'hromium 
Aluminum 
Tungsten (Annealed) 
Molybdenum 
Zinc 
Brass 
( 'admium 
Iron (Pure) 
Platinum 
Nickel (Commercial) 
Phosphor Bronze 
Tin 
Tantalum 
Lead 
Cernían Silver 
Mercury 

1.62 
1.72 
1.77 
2.7 
2.82 
4.37 
5.7 
5.92 
/ .0 
7.60 

10. 
10.0 
11.0 
11.5 
11.5 
15.5 
22.0 
33.8 
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 a to d and the voltage of 
the electromotive force are known, it is possi¬ 
ble to calculate the resistance of that part of 

Fig. 2-11 Voltage Drop Across One Resistance of 
Closed Circuit 

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 Rt is 3 
volts; what is the resistance of /?,? 

Solution: For entire circuit: 

7 E 10 an I = ,, , _ .67 ampere. A 15 

For the part of the circuit in question— 

E 3 volts 

Therefore, 

/ .67 ampere 

E 3 volts 

7. E 3 . c , R} = , = 4.5 ohms, ans. 
/ .b i 

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-
p i cals have a definite re-

I, . . . sistance called the in-
- H-WV- 4 1*4 T 1 ternal resistance. In 

Figure 2-12 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 

[ io 1 



TABLE III 

Electrical Properties of Copper Conductors Standardized ba- Long Lines Department 

CONDUCTORS NO. 

SIZE WEIGHT RESISTANCE 

GAGE 

DIAMETER 

IN 

INCHES 

LBS. PER 

WIRE 

MILE 

*OHMS PER 

LOOP 

MILE 

OHMS PER 

1000 FEET 

(singlewire) 

Open Wire 

Cable 
(side circuits of standard 
quadded cable) 

8 
10 
12 

10 
13 
1G 
19 

B. W. G. 
N. B. S. G. 
N. B. S. G. 

A. W. G. 
A. W. G. 
A. W. G. 
A. W. G. 

.165 

.128 

.104 

.102 

.072 

.051 

.036 

435 
264 
174 

168 
82.6 
41.2 
20.5 

4.10 
6.82 

10.3 

10.1 
20.5 
40.2 
84.1 

.389 

.645 

.975 

.955 
1.99 
3.81 
7.95 

* The resistance values for open wire circuits are for 20° (' or 68° F. Add 2 10 of 1% per degree Fahrenheit for 
higher temperatures. The resistance values for cable circuits are for 12.80° (' or 55e F. 

Note: A. W. G. is American Wire Gage and is same as B. & S. which is Brown and Sharpe Gage. B W. G. is 
Birmingham Wire Gage and N. B. S. 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 al¬ 
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 = EI (2:4) 
l H 

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

P = PR (2:5) 

This, latter equation is apparent from Ohm’s 
Law, which states that E IR and we may, 
therefore, substitute IR for E in equation (2 4), 
which gives us PR. 

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

Solution: P EI, and 

J _ E = 10 _ 9 
R 5 

then P EI 10x2 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. 



Table II 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, mica, 
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: 

a. 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 fortunately 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 

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

Table III 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 A.W.G. (or B and S). 

b. The largest size is #10 A.W.G. Add three 
gages for successive smaller sizes,—thus 
#10. #13, #16 and #19. 

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

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

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

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

g. #10 is the nearest A. W. Gage to 104 (#12 
N.B.S.G.) but is slightly smaller. 
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CHAPTER 3 

HIE 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 another 
circuit with the same resistors connected in paral¬ 
lel. Any number may be so connected in either 
case. 

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 resistances. Thus, in Figure 3-1 
the total resistance is the sum of the two resist¬ 
ances ; namely, that connected between a and b 
or Rit and that connected between c and d or R.. 

R = R. + IR (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 battery is 
in reality supplying two currents, one through the 
resistor ab and the other through the resistor cd. 

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 
Law. 

3.3 Kirchoff’s First Law 

Kirchoff’s First Law states that at any point in 
a circuit there is as much current flowing to the 
point as there is away from it. This applies 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 P in 
Figure 3-2. If / is the current being supplied by 
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the battery to the combination of the two resistors 
in parallel, and /, and are the respective cur¬ 
rents through the two para’lel resistors, then 

1 = 7, + I< (3:2) 

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

B - E

But 

7. 

Therefore, 

R 

In this latter equation, the £”s can be cancelled 
and the equation written— 

h - 1 1 (3:3) 
Ry + R. 

and if we simplify this compound fraction by 
simple algebra— 

7? = < 3:4 > Ry + AL 
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. 

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 : 

16 4 V 22 „ 9.4 ohms, ans. i a a i oo 

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 ab and cd 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. 

Fig. 3-3 Three Resistors in Parallel 

3.4 Conductance 

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

G = ¿ (3:5) 

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-. + G,- (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 : 

16.4 .061 

31 '°32

1 
100 .010 

G Gy + G 2 + G 2 

.061 + .032 4- .010 .103 

A’ * 9.7 ohms, ans. 

14 I 



Supply Lme ■ 2000 ft. 
# 10 AWG 

Generator 

Fig. 34 Small Electric Power System 

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 line 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 complicated 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 switching 
trunk having % 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. 

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

1 j, where E is 24 volts and 

R 1394 + R, + R2

27 X 12000 
’ 1 27 + 12000 

139.4 + 26.9 166.3 ohms 
24 

Then I „ .14432 ampere. 
Ib6.3 

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

.144 X 26.9 

3.88 volts 

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

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

T _ 3.88 
R, 27 

.144 ampere, ans. 
and 

Fig. 3-5 Convention for Circuit of Fig. 3-4 

, V _ 3.88 
2 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-

20
0 
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anee. 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 IR drops across the three re¬ 
sistors must be equal to the impressed emf. Thus 
if the drop across the resistor R,, as measured by 
the voltmeter, is represented by V, and those 
across R2 and R¿ by V2 and V3 respectively, we 
may write the following equation— 

E V. + V2 + V, (3:7) 

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

Fig. 3-8 Simplified Convention for Circuit of Fig. 3-7 
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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 . 0 (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 I, and L, 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 
h, we will have (1, + I2) or (I, — I2). 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. 

Example: Find the current values in each 
branch of Figure 3-10, if the resistance of 
Ri 5 ohms, R2 10 ohms, R2 15 ohms, 
and R, 20 ohms, and the voltage E - 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 R3 plus the current 
flowing through R2 and R4 equals the total 
current flowing through Rt. Therefore R, 
the current through R}, is equal to I2 + /3. 

Considering first only the one closed loop of 
the circuit of Figure 3-10 that is shown by 
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Fig. 3-10 Series-Parallel Circuit 

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

A — R¡ (I2 + 14) — R:J2 0 (a) 

and for the closed loop shown by Figure 3-12 

E - Rx (L + I.) R2I2 - RJ.. 0 (b) 

We thus have two independent equations con¬ 
taining two quantities which are unknown, 
namely, I2 and I2. Substituting the known 
values of E, R,, R2, R :i, and R4, these equa¬ 
tions may be written as follows : 

24-5 (Z2 + I2) - IS/., 0 (a) 

24 5 (Z2 + I.) 10L - 20Z2 0 (b) 

Simplifying, these equations become— 

24 5L - 201 ■■ 0 (a) 

24 - 35L - 5/3 = 0 (b) 

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

168 35Z2 - 140Z3 0 (a) 

24 - 35L - 51 ■ = 0 (b) 

144 - 135/3 0 
or 

144 Z3 1.07 amperes, ans. 
1 OU 



b '2 
have, for example, a network such as is shown by 

C Figure 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 

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 

Fig. 4-1 Magnetic Field Around Bar Magnet 

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 <p. 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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Fig. 4-3 Magnetic Fields Aiding 

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 a magnet. Figure 4-2 shows 
how the filings arrange 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. In the 
second case they will repel each other. If they 
should attract and establish a combined magnetic 
field such as that shown by Figure 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 opposite influence is called the south pide. The 
distinction 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 surveyor’s compass is an application 
of a bar magnet free to swing on its pivot, and 
its north po'e will point to the earth’s magnetic 
pole located near the geographical north pole. 
(However, since the earth is itself a magnet, it 
may be noted that with this conventional defini¬ 
tion, the pole nearest the geographical north is 

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 in 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 a line 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 II 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 intense 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 a magnetic circuit. In the electric circuit, if 

Fig. 4-4 Magnetic Fields Opposing 



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 0 
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 ot 
the magnet. This corresponds to an electric cir¬ 
cuit wherein the current density in any given 

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 
magnetic 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 flux 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— 

(4:2) 

where the symbol for flux is <>, for magnetomotive 
force, M, and for reluctance, R. This may be com¬ 
pared to Ohm’s Law as expressed by equation 
(2:1). 

While we see that in many respects the mag¬ 
netic 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 

Fig. 4-6 Magnetic Field Around Current-carrying 
Straight Conductor 
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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 be 
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 to current 
since current is rate of flow of electricity 
while the nature of flux is more nearly 
a state or condition of the medium in 
which it is established. 

4.4 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 lines of magnetic induction 
encircling the conductor. To illustrate further, if 
iron filings are sprinkled on the cardboard, they 
will form visible concentric circles as shown 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 

Fig. 4-8 Magnetic Field Around Current-Carrying Loop 

circles. If the compass is moved slowly around 
the wire, the needle will revolve on its pivot and 
maintain its tangential relationship. It will also 
be found that the direction of the lines with 
respect to the direction of current flow is that 
represented by 1he 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 
conductor’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. 
Accordingly, 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 «, and at the point P outside 
of the loop the intensity is such as to give one 
line for an area represented by A. 
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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 n 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. 

4.5 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. Expressed mathemati¬ 
cally— 

H = k (4:3) 

where N is the total number of turns, I the cur¬ 
rent, I the length of 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, / is in amperes, I is in meters and H is 
then ampere-turns per meter. 

The field intensity II 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 

Fig. 4-10 Magnetic Field Around Air-core Solenoid 



emf” per unit length of a uniform conductor, or 
that element of the electromotive force tending to 
force a current through each unit length of 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 H\l kN I (4:4) 

4.6 Flux Density, Field Intensity and Perme¬ 
ability 

In discussing field intensity we have thus far 
considered it only in connection with magnetic 
circuits in air. However, we have seen that if 
iron is inserted in a solenoid such as that shown 
by Figure 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 much 
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 the reluctance of the magnetic 
circuit. Because of the lowered reluctance, the 
magnetomotive force has established a greatly in¬ 
creased flux. We find then that if iron is intro¬ 
duced into a magnetic circuit, the flux density 
will depend upon the intensity of the field in the 
air before the iron is inserted, and upon certain 
magnetic properties of the iron, or the adapta¬ 
bility of the iron for lowering the reluctance 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 length of iron having a lower re¬ 
luctance than air. Ordinarily we do not use the 
reluctance of iron per unit length but employ in-

Fig. 4-12 Horseshoe Electro-magnet 

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 
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 peí 
unit cross-section in the form of an equation as 
follows : 

-J H X (4:5) 

or 

B HXp (4:6) 

where B is the conventional symbol for flux 
density. 
This equation may also be written in other forms : 

m = (4:7) 

or 

H H (4:8) 
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Fig. 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 

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 

Fig. 4-16 Hysteresis Loops for Magnetic Iron 
and Permalloy 

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 oí¬ 
an alloy of these with other metals. 

(b) Degree of purity. 
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(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 force 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¬ 

creased to zero and again increased until the 
cycle 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. 
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CHAPTER 5 

E1, E C T RIC A L M E A SI R E M E N TS 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 

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 

R\ 4- R 2 + Rx + 
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-¿ + ^3 
For the same reason the voltage drops across the 
resistors, IR„ 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 ride for the use of voltmeters— 
the resistance of a voltmeter must be very much 
higher than the resistance of the circuit across 
which the voltage drop is being measured. 

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 

E 10 
A, + R2 10,000 + 10,000 ’°005 amps ' 

The voltage drop either between points Pi and 
P2 or between P2 and P :! would be 

IRx IR2 .0005 X 10,000 5 volts 

If, however, a voltmeter having a resistance of 
only 10,000 ohms is connected to P2 and P3 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 R2 ; that is, 5,000 ohms. Then the total cur¬ 
rent in the circuit is 

1 10,000 +5,000 000667 ampS ’ 
Consequently, the voltage drop between P2 and PA 

now is 

IR2 = .000667 X 5,000 3.33 volts. 

Therefore, the voltage read by the voltmeter is 
only 3-1/3 volts instead of the 5 volts which would 
actually exist between P2 and P.,, if the voltmeter 
were not used, or if a voltmeter were used whose 
resistance was much 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 — EI, equal to 
the power in watts supplied to the circuit. Meters 
are designed with both ammeter and voltmeter 
terminals to read this product, or the power in 
watts directly. These are called wattmeters. 

There are two remaining instruments in the 
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¬ 
sistance 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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Testshelf of No. 5 Testboard Showing Voltmeter 
and Wheatstone Bridge Testing Arrangement 

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 

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 
connected 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 micro, 
meaning one-millionth. Thus, we have milliam¬ 
meter, millivoltmeter, etc. It is obvious that an 
instrument must not be used when the value of 
the voltage or current to be measured is likely to 
be greater than the maximum scale reading.. 

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: 

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 ; 

(c) the degree of accuracy required. 
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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 resistance Ry. We have learned that if a 
voltmeter is connected across the terminals a and 
b as shown, it will measure the potential drop 
across the resistance. But if, at the same instant 
this reading is taken, an ammeter is so inserted 
as to read the value of the current flowing through 
the resistance Ry, 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 Ryl 

Solution : 

R, = , 1 - ? 10 ohms, ans. /, .5 

b. Drop in Potential Method 

If in Figure 5-3, it is desired to determine the 
value of the resistor Ry, the “drop in potential 
method" can be used if a second resistor R2 of 
known value is inserted in series and the voltage 
drops across both Ry and R2 are measured. Since 
the two resistors are in series, the same current 
is flowing through both and from Ohm's Law: 

I ' , and also / 
ll| ri 2 

Therefore, 

V, 
Ry Ry 

which may be written, either— 

V, Ry 
V. R2

Figure 5-5 

or 

Ri = R2 y (5:1) 

Example: If in Figure 5-3 the value of R2 is 10 
ohms and the drop across it is 12 volts, what 
is the value of Ry which has a drop of 8 volts? 

V 8 
Ry R- 1 10 X j9 6.67 ohms, ans. 

5.3 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. 

If the series circuit in Figure 5-3 contains no 
resistance other than Ry and R,, it is not neces¬ 
sary to measure the drop across Ry because it will 
be equal to the potential of the battery minus the 
drop across R2. The equation for this special case 
may then be written— 

R, R^ÿ' 2 (5:2) 

where E is the emf of the battery. 
If Ry is very high in value such as a “leak" due 

to poor insulation, it can be measured using equa¬ 
tion (5:2) but instead of using a second known 
resistance, the voltmeter itself may be inserted in 
series with the battery and Ry as shown in Figure 
5-4. The reading V2 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 R2 having a lower value were inserted and 
a drop of lower value measured across it. As a 
matter of fact, 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. 
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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— 

or 

X = r( - 1 ) (5:3) 

where X is the unknown insulation resistance in 
ohms and corresponds to Ru r is the resistance of 

Fig. 5-fi Metallic Insulation Test 

one million ohms. Equation (5:3) may ac¬ 
cordingly be written: 

X r Í - 1 J 4- 1,000,000 

where A' 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-

the voltmeter and corresponds to R>, 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 : 

100,000 ( 

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 

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 a and the other ter¬ 
minal may be moved along the resistor oh. The 
voltmeter reading will be zero when both ter¬ 
minals are at a, 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 V 
aP' “ V 

where V is the potential drop measured between 
a and any other point P'. 

If instead of having one resistor as shown in 
Figure 5-8, we have 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 cd, we shall find 
that when that part of the resistance ab between 
the points a and P is proportional to that part of 
the resistance cd between the points c and P’, the 
difference in potential between the points P and 
P' will be zero and there will be no reading of the 
voltmeter. Mathematically, this may be expressed : 

aP ab 
cP' cd 

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

Pb ab 
P’d cd 

From these two relations, we may write: 

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 P' 
is merely being used to determine that these two 
points have the same potential, a galvanometer 
can be employed instead of a voltmeter, and will 
be preferable in that it is more sensitive. If there 
is no deflection in the galvanometer needle, we 
may write the same relation as was given by 
equation (5 :4), namely : 

This equation can be expressed : 

Fig. 5-11 Standard Wheatstone Bridge Convention 

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. Si is a switch for disconnecting 
the battery when not in use, and S2 is a 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 R 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 
R 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. 
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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¬ 

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. 

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. Th« imaginary distance from the 
office according to the measurement on the 
defective pair is as follows : 

37 dx = - = .440 mile 
o4.1 

The length of the good pair is: 

I = = .749 mile 84.1 

The imaginary distance from the distant end 
is : 

1 OR 
di - I = *,, - .749 .535 mile 

o4.1 

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 + .214 
2 - .327 mile, ans. 

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. 

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 A and B. 
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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: Measure the loop resistance with the 
bridge connected to wires 1 and 2. Let us 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, + HL = 90 (a) 

ML 4- 90 (b) 

IF, + W :! = 88 (c) 

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

W, - W:, = 0 (d> 

Adding (c) and (d) we have 

2WI 88. or Wj 44 ohms 

Substituting in (a) we have 
44 -P HL 90 ohms or HL 46 ohms 

Substituting in (c) we have 

44 W3 = 88 ohms or W ;{ = 44 ohms 

And since H\ + H \ 

44 + IF, 

88, we likewise have 

88 or IT i 44 ohms 

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

5.6 Varley Loop Tests 

The Wheal stone 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 generally used ; the other is known 
as the Murray loop test. Figure 5-15 shows 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 R is equal to the loop resistance of the 
circuit from the defect to the distant end. if 
the A and B arms are equal. This may be seen by 
inspection, for it is evident that the adjustment 
of the R arm of the bridge is used merely to add 
resistance to the defective wire and since the re¬ 
sistance of the defective wire from the bridge to 
the fault balances an equal length of the good 
wire, the value of R when the bridge is balanced 
equals the resistance of the loop from the defect 
to the distant end. 

Example: In Figure 5-15 the bridge is connected 
to a 30-mile circuit of 104 open wire. Each 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 HI 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 office, 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 

-1 
- x —J 

Cross 

Fig. 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 obtained, with 
the bridge ratio arms equal— 

R + d = I + x (a) 
or 

d = (I + X) - R (b) 

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

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

L = I + X + d (c) 
from which 

d = L - (I + x) (d) 

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

2d = L - R (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 

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 total loop resistance. That is, if 
we designate the distance to the fault as k, and the 
total length of the line as D, then— 

from which 

2d 
k = j- X D (g) 

or applying (e) above 

k=—~~xD (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 : 

, 300 - 22 OA ok 3QQ X 30 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 office. Two of the remaining wires are then 
connected to the bridge and R 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 R, and the connections to the bridge 
terminals are reversed. If the arms A and B are 
equal, the value of R 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 
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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— 

I + (I — d) d -J- R 

from which 

“ - ï 

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 an iron 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 
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Fig. 5-17 3-Varley Test for Ground 

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 for 
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 two 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 V2 position and adjusting for 
balance. This reading is designated as V2. 
A metallic Varley measurement is made by 

switching to the V :! position. This reading is V3. 
If the A and B arms are set at equal values for 

all three measurements, we can see by inspection 
of Figure 5-17 that 

Ft / + x + d 

V2 I + X - d 

V3 = I — X — d 

Now we may note that 

Vj — V3 = 2d + 2x 



which is twice the resistance of the faulty wire. 
Similarly 

V, - V2 2d 

which is twice the resistance from the home office 
to the fault location. Then calling the distance to 
the fault k and the total length of the wire D as 
in (h) preceding, it is evident that 

k = V^ V3 X D
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. 

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

V, : 3970 

V2 1700 

V, 20 

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

Solution : 

k = V7- V^ X D

3970 - 20 X 42 24’15miles

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 as 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 B 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 B 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 

B 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. 

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 B 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 

B I — d 
.4 - l + d 

or 

634 (65 — d) X res. per mile 
1000 (65 + d) X res. per mile 
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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 such 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 method. 
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 simultane¬ 
ously reverses the polarity of the galvanometer 
connections. The bridge when balanced then com¬ 
pares the “capacitance” 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 between 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, however, 
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). 

Fig. 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 

Fig. 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 he 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-

Figure 6-3 



Fig. 6-4 Loop Rotating in Magnetic Field 

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 north pole 
moves to the right, and the emf induced has a 
different direction in the two conductors. 

But, because the loop is complete, these emf’s 
will aid in causing a continuous current in the 
direction a-b-c-d, as shown by Figure 6-5 (A). The 
values of these emf’s at any given instant 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 emf 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 

(C) 

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 horizontal 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 a to slide in the slot c, moving the bar 
b (with the pencil e attached) vertically between 
the guides pp. When the horizontal component of 
the motion of the pin a is a maximum, that is, 

Fig. 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 a 
is from left to right or right to left. When the hor¬ 
izontal motion of a is zero, e 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 is a 
maximum ; and will indicate center or zero points 
when the horizontal motion of a 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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Fig. 6-7 Graphical Construction op Sine Wave 

the position of the pencil e 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, c, etc., and the vertical lines a', b', c’, etc. are 
equally spaced and indicate angular degrees of 
rotation. The intersections of lines a and a', b and 
b', etc. 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-

Fig. 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-

Loop a 

Loop b 

Resulting Emf 

Fig. 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 construc¬ 
tion are shown schematically in Figure 6-11. As 
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Field Armature 
Convenfon tor 
D C generator 

Fig. 6-10 Separately Excited D-C Generator 

the emf induced in the armature is proportional 
to the magnetic flux, which in turn is proportional 
to the current in the field windings, a variation in 
the field current will cause a change in the 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 emf. On the 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, alternate 
brushes being connected together, as shown, to 
form the armature terminals. The voltage with. 

Shunt wound 
with field rheostat 

Series wound Compound wound 

Fig. 6-11 Conventions for Standard Types of 
D-C Generators 
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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 Supplying Central Office 
Power 

Direct-current generators are widely used in 
telephone and telegraph work for supplying the 
several voltages required to operate the central 
offices. These include 24 and 48 volts used for 
“talking battery” and for operating certain relays 
and other apparatus; also various higher voltages, 
ranging up to a maximum of 130 volts, for elec¬ 
tron tube plate supply and operation of telegraph 
circuits, etc. The motors which drive the genera¬ 
tors are ordinarily supplied with power from com-

Fig. 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 are 
always provided in central offices. These batteries 
are kept charged by the central office generators 
so that they can take over the load temporarily in 
case of failure of the primary power supply. 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 oi' 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 1he 
main bus-bars. The normal generator voltage is 
then maintained at a value sufficiently high to 
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Fig. 6-13 Four-pole Generator 

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 

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. 

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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Fig. 6-14 Telephone Office Power Plant 
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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 R to 
operate and the operation of either of these relays 
causes the motor-driven field rheostat to move in 
the direction which w 11 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 any 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¬ 

fore, inoperable. In such 
a case the load must be 
carried by the batteries 
alone and if the failure 
persists for an appreci¬ 
abletime 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 battery. 
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 
charging 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 conductor carrying an electric current 
is placed in a magnetic field at right angles to the 
lines of magnetic induction, there is a reaction 
between the circular field about the conductor and 
the field in which it has been placed. This 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— 

where F is the impressed emf, E,, 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 area 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”. 
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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 (PbO2) and a negative plate 
of spongy lead (Pb) in a dilute solution of sul¬ 
phuric acid (H2SO4 + H2O). When the battery is 
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 (SOJ of the electrolyte, form¬ 
ing lead sulphate (PbSO4) 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 (SO4) 
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 : 

PbO2 + Pb + 2H2SOi ^2PbSO, + 2H2O (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 determined. 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 decrease 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 Edison 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 engine starting. It has discharge 
characteristics similar to the lead-acid battery but 
is not affected by short circuits and may be left in 
any state of discharge without detriment to the 
plates because the electrolyte (potassium hydrox¬ 
ide and distilled waler) 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 has led 

Figure 7-4 
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Fig. 7-5 Storage Battery Load Connections 

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 relays 
and numerous other apparatus units. We thus 
have a very general use of the standard 24-volt 
storage battery, 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 internal resistance. 

In our study of simple electric circuits, we have 
considered a single source of emf for each indi¬ 
vidual circuit. But 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 directly 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 office storage 
battery connected to bus-bars at the fuse panel. 
The central office circuits are cabled to this fuse 
panel and receive their battery supply through 
taps to the small panel busses. Thus hundreds of 
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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 current 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 Ro, the cur-

Ri 
-wv-

r2 
-vw-

r3 
-vw—--
24V _ Ro

-±-||||-VW-

Figure 7-6 

rent in one branch is no longer independent of 
that in other branches. Let us assign values as 
follows : 

Ro = 2 ohms 

Ri 5 ohms 

R2 = 4 ohms 

R3 = 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 R2 and Rs, 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¬ 

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 onlv. 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 
[54 1 



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, etc. 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 resistance to cur¬ 
rent flowing from the copper to the copper oxide. 

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 direct 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 the 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 rectify¬ 
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 
.¡unction 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. 



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 Kirchoff’s Laws). 

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

c. 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, c, 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 scrutinizing 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 b. When 
the key is closed, i.e., when signals are not being 
sent, conditions are as described by a. For the 
carrier channel, we likewise have condition c for 
a part of the closed key period and condition e 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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Fig. 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— 

Z E  - 10 9 1 !> -2 amperes 

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 circulating 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 switch points are 
no longer in contact, forcing itself through the 
air, and thereby forming an “electric arc” which 
gives the ¡Illumination. 

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 

changes in a circuit. It may be said that an elec¬ 
tric circuit “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 
gi^e 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 circuit, 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 grade 
of the track, and others that apply to the train as 
a definite resistance to its motion at all times. 
The second part o: 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 circuit must be used in overcoming 
these reactions. The current, therefore, increases 
gradually and as it does so, the magnetic field 
becomes more nearly established and the reaction 
becomes less pronounced, until finally the entire 
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Figure 8-2 

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 E 
endeavors to establish a current in the ciicuit 
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 t2; 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 t2. 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 



two amperes; therefore our assumption that the 
induced voltage Fi 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 IR drop is becoming greater, and the 
sum of these two must always equal the impressed 
voltage in accordance with Kirchoff’s second law. 
Thus we see from the curve in Figure 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 

establishment 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, etc. 

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— 

E, = L¡ (8:1) 

where Ex is the symbol for induced emf and L 
represents inductance in henrys. 

Since L depends upon a property of the circuit 
which has to do with conductors cutting lines of 
magnetic induction, it can be defined in other 
terms. In 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— 

where is the total flux through the coil, N is the 
number of turns, and k} is a constant depending 
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Fig. 8-4 Simple Capacitive Circuit 

on the units employed. Then from equations 
(8:1) and (8:2) we have 

LI 
t ~ t 

or 
LI = kt (8:3) 

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

II = k NL (4:3) 

and 

(4:5) Al 

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

, X ^1 <A kpA X z

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

LI kk^^' 1 

or 

L kk^' 1̂  (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), 1 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, k} will be 1.26 X 10 s, or we 
may write— 

1.26 N2 p A 
100,000,000 X / (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. 

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, parallel 
inductances are calculated by the same equations 
as are parallel resistances. For example, see 
equation (3:1) and substitute L, Lt, and L2 for 
R, R} and R>, 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 circuits 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-

Fig. 8-5 Elementary Capacitor and Convention 
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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 IV 

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 K in eqi ation (8:8) 

Air 
Alsimag A196 
Bakelite ( paper-base) 
Bakelite (mica-filled) 
Celluloid 
Cellulose Acetate 
Fiber 
Formica 
Class (window) 
Glass (photographic) 
Glass (Pyrex) 
Lucite 
Mica 
Mica (clear Indial 
M yea lex 
Paper 
Polyethylene 
Polystyrene 
Porcelain 
Rubber i hard I 
Steatite (low-loss) 
Wood (dry Oak I 

.09 X 10 11

.51 X 10 « 

.34 to .50 X 10 G

.49 X 10 11

.36 to 1.4 X 10 ° 

.54 to .72 X 10 11 

.45 to .64 X 10 " 

.41 to .44 X 10 11 

.68 to .72 X 10 " 

.68 X 10 « 

.38 to .44 X 10” 

.23 to .27 X 10 6 

.23 to .72 X 10 

.58 to .68 X 10 6

.67 X 10 ” 

.18 to .23 X 10 11 

.21 to .22 X 10 G 

.22 to .26 X 10 G 

.56 to .68 X 10 11 

.18 to .32 X 10 6

.40 X 10 11

.23 to .61 X 10 11

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, 
E 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— 

$ i.ooo.ooo 

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 battery is connected 
to its terminals, there is a rush of electricity 
which charges the plates to the potential of the 
battery, but as the plates become fully charged, 
the current in the connecting conductors becomes 
zero. Were we to insert a sensitive high 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. If 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— 

C K J (8:8) d 

where C is capacitance in microfarads, K is the 
constant taken from Table IV, A is inside area of 
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Figure 8-6 

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 

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 — Ci -f- C2 -H C3 etc. (8 :9) 
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For several series capacitors— 

c = c, + ¿ + c. etc - (8:10)
Or, for the simple case of only two series capaci¬ 

tors, equation (8:10) may be expressed as follows: 

Note: Equation (8:9) may be compared with 
equation (3:1) and equation (8:11) may be 
compared with equation (3:4). 

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 I 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 



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 voltage. 
This may be verified by expressing the charging 
curve of Figure 8-8 mathematically as ar. “ex¬ 
ponential function" of time— 

(8:12) 

when Ei is the instantaneous voltage across the 
capacitor at any time t, Emax is the final voltage 
and s is the base of Naperian or natural loga¬ 
rithms, 2.718+. When t is equal to RC, the term in 
the parenthesis reduces to 

!-•- =1-4 = 1- 2.' 18 = “ 

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 
control 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, etc. 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., 5ßC 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. 
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CHAPTER 9 

TELEPHONE PRINCIPLES AND BASIC APPARATES 

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. 

Sound in the scientific sense has two distinct 
meanings. 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 produc¬ 
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 

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 Hash 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¬ 
ity”. A sine wave without harmonics 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, but 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 if 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 aPernate con¬ 
densations and rarefactions of the atmosphere in 
cycles 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 without 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 

Fig. 9-4 Elementary Telephone Circuit 
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Fig. 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 

Fig. 9-6 Horseshoe-Magnet Receiver 

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, 

Fig. 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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Ring-armature Receiver 

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 substantially 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¬ 

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 cycle, which in the case of 
the receiver diaphragm will establish a vibration 
with a frequency 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. 

9.4 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 

Figure 9-8 
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value much greater than that conveyed to the 
instrument by a feeble sound wave. The battery 
in this case was the chief source of energy 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 1, and a cup of car¬ 
bon granules C. One side of this cup rests against 
a small carbon disc rigidly connected 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 varying 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 is the same as has 
been explained in connection with Figure 9-4. 

Fig. 9-10 Telephone Circuit with Local Battery 
Transmitters 

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 ot 
the coil. This current flows through the receiver 
at the same end of the circuit, giving “side-tone 
to the receiver at the 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-

Fig. 9-11 Cross-section oe Transmitter Unit 

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 
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light, spoked copper contact member, clamped 
under the diaphragm electrode, is the means of 
providing a flexible connection 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 rayon moisture-resist¬ 
ing membrane placed between the brass plate and 
the diaphragm. 

The shape of the electrodes and the carbon 
chamber provides sufficient contact force between 
the diaphragm electrode and the granular carbon 
in the zone of 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, Inductorsand Capacitors 

A resistor is a piece of apparatus designed for 
the specific purpose of inserting resistance into an 
electric circuit. Resistors are therefore designed 
in practice to have a definite value of resistance in 
ohms. They must also be designed in many cases 
to be capable of dissipating specified amounts of 
power without heating beyond 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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Fig. 9-12 Flat Resistors 

Deposited Carbox Resistors 

to dissipate energy) ranging in general up to 
about 5 watts. 

The great majority of the resistors used can 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. Most common of these is the so-called 
composition resistor in which the resistive ele¬ 
ment is a combination of finely divided carbon or 
graphite mixed with a non-conducting filler such 
as talc, 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 
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occurs—that is, the resistance decreases as the 
temperature increases. Such materials include the 
oxides of manganese, nickel, cobalt, iron, and 
zinc, 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¬ 

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 

Fig. 9-13 E-Type Relay 
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E-Type Relay 

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, etc. 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, etc. 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 
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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. Figure 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 arrangements 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 we ded 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 same 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 or closing. 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 operates 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 

Fig. 9-14 Crossbar Switch Crosspoint 

dependent for their operation upon the proper 
functioning of relays. In some of these the oper¬ 
ating limits are sufficiently 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 practice, specific instructions giving 
the exact operating and release current values for 
which each type of relay should be adjusted for 
each kind of circuit in which it may be used, are 
provided. 

In many of the more complicated switching 
operations required in telephone and telegraph 
work, such as those 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 
crossbar 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. 

Closure 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 arc. Each 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 
so 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. 



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 common 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 
office 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. 

Fig. 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 S2, the re¬ 
sistance of which is made high relative to that of 
winding Sj. 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 S2 is so high. For the 
transmitting condition there are, as in the side¬ 
tone circuit, two parallel paths for the current 



flow—one directly over the line through the pri¬ 
mary of the induction coil and the other through 
the capacitor and Si and either through S2 or the 
receiver. Because of the relatively high resistance 
of most of the current will tend to flow through 
the receiver, but the induction coil is so designed 
that current flowing in P and Si will induce a 
voltage in the winding S2 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 the 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 

500-Type Telephone Set 

Fig. 10-3 Open-space Cutout 

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 to the 
telephone lines, high power radio sending appara¬ 
tus, etc. 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 

175 ] 



Fig. 10-4 Heat Coil 

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 sufficiently high, the glass cement with which 
the small carbon insert is held in the porcelain 
block may be melted, with the result that the 
blocks are forced into direct contact by the 
mounting springs in which they are held. 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¬ 

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-
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Fig. 10-5 Heat Coils and Cutouts Mounted on Protector 
Frame in Central Office 
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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 central 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 peojile or by mechanical devices. 
Although both types perform the same function, 
the equipment and methods employed in each 
case are quite different. 

10.3 Manual Switching Systems 

In the manual central office, switching is per¬ 
formed by operators 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. 
Except 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 operator can reach any one of about 
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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 somew’here 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 subscriber’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 Ci and C2 

are made at the hook switch. Ci 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 Li, through the primary winding 
of the induction coil, and the transmitter back to 
the central office over the other half of the line 
through the other half of the relay winding Ry, 
to ground. This energizes the line relay Ry which 
connects the central office battery to the answer¬ 
ing lamp Ay 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 
Pi 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 R2, known as a “cut-off” 
relay, which disconnects the line relay from the 
circuit, putting out the burning answering (or 
line) lamp At. The operator learns the calling 
subscriber’s wishes by connecting her telephone 
set to the cord circuit by means of the key Ky. 
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 office 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 J2 
which permits the lamp S2 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 K2. 
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 S2 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, 



Fig. 10-7 Telephone Connection Through Common Battery Exchange 



Fig. 10-8 Principle of Step-by-Step Switching 

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 office 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 

[80 J 

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 connects 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 tor local 
switching. Again, there are three principal switch¬ 
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 general, 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 performed 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. 
Tue oldest type of dial central office 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 system 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 subscriber’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 office “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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Fig. 10-10 Inter-office Dial Switching Principle 

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 importance 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 switch 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 crossbar 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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Office A Office B 

Fig. 10-11 Locai Crossbar Switching Arrangement 

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 to 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. 

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 called (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. etc. 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 an idle outgoing trunk to the dis¬ 
tant office. It also selects an idle junctor between 
the district link frame and the office link frame 
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. 

I 83 I 



Sender Frames with Marker Connectors at the Right 

In the meantime, the calling subscriber con¬ 
tinues to dial the digits corresponding to 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 office is 
closed to the incoming trunk frame, which causes 
a controller at that office to select an idle termi¬ 
nating sender and connect 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 connected 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 

again registered in relays or crosspoints of a 
crossbar switch. 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 
“seizes” 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 
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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-
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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 office to the 
called telephone. The operation of the switching 
equipment is the same whether directed by an out¬ 
ward operator or by the subscriber’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-WO6-1748. 
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 for 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 



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¬ 

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. 
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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-cycle alter¬ 
nating current supplied from a local central oflice 
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 suitable 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 
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Fig. 10-13 Multi-frequency Key Pulsing of Digits 

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 overa 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 keys are closed, 
a d-c circuit may be traced from a battery at the 
West station through the key and relay at that 
point to the line wire, thence through the relay 
and key at the East station, and back through the 
earth to the battery. The relays at each end in 

Fig. 11-1 Elementary Telegraph Circuit 

turn control local circuits 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 sound¬ 
ers to operate accordingly. Thus, two skilled 
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 East operator wishes to send, he opens his own 
key, which silences both sounders. The West op¬ 
erator, recognizing the “break", then closes his 
key and listens for signals sent from the East key. 

It is hardly 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-

Fig. 11-2 Telegraph Circuit on Si.mpi.exei> Telephone 
Circuit 
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Fig. 11-3 Telegraph Circuit on Composited Telephone Circuit 

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 2/<f 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 rate of decay when the key is 
opened. The three 2Mf 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 induc¬ 
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 outlying towns or cities. 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. For 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 wha1 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¬ 
ployed 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 type¬ 
writer, these are sufficient 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 requires 
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 6-unit or 7-unit codes to provide 
maximums of 64 or 128 possible signal combina¬ 
tions. 

11.4 Principles of Teletypewriter 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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Fig. 11-5 Theory of Start-Stop Teletypewriter System 

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 
given 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 

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 I) 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 
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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 brush 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 transmission 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 office 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 essentially 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 analyzing 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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Fig. 11-6 Magnetic Circuit of the Differential Polar 
Relay 

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¬ 

low the repeater’s operation, note that the two 
windings of the receiving relay are connected on 
one side respectively 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. 

Fig. 11-7 Terminal Differential Duplex Set 
Arranged for Full Duplex Service 
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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 flow 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 

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 8, the pres-



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 basic 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 ll-10(A) the relay is 
adjusted to operate at time O and to release at 
time R; the length of the received signal is then 
represented by T. If now the adjustments are 
changed to permit operation at Ox and release at 
Rt, as in Figure ll-10(B), the length of the signal 
is increased to Tx. 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. Either type, if of sufficient magni¬ 
tude, may make it difficult 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 69 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-MTI), 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-MTI) 
is longer than the M-STI), 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 employed 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 20% 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. 

Figure 11-11 

Fig. 11-12 Signal Waveshapes in Polar Telegraph 
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. It is necessary to note, however, that 
relays can get out of adjustment as readily with 
polar as with neutral transmission. Also, it 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. Either effect will 
unbalance the transition delays and thus produce 
bias. 

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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Figure 11-13 

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; it 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 +35 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 its 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-

Fig. 11-14 Principle of the Regenerative Repeater 
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suit is further guarded against in teletypewriter 
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 20% 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 without 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 principle 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 face, 
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 R 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 latch 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 battery 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¬ 

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 operation 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. 
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CHAPTER 12 

ALTE RNATI NG Cl RRE NTS 

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 this 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. 

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 E 10 
volts. Here we have a voltage which gradually 
increases to a maximum value, then decreases to 
zero, to increase again to a maximum value in the 
opposite direction, and then again decrease to 
zero, where the cycle repeats itself. Even if we 
knew the maximum voltage value, we should not 
know the trend of the successive values from zero 
to the maximum value. Figure 12-2 illustrates 
cycles 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 cycles 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 enif at some specified point 

in the cycle. 
c. 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 where the wave shape is not a sine 
wave but a complex 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 harmonics. 

12.2 The Sine Wave 

I he 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 
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added (or subtracted) either in or out of 
"phase” and the wave shape of the result 
will be 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¬ 

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- -
píete cycle. 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. 

Fig. 12-4 Vector Representation oe Instantaneous 
Current Value Fig. 12-3 Sine Waves of Different Frequency 
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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 t, represented by the point 
P. If we know the frequency, and the length and 
the position of the single radius R 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 
question. The Jingle this vector makes with the 
horizontal gives the position of point P. If we 

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-clockwise 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. 

max.= 1.33 

T = l/60 Sec. 

Fig. 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. 

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 an 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. 

In direct-current networks, we used equations 
based on Kirchoff’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 time in 
its cycle. 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 ot 
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 more 
useful value would be the average value over a 
complete half-cycle, this being equal for the sine 
wave to .636 times the maximum value. 

Still more useful is a value so selected that the 
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. Phis 
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— 

/ = .707 (12:1) 

and 
E = .707 (12:2) 

where E and / without subscripts 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. 

12.5 Power in A-C Circuits 

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

p = ei (12:3) 

where the lower-case letters mean that the values 
are instantaneous ones. The power in an a-c 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 time. 
Such a curve for the case where the current and 
voltage in a circuit 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-

Fig. 12-10 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 = El (12:4) 

and, as always,— 

P = PR (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 ei gives both positive and nega¬ 
tive values and we have the positive power loops 
A and B and the negative loops C and D. The 
latter loops represent power returned to the gen¬ 
erator from the circuit. The total power absorbed 
by the circuit is obviously equal to the sum of A 
and B minus the sum of C and D. In this case, 
then, the power, P is no longer equal to EI but to 
something less than that. The factor by which EI 
must be reduced to obtain the true power is de¬ 
termined by the phase relation between the cur¬ 
rent and the voltage. The power now is— 

P EI cos 6 (12:6) 

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

It may be noted that the expression, P PR, 
remains true in this case and conforms with equa¬ 
tion (12:6) because as we shall learn, R Z cos 0 
and / E/Z, from whence— 

P PR I X I xR 
= I X E/Z X Z cos 0 IE cos 0. 

Fig. 12-11 Power in A-C Circuit When Current and 
Voltage are not in Phase 
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12.6 Ohm's Law anti 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) n / u X - = R (ohms) / (amperes) 
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. 
I Effective current. 
Eare Average emf. 
I„ rc Average current. 
e Emf at some specific instant, or instan¬ 

taneous voltage. 
i Current at some specific instant, or in¬ 

stantaneous current. 
E} Induced emf. 
T Length of time in seconds (or fraction of 

one second) for a complete cycle. 
f Frequency or the number of cycles per 

second. 
Z Impedance in ohms. 
A; Inductive reactance in ohms. 
Xc Capacitive reactance in ohms. 
Y Admittance in mhos. 
0 Angle between current and impressed 

emf, or between impedance and resist¬ 
ance, etc. 

introduce some new quantity that will express in 
ohms not only the resistance to current but the 



combined effects of resistance, capacitance and in¬ 
ductance at a definite stated frequency. This 
quantity is called impedance, and Ohm’s Law is 
adjusted to read— 

„ , , , E (volts) Z (ohms) . . . / (amperes) 
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 though it were a 
branch of a direct-current network. 

The effect of inductance or capacitance in op¬ 
posing the flow of current in any alternating-
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 to as impedance, we must add 
them vectorially because they do not act in phase. 
We shall take up the calculation of impedance 
after first learning how the reactance may be 
determined for any single frequency from the 
inductance and capacitance values in a given cir¬ 
cuit branch. 

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 inductance “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 this becomes apparent. Here are two 
current cycles of the same effective value but the 
.4 cycle has twice the period, or half the frequency 
of the B cycle. Also the slope of the A curve at 
any point such as P„, is half the slope at any cor¬ 
responding point such as Pi, on the B curve. The 
slope is the measure of current change and we 
would expect, therefore, that the induced emf of 
the B curve would be twice as great as that of the 
.4 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 induc¬ 
tive reactance expressed in ohms is equal to the 
inductance in henrys times the frequency in 
cycles per second, multiplied by 2- or— 

A’, 2zfL (12:8) 

where Xi is the inductive reactance in ohms, -
is 3.1416. / is the frequency expressed in cycles 
per second, and L is the inductance in henrys. 

For practical use this becomes— 

X, G.2S32fL (12:9) 

Example: In Figure 12-13 assume that the 
source of alternating emf is a sine wave, 10 
volts, 1000 cycles 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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Solution : 

X, 6.2S32fL 6.2832 X 1000 x 2.7 

16964 ohms 

/ = — 
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 ernt' 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. 

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 E 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 : 

X = ~2^fC (12:10)

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

1,000,000 
c “ 2_fc tiz.ll) 

or with 3.1416 substituted for -— 

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

Solution : 

1,000,000 
“ 6.2832 X 1000 X 2 

1,000 
~ 6.2832 X 2 
79.5 ohms 

- .126 ampere, ans. 
(minus sign here means leading current) 



Fig. 12-16 Effect 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 capacitance, 
such as that shown in Figure 12-17, we may 
combine the reactances as follows: 

A’ A',. + X,. 

or, from equations (12:9) and (12:12) — 

6.2832/L 1,000,000 
6.2832/C 

(12:13) 

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 

6.2832/L 1,000,000 
6.2832/C 

A 6.2832 X 1000 X .6 1,000,000 
6.2832 X 1000 X 1 

3770 - 159 
3611 ohms 

/ ,, .0028 ampere, ans. 
•5611 

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 90° 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. 

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 
Xi. is drawn at right angles from the end of R 
to represent reactance. The line Z, then repre¬ 
sents the resultant of R and XL, or the impedance. 

Since the lines R, X, and Z always form a right 
triangle, of which Z. is the hypotenuse, an equa¬ 
tion can be formed to find the value of Z directly. 
The equation in this case is— 

12.10 Impedance 

To determine a way to combine reactance and 
resistance when we wish to evaluate the imped¬ 
ance. let us consider the relation between voltage 
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Z- R- + X,? 

Z = ^^X,?- (12:14) 

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¬ 

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 = + x- (12:15) 

In these diagrams if R is represented by the 
same line as the current. Z will be represented by 
the same line as the impressed emf; consequently 
the angle 0 will represent the phase difference be¬ 
tween the voltage and current, and with the 

adopted convention for direction of rotation and 
that for plotting time on the sinusoidal chart, 
will represent current lagging behind impressed 
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 

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

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 

v V- - « - 1,000,000 A = ÄL + A,. 2-fL - Q_’c

and 

1,000,000 
2-fC (12:16) 
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Example: In Figure 12-23, R is 20 ohms, t is 
1000 cycles per second, L is .04 henry and C 
is Ijxf. What is the numerical value of the 
impedance in ohms? 

Solution : 

R 
1,000,000 V 
2-fC / 

I (20) 2 + ^6.28 X 1000 X .04 - 6 28 x lQOO Xl) 

= V(20)-’ + (251 —159) 2

= V400^R8464 

= V8864 
= 94 ohms, ans. 

TABLE VI 

CHART OF VECTOR RELATIONS 

PROPERTY REACTANCE IM PEDANCE PHASE ANGLE 

Inductance (L) . Xt, = 2-/L ZL = ^R- + Xi 0t, = Tan y 

Capacitance (C) . 
1.000.000 

~ 2- fC Zc = \/ R- — A ¿ 0C - Tan -1

Net Effect . X = XL + AV Z = ^JR- + A’2 0 = Tan-1 A, H 

Notes: 1. If lines Zc. Z¡ or Z represent phase of voltage, line R will indicate lead or lag of current and 0c, 
0L and 0 will be angle of lead or lag. 

2. Power factor is cosine of phase angle (Power = EI cos0). 
3. The impedance symbol is usually written Z^/. for example, Z/_0_ = 15/30°, etc. 
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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 0 in Figures 12-24 and 12-25. 
Impedance is customarily expressed, accordingly. 

in the form (Z at an angle 0) where Z is the 
magnitude of the impedance and 0 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, 

X / Y\ 0 is equal to tan“’—( the angle whose tangent is— 1 
R \ A/ 

Also, by simple trigonometry we know that R = Z 
cos 0 and X = Z sin 0. Thus, with the impedance 
expressed in the form Z¿0 it is completely defined 
and we may readily determine the magnitude of 
its resistance and reactance components. 
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CHAPTER 1.3 

AIÆ E R N A TIN G CU RRENTS— ( Con t in ued) 

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-c quantities (current, voltage and 
resistance) are of only one dimension and are 
therefore completely described by a single number 
giving their magnitude, the corresponding a-c 
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. 

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— 

ß ßi 4- ß? + ßs, etc. (3:1) 

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

z = zt + z. + Zz (13:1) 

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

To graphically illustrate the application, let us 
assume that Zx = 10 ohms with 0x = 30°, Z2 = 15 

ohms with 02 = 45° and Z^ - 20 ohms with 
0s 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 should 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 A' is the sum of X), and 
X. and ß is the sum of ß,, R2 and ßa. Therefore 
since— 

Z = s/R- + X-
we have— 

Z = \J ( ß 1 4- R2 4~ ß;p - 4- i A 1 4- A 2 4- A 3) “ (13:2) 
In order to evaluate Z, 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. 

Example: Find the total impedance of the cir¬ 
cuit of Figure 13-2 using the values for Zx, 
Z2 and Z.t given above. 

Solution : 

This gives 

X Z sin 0 
Z cos 0 

10 X 500 5 ohms 

Rx 10 X -866 8.7 ohms 
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A 

Fig. 13-3 Graphical Addition of Impedance Vectors 

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

A2 10.6 ohms 

R2 10.6 ohms 

A3 = 17.3 ohms 
7?s 10.0 ohms 

Applying equation (13:2) — 

z vue + a2 + x¿-
= V(8.7 + 10.6 + 10)- + (5 + 10.6 + 17 3) 2

= \/(293P+ (32.9K 

44.0 ohms 

e = tan 132.9 
29.3 

tan 1 1.12 
48°. 

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 = 7(7?. + Rr+^V (A,. + a,) 2

where 

1.000,000 
*c~ 2-fC " 

1,000,000 
6.28 X 1000 X -2 

= — 796 ohms 
and 

XL = 2^fL 
= 6.28 X 1000 X .02 

= 125.6 ohms 

Then 

Z \ (70 + 60 + 100)- - (-796 + 125.6) 2

V(230) 2+ (-67Ö.4F 

709 ohms 

and 

Therefore 
Z 44/48° ohms, ans. 

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

tan-' (-2.9) = - 71°, 
whence 

Z 709/-71 0, ans. 

Fig. 13-4 Analysis of Impedance Vector Addition 

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 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— 

Ct = Gx + G2 + G^ (3:6) 
cr 

1 1 , 1 1
/? Ä, + al “ ' rc 

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— 

or, for more than two in parallel, 

which latter may also be written— 

(13:3) 

(13:4) 

Y Y, + Ÿ2 + Y., etc. (13:5) 

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

R,= 50C L1 = .01H 
- VA- iW-— 

R2=40fi L2 = .03H 
—VW-W— 

E = 10 V 
1000 

Figure 13-6 

standard notation as Z Z f) R + jX where 
“j’ 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 calculations 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— 

where Z/H 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 and Z2/02. Then from the 
usual equation for parallel circuits— 

The first step is to find the values of Zi/0^and 
Z2/^2. We know that— 

0, - tan ’ X ' 
R i 

where 
R} 50 ohms 

and 

X, = 2zfLt 6.28 X 1000 X -01 62.8 ohms 

Then 
a 1 1 62.8 0i tan 1 tan 

oO 

Then, since R} Z, cos 

Z = - - 50' cos Hi cos51°27' 

Impedance of branch 1 

1 1.255 = 51 27 

0.— 

6239 80-3 ohms 

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 along the T-axis is 
distinguished by the coefficient “j”, to indicate its 
position relative to the resistance component along 
the X-axis. The vector is then expressed in the 

ZCHi_. 50 + j 62.8 80.3/ 51 ° 27'. 

Likewise R2 40 ohms 

X2 2-fL2 6.28 X 1000 X -03 188.4 ohms 

1 4 
02 - tan 1 „ ’ tan-14.71 78 T' 

4 V 

7 40 _ 40 1 QQ A k 
Z? cos 78'1' .2076 193-0ohms 
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Impedance of branch 2 
: Z-.^ = 40 + j 188.4 193.0/ 78° 1'. 

Then using equation (13:3) and expressing the 
vectors of the numerator ir. the Z¿0 form, since 
multiplication is involved, and the vectors ot the 
denominator in the ß + jX form, since addition is 
involved, we have— 

X z^ 
(Hi + jXi) + (Us + 3X2) 

ZiZ2/0i + 
(Ri + Rz) 4* j(Xi + X2) 
80.3 X 193.0/51 °27' + 78°!' 
(50 + 40) + 1 (62.8 + 188.4) 

15500 1 29°28' 
= 90 + >251.2 

15500/129°28' 
90 /< -1 25 1-2

/tan 90 
COS 

251.2' tan 90

15500 129 28' 
90 

/, j 9 tan ’ 2.79 cos (tan 1 2./9) -

15500/12ÍT2ÍL' 
90 

cos 70°17 
To IT 

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: 

Z, II i + jX i 

10 (i _ _ 1.000,000 1593

A1 = ’ 2-fCi 6.28 X 1000 X 1 

Zi : 20 - j 159.3 160.7/ 82 51' 

Z. = Hz + jX. 72 + >0 72/0° 

ZXZ. 160.7/ — 82°5T X 72 0° 
Z' Z, + Z . 20 - j 159.3 -1- 72 -1-

11,570/ - 82 51' 11,570/ - 82°51/ 
92 - j 159.3 184/ - 60°l'~ 

= 62.8 z - 22’50' 58.0 - >24.4 

15500/129228/ 
= 90 ” 

”3374 

15500/129°28' 
267/70°17/ “ 

= 1552° 129°28' - 70°17' 
26 i — --

= 58.0/59211' 

And 

/_ "_10_. 
Z'« 58/5921V 

5g ¿°° - 59°UZ = .173/ - 59°11' 

Thus we find that the generator will deliver a cur¬ 
rent of .173 ampere and this current will lag the 
generator voltage by 59° 11'. 

With a little practice it will be found that sev¬ 
eral of the detailed steps given above can be per-
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Z3 Rx + jX^ 
X* 2-fL; = 6.28 X 1000 X 2 1256 

Z3 = 10 + > 1256 1256 / 89°33' 

Z4 = Hi -|- jX^ 
= 2-fLA = 6.28 X 1000 X -3 1884 

Z, = 30 + j 1884 1884/ 89 5' 

Z3Z4 1256/ 89233; X 1884/89 5' 
Zb = ~ZWZ7 10 +7Ï256T30+7Ï884 

2,365,000/ 178238/ 
40 + j 3140 

2,365,000/178/38' 
3140 89 16' 

753/89/22/ 8 + > 753 

Ze H;, + jX^ 

A/-, = 2-fL :> = 6.28 X 1000 X -1 628 

Zc = 60 + ; 628 



The total impedance Z Z, + ZK + Z, 

Z 58.0 - j 24.4 + 8 + ; 753 J- 60 + j 628 

126 +■ j 1356 1360 84°40' 

10 
1360 84 40' .00735/- 84 MO' 

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

13.3 Alternating-Current Resistance 

In alternating-current networks, 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 current; 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. 

“Alternating-current resistance”, 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 includes not only the heat losses 
due to the resistance of the coil winding but also 
the core losses. Since any power loss can be ex¬ 
pressed in the form of the equation P = 1-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 frequency. 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 of the circuit. 

The effective resistance of a long wire such as 
an ordinary transmission line also increases as the 
frequency of the current through it increases, due 
to a cause known as skin effect. It is a result of 
the fact that any current 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 1he 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 frequency; if the 
frequency is doubled, the reactance is also 
doubled. In the case of a given capacitance value, 

Fig. 13-8 Series Resonant Circuit 

1 



Fig. 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, can be de¬ 
termined in terms of the inductance and capaci¬ 
tance by solving this equation for f as follows : 

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 
[xf, L is .10 H ; what current will flow at reso¬ 
nance when R is 4 ohms and E is 1.0 volt and 
what is the voltage drop across the induc¬ 
tance? 

Solution : 

1,000 
■ r 6.28 \/ .10 X .254 

1,000 
6.28 y/ .0254 

1,000 
- 6.28 X -159 
= 1,000 cycles per sec. Ans. 

, E 1.0 A/ , .25 amp. Ans. A 4 

E,. = IX, 
X,. = 2-fL 6.28 X 1.000 x .10 = 628 

E, - .25 X 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 frequency 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 circuits, 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 a minimum load on the genera¬ 
tor. In other words, the generator circuit is prac¬ 
tically open. Figure 13-10 (B) shows the com-

B 

Fig. 13-10 Parallel-resonant Circuit 
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Fig. 13-11 Curves of Current Values in 
Parallel-resonant Circuit 

bined reactance. A,, 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 
opposite directions, thereby neutralizing each 
other in the lead to the generator. Effectively, 
this gives an open circuit 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 far as either of the branches is 
concerned. 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 resistance, 
there will be an I-R 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 
parallel-resonant circuit made up of the same 
units as were used in the series resonant circuit. 
It will be noted that the selectivity of the parallel-



resonant circuit is also decreased as the resistance 
is increased. Indeed, there is a value oi 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 circuit is often called a “tank 
circuit”. This is because it acts as a storage 
reservoir for electric energy. Here it may be 
more helpful to think in terms ot 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. 

13.5 (J 

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— 

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 Q times the net voltage across the coil and 
capacitor, or QE. In a parallel-resonant cir¬ 
cuit when Q is large, the total impedance of the 
combination at the resonant frequency is Q times 
the coil or capacitor reactance, or Z XiQ (at 
resonance X,. - X, ). 

Example: In a parallel-resonant circuit 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 kc? 

Solution : 

50 microhenries -5X10 '' henries; 1000 kc 

10 ,: cycles. 

XL 2-fL 6.28 X 10G X 5 X 10 5 314 ohms 

Z = X,.Q 314 X 31.4 9860 ohms. Ans. 
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CHAPTER 14 

REPEATING COILS AND TRANSFORMERS 

14.1 Mutual Induction 

1 he 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-induct¬ 
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 lie 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 be connected toan 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 the electric 
circuit that is responsible tor the effect is known 
as its mutual inductance. 

Figure 14-1 

14.2 Theory of the Transformer 

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

induction around a conductor (shown in cross-
section) in which the current is increasing in 
value. If a second conductor is in the vicinity, 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 flow, however, when 
the current in the first conductor reaches its 
maximum value, or at any other instant when it 
may have a steady, unchanging value because the 
magnetic field has become stationary and the lines 
of magnetic induction move neither outward nor 
inward for a steady current value. 

If the current in the first conductor is de¬ 
creased, we have the reverse condition, or that 
shown in Figure 14-2. Here 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 emf may be expressed as follows: For 
any two parallel conductors, 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 emt in the other, tending to produce a 
current in the same direction. 
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Fig. 14-3 Principle of Induction Coil 

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, P and S have the same number 
of turns, and both the coils and core are con¬ 
structed so as to have negligible energy losses, 

1 122 ] 

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 : 

EJ = %1’ (14:1) 
As Nh 

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. Fach time 
the alternating emf in the primary completes a 
cycle, it establishes a magnetic flux in the iron core 
which collapses to be established in the opposite 
direction, to again collapse, etc. This flux 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-
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nected) is merely the sum of these individual 
turn voltages or— 

Es Nsxv (14:2) 

where Ns is the number of turns on the secondary. 
In the primary the induced emf must be exactly 

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— 

Er N X V (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). 

Figure 14-5 

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— 

Nr X 1r Ns X Is or ‘ p (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— 

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 induced emf in the 
winding S causes a current to flow through the 
impedance Zs, which can be expressed as fol¬ 
lows— 

When this current starts to flow through the load 
Zs, and through 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 winding P. This will tend to 
neutralize the magnetic field ir. the iron core, 
thereby tending to counteract the 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 transformer on open 
circuit. We therefore find that the transformer 
adjusts itself to any load that may be connected 
to the secondary just as if an 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. 
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Pi, Ps and P EI, 
we have— 

E sis E,.!,. 
from which— 

The value of the current in the secondary cir¬ 
cuit is of course dependent on the value of the 
load impedance Zs—that is, Is Es/Zs. From 
which— 

2- = £ 
Similarly the impedance presented to the genera¬ 
tor by the primam of the transformer is— 

E,. 
lr 

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

Zs E. I„ Es Ir Ns Ns 
Zp Is X Er Er - Is Np X Np 

Inequality ratio transformers may be rated 
either according to their voltage ratios, step-up 
i 



Fig. 14-6 Use of Transformers in Power Circuit 

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 .4 to B must, therefore, be accomplished with 
a loss of 10 volts for a current of 100 amperes 
and this means that the IR drop of the line must 
not exceed 10 volts. Therefore, the resistance of 
the line, from the equation— 

E 10

/ 100 10 °hm

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 
its 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 
circuits; from a direct-current aspect the 
circuits are separate units. 

c. The transformer in effect changed the nature 
of the connected load, or in other words 
changed the impedance of the load to a 
different value unless the transformer was 
of unity ratio. 

In power work the principal use of a trans¬ 
former is to accomplish the result given in a 
above, whereas in telephone work we are more 
often concerned with b and c. 

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 

must not exceed l/10th of an ohm, requiring 
extremely large copper conductors. If, however, 
a step-up transformer of l-to-20 voltage ratio is 
inserted at the generator, and a step-down trans¬ 
former of 20-to-l 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 
distant end, or the required 100 volts when 
stepped down. Since the current in the line will 
now be l/20th of 100, or 5 amperes, the resistance 
of the line in this case will be— 

n 200 .A n R = _ 40 ohms 
5 

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 l/10th 
ohm. The amount of copper required in the sec¬ 
ond case is l/400th or only l/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 
connection with telephone repeater circuits and 
certain other telephone apparatus, input and out¬ 
put coils are used primarily to match 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 circuit, as illus¬ 
trated by Figure 14-7. Here the alternating-
current flow in one subscriber’s line is repeated 

Fig. 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 't he 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 circuit. 
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 simultaneously 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 employed at the terminals 
are designed for voice-current and ringing-cur¬ 
rent frequencies, and do not appreciably impair 
transmission over the principal or side circuits. 
The third or phantom circuit is formed by 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 circuit 
are identical, any current 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 current 
set up in the drop or switchboard 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 one side circuit, and likewise return in the other 
side circuit. At any one point along a side circuit, 
there will be no difference of potential between 
the two wires due to current in the phantom 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 

Fig. ¡4-8 Principle of the Phantom Circuit 
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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 types of repeating coils 
are currently standard in the Bell System. One 

4 2 

7 5 
A. 62■and 93 - Type 

4 2 

7 5 
B. 173-Type 

Fig. 14-9 Standard Repeating Coils 

TABLE VII 
STANDARD REPEATING COILS 

IMPEDANCE RATIO LINE TO 

DROP 4-3 AND 8-7 TO 

2-1 AND 6-5 

93-type 62-type 

1:1 
1:1.62 

1.62:1 
2.66:1 
1.24:1 
2.28:1 

1:1.28 
1:2.34 

93-A 
93-B 
93-F 
93-( ; 
93-11 
93-.I 

62-A 
62-B 
62-C 
62-E 

62-F 
62-G 

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-c 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 tabular 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-

Figure 14-10 

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 
me), 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, zinc, magnesium, manga¬ 
nese, and iron, into the desired shape and “firing” 
at temperatures in the order of 1000° C. Elec¬ 
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 very high frequencies. At the same 
time, the ferrite’s magnetic permeability is high up 
to several megacycles. 

Before the development of ferrite materials it 
was generally necessary to use air core transform¬ 
ers for most radio applications and these are st ill 
widely employed in ordinary radio circuits. 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 

relationships that apply to iron-core transform¬ 
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¬ 
quency 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— 

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 Q 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 oí 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 
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Figure 14-12 

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-E amplifier and out on the 
line East. 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 Z2 is the equal im¬ 
pedance of the balancing network. Z, is the im¬ 
pedance of one amplifier output and Z3 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 Z4. This estab¬ 
lishes a current through Z4 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 Z2, 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 Z3. In other words, there is 
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no transmission from Z4, the output of one ampli¬ 
fier to Z3, the input of the other amplifier. It may 
be noted, however, that only half of the energy 
delivered from Z4 goes into the line Zn 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 Z2 is 
disconnected, leaving the terminals fg open. The 
voltage source then sets up a current through Z H 
Z3 and the winding de, as shown by the arrows. 
The current through de induces a current in wind¬ 
ing ab which also flows through Z4 and winding 
be. This in turn induces a voltage across ef 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 Z4, as 
seen through the winding de, is equal to Z3. The 
potential difference between d and e is then equal 
to the drop between e and g across the impedance 
Z3. 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 
Z3 so that points f and g are at the same potential. 
Therefore, no current will flow in Z2 if it is now 
reconnected. This means that energy coming from 
the line divides equally between Z3 and Z4 and 
none reaches the balancing network Z2. 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. 

Figure 14-13 
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Fig. 14-14 Four-wire Terminating Set 

Hybrid coils of the type discussed above can 
also be used at the terminals of 4-wire telephone 
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 
case 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 Z3. As indicated 
by the arrows, at any given instant V sets up 
equal voltages in Zi and Z2, 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 p-/i 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 Z3 and Z4 and there is no cur¬ 
rent in the network, Z2. This is because the 
direction of the voltage set up in winding e-f of 
repeating coil 2 is such as to oppose the equal volt¬ 
age set up in winding a-b. 

Where repeating coils having six windings are 
used in a hybrid arrangement, the connections 
are naturally somewhat 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. Equal 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-

Fig. 14-15 Repeating Coil Hybrid Arrangements for 
2-wire Circuits 
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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 transformers 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 connection, a 
transmitter may be considered as the source of 
energy; the line from the speaking party to the 
listening party with all of its associated 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 kc. Later we shall consider trans¬ 
mission at higher frequencies, including radio fre¬ 
quencies extending up to several thousand mega¬ 
cycles. 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 successfully 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 ata 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 system'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 efficient 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 circuit 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 this case, 
the battery will transfer to the external circuit 
the maximum amount of power, but in doing so 

Fig. 15-1 Power Transfer as a Function of 
Resistance Ratio 



Fig. 15-2 Efficiency as a Function of Resistance 
Ratio 

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 con jugate to the impedance looking hack 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 any electric system as one 
network supplying energy to another. The first of 
these networks may then he replaced hy 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¬ 

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 R' is the im¬ 
pedance measured or calculated from the same 
terminals with the electromotive force E 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-

R1

Fig. 15-4 Application of Thevenin’s Theorem to the 
Network of Fig. 15-3 

pedance of the receiving device plus the impedance 
measured or calculated across the terminals with 
any sources id’ emf considered as having zero 
value. 

15.4 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 

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 A and B will be the 
same. As we shall see in a later Chapter, this 
same result can also be effected by means of a 
simple network having three arms arranged in 
the form of a 

In determining values for the three impedances 
in an equivalent T-network such as is shown by 
Figure 15-5, the following equations may be used : 

Impedance of o Z, — c (15:1) 

b = Zs - c (15:2) 

c (Z,~ ZA7~ (15:3) 
where Z} is the impedance of the complicated net¬ 
work at the terminals connected to the source of 
emf with the receiving device terminals open; Z2 

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 mathematics. 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 Z2. 

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¬ 

minals A and B, we would obtain a certain im¬ 
pedance value which we may call Z'o. Now let us 
connect this impedance Z’n across the receiving 
terminals C, I). 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 
connected across the terminals C, D will make the 
network 30 sections long. Very soon we will ar¬ 
rive at an impedance value w'hich 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 Zo 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 

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

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-



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 Z2 per mile and represent each mile by 
it T-network sections, the impedance of each 
series T-arm will be Z,/2n and each shunt arm 
will be nZ.. The characteristic impedance of the 
network may then be written from equation 
(15:4) as— 

From this it may be seen that as the number of 
sections » is increased to a very large number, the 
first term under the radical approaches zero and 
the equation reduces to— 

Z„ = (15:5) 
Actually the use of higher mathematics, 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, R ; 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. R and 
L are series constants and C and G 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, R-j^L (15:6) 

where the symbol w is used for convenience to 
represent 2-f. The impedance of the parallel 
shunt branch similarly is— 

From equation (15:5) the characteristic imped¬ 

ance may then be written as— 

Here R is resistance 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 /„ 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 individual 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— 

Accordingly, we may write generally for the cur¬ 
rent at the end of the »th section— 

(15:9) 

[ 134 ] 



An equation such as (15:9) is most conveniently 
dealt with by means of logarithms. Expressed in 
this way it may be written— 

log,. or 2.303 log = — wy (15:10) 
*0 A) 

where •; 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— 

7 =1 J I Ui 4 AoA) - 1I ¿2 I G + ywC 

;«£) (G + faC) (15:11) 

The propagation constant 7 is a vector quantity 
because it is equal to and both Z, and Z-, 
are vector quantities. It may accordingly be sepa¬ 
rated into a “real” and “imaginary” component 
thus— 

7 24/; (15:12) 

where a, the real part of 7, 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 ß, the imaginary 
part of 7, 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 ß 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 point on a line. In practice it is 
usually easier to evaluate a and ß by making use 
of equations (15:11) and (15:12). They may be 
expressed, however, directly in terms of the pri¬ 
mary constants—R, L, G and C, as follows : 

a=\\\/(R2 + <UL2) (G2 + ^^) + I (GR - ^2LC) 

(15:13) 

ß =^W(ß2 + (G2 4- ^r5) - I (GR - W2£C) 

(15:14) 

The value of ß. gives directly in radians the 
phase shift in current or voltage over a unit 

or 57.3 degrees.) For a length of line comprising 
a unit lengths the total phase shift will obviously 
be nß radians. The value of a 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 n units in length— 

-nx 2.303 log I" 2.303 log (15:15) 
< o 0 

where the current and voltage ratios express mag¬ 
nitudes only without regard to any phase differ¬ 
ences that may exist. The power entering the 
line is— 

P« ÊVo cos ft 

and the power at the end of the nth unit length 
is— 

P, E„I„ cos ft 

ft 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— 

2.303 log p" - 2na (15:16) z 0 

The power, 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 2 and ß. 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 

length of line, such as one mile, having primary 
constants R, L, G and C. (A radian is 360/2z Fig. 15-9 Voltages and Current in an Inductive Circuit 
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Fig. 15-10 Voltages and Current in a Capacitive Circuit 

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. Figure 15-9 shows the time re¬ 
lationship between voltage and current in such a 
circuit, where E is the voltage curve, and / the 
current curve. This current sets up a back or 
induced emf E\, 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 EIt on the load 
side of the inductance. The curve ER is obtained 
by adding E and Ex 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 Eit, which exists across the capacitor and the 
load. This voltage likewise lags behind E, the 
original voltage. 

In 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. 
Each 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 

1 2 3 4 5 6 7 8 9 10 11 12 13 

A ■ Uniform Multisection Network 

Fig. 15-11 Transmitted Currents and Voltages at Junctions of a Multisection Uniform Network 
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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 clearly, let us assume that we 
take our sections of such a length that, for a fre¬ 
quency of 1000 cycles, 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 such 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 E„ to be 10 volts, the voltage at 
the end of the first section, Et, will be 8.95 volts, 
lagging 30° behind E„. E2, at the end of the sec¬ 
ond section, will be 0.895 X 8.95 or 8.01 volts, 
lagging 30° behind E, or 60° behind E„. 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 multiseclion 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 0 from the correspond¬ 
ing voltage vector, where 0 is the angle of the 
characteristic impedance Z„. Thus we may treat 
a similar Figure such as 15-11(C) as a “distance¬ 
current diagram” where the vectors, C- E. etc., 
show the magnitude and relative phase of the cur¬ 
rents at the network junctions. If now we refer 
all the current vectors to a common reference 
point, we will obtain a broken curve such as that 
of Figure 15-12(A), 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-l, 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). For the same reason 2-1 will be the 
current passing through the second shunt, etc. 

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 

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 taken by the entering current: at other 
points there is a 90’ 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 G, rotating 
through 30° for every section traversed and di¬ 
minishing in value about lO^t 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 point 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 k. The time required to set up one 
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Fig. 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— 

'M 
f 

(15:17) 

This velocity may range in value in telephone 
circuits from as little as 10,000 miles per second 
to a maximum approaching the speed of light in 
a vacuum, some 186,000 miles per second. 

The value of the wavelength À is readily deter¬ 
mined from the value of ß which, as we have seen, 
depends on the primary constants of the line and 
the frequency, ß 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— 

X = (15:18) 
P 

The equation for velocity may then be rewritten 

co IF 7 ‘ (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 ; 

R 89.7 ohms C .062 ¡xf 

L .040 henrjr G 1.5 ¡xmhos 

Solution : 

<o 2-f 2 X 3.1416 X 1000 6283 

From equation (15:8) 

„ i R + j^L 
° I G + j^C 

i /89.7 + >6283 x .040” 
I 1.5 X 10 -° + >6283 X .062 X 10“G

. ~ 266.8/70o2r~ 
: I 389.5 X 10 « /89°47' 

= \/684,980 / —195267' 

= 827.5 /—9°43' Ans. (1) 

The input power, Po, is 

Po ■ A,,/,, cos 6 

Substituting 

/„ in the above, 
^0 
p E^'  cos ü 

^0 

or 
, P„Z„ 
u cos « 

(Note: When Z„ is a pure resistance, 0 is zero 
and its cosine is one. Therefore, when 0 is 
small in value it may, for all practical pur¬ 
poses, be disregarded.) 

.010 x 827.5 
= .9856 8396

E„ 2.90 volts 
Then 

i Eq 
*0 “ y 

^0 

2 90 = _ _ .0035 ampere or 3.5 milliamperes 
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From equation (15:11) 

Y = \Ä(R + j^L) (G + yuC) 

= V266.8/70°21' X 389.5 X 10-«/89°47' 

= V 103,920 X 10 11 160 8' 

= .3222 80°4' 

From équation (15:12) 

ï = a + 
.3222 cos 80°4' + f.3222 sin 80 4' 

= .0556 + ;.3174 
From equation (15:15) 

2.303 log / = h * 
* 0 

or 

2.303 log " V a 
* N 

. 3.50 50 X .0556 
106 /. - 2.303 1 L2OT

V“ 16.11 
' n 

/» = iß^]j -22 milliampere Ans. (2) 

Phase shift per mile 

3 .3174 radian or 18.2 

Total phase shift for 50-mile circuit is 

50 X 18.2 910° Ans. (3) 

Then /„ = .22 / —910° milliampere 

From equation (15:15) 

2.303 log =na 
n 

, 2.90 50 X .0556 
l0g - 2.303 - L2°7

= 16,n 

9 90 . .18 volt 16.11 
Then 

P„ E„l„ cos ñ 

.18 X .00022 X -9856 

.000039 watt or .039 milliwatt. Ans. (4) 

From equation (15:18) 
9 — 

z = 7?-J 

*■’>?? 1 19.79 miles Ans. (5) 

From equation (15:17) 

IF fk 

= 1000 X 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 the end of each 2-mile section. 
The instantaneous voltage on the line is shown in 
I). The power at all points along the line is shown 
by E. As the power is proportional to the product 
of EI cos 0, 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 — (Continued) 

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 attenuation than fre¬ 
quencies 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 hi practice of 
course would depend on the extent of the attenua¬ 
tion and phase shift variations with frequency. 
Optimum transmission conditions would be ob¬ 
tained with a line where a was as low in value 
as possible and entirely independent of frequency; 
and ß was so related to frequency that IT would 
be independent of that factor. Such a condition 
can be realized in theory with a line whose pri¬ 
mary constants are of such values that LG IK • 
When this is true, the value of a as determined 
from equation (15:13) reduces to— 

a = (16:1) 

the line can then be matched by pure resistance. 
Unfortunately, a transmission line having such 

optimum characteristics is not readily attainable 
in practice. The value of G 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 IlC, therefore, it would be necessary either 
to increase the value of L substantially or to de¬ 
crease the value of IL The latter is not practical 
beyond rather narrow limits because of economic 
considerations. It 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 ß, IF and Zo in equations 
(16:2), (16:3) and (16:4), but the value for a 
in practice will be more nearly 

•-I*!? <16:6 > 
and 3 from equation (15:14) becomes— 

ß — m\^LC (16:2) 

Here a is independent of frequency as desired, 
and ß is proportional to frequency in such a way 
that— 

which is also independent of frequency. 
Under the same optimum, if somewhat hypo¬ 

thetical condition, the value of the characteristic 
impedance works out to be approximately— 

Again this is independent of frequency, which is 
desirable because the characteristic impedance of 

which may also be written-

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— 

a . I <o (16:6) 

If this is compared with equation (16:5) it will 
be seen that the addition of inductance reduces 
the attenuation to the extent that the value of the 
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ratio R/IL is less than w. 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 beneficial 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-

I 142 ] 

mined from the following equation— 

<16:7)
where L is the inductance of the loading coil in 
henries and C 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 cycles. 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. 

16.2 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 Zs is connected at points 1 and 2 to 
a line of length I, of characteristic impedance Z„, 
and propagation constant 7; which in turn is con¬ 
nected at points 3 and 4 to a receiving circuit of 
impedance ZK. Assuming first that the line is so 
long that both its sending end and receiving end 
impedance is equal to its characteristic impedance 



Figure 16-2 

Z,„ there will be reflection losses at both junction 
points if neither Z. nor ZK is equal to Z„. Con¬ 
sidering the junction at 1,2 the ratio of the current 
/„ entering the line to the current /„' that would 
enter the line if Zs were equal to Z„ is— 

Similarly the reflection loss at point 3,4 may be 
determined from— 

2\'Z„Z W 

/ // Z» + Z R

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 reflection losses, determined as above, 
plus the loss in the line itself, which is s 7'. 

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„ because of the different imped¬ 
ances connected to the distant ends. Any such 
differences will of course reduce the accuracy of 
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: 

Ù Zs + ZR x , 2^7 t

// 2\/Z^7 Z„ 4- Zs Z„ + ZR

(^0 + (Zo + Zs) 
X (Zo + ZB) (Zo + Zs) - (Zo - ZR) (Z„ - Zs) 

Here the first three terms represent the two re¬ 
flection losses as above, and an inverse term cor¬ 
recting for the fact that Zs is not equal to ZR ; 
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 e 2v' becomes very small. 
Similarly, if Zs equals ZR 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 configura¬ 
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 
Figure 16-2. In practice the central wire is held 
in place quite accurately 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 and 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— 

Zo I 138 1og (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— 

.24 X 10 

/ t 1 \ 

" , h (16:10) 

log a 

a a = 

where a and I) are in centimeters. From equation 
(16:10) it may be determined that minimum 
attenuation is obtained when the coaxial is so 
designed that b/a 3.6. With this configuration 
Zo is about 77 ohms. The present standard co¬ 
axial used for transmission in the Bell 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 specified 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 parallel wire 
line of comparable dimensions. More important 
is the fact that the shielding effect of the outer 
cylindrical conductor 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 
Losses 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 circuits. Without some 
such unit we would be handicapped in giving any 
scientific expression to the grade of telephone 
transmission under various conditions. It would 
be natural to say that sufficient energy had been 
transmitted from the speaking station to the 
listening station for the listener to hear distinctly 
every spoken word, or to say that the sound 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 gf 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 a was equal to 
.109 for 800-cycle frequency and .122 for 1000-
cycle frequency; etc. 

This meant that the percentage reduction in 
power caused by inserting a mile of standard cable 
between a sending and receiving element was dif¬ 
ferent for different frequencies. Under these con¬ 
ditions, to say that a telephone circuit 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 

A PPROX IM ATE PO W ER RATIO 

DECIBELS FOR LOSSES FOR (IAINS 

FRACTIONAL DECIMAL DECI MAL 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
20 
30 

4/5 
2/3 
1/2 
2/5 
1/3 
1/4 
1/5 
1/6 
1/8 
1/10 
1/100 
1/1000 

.8 

.63 

.5 

.4 

.32 

.25 
2 
.16 
. 125 
.1 
.01 
.001 

1.25 
1.6 
2.0 
2.5 
3.2 
4.0 
5.0 
6.0 
8.0 

10.0 
100.0 

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"), represents always 
a fixed percentage reduction in power no matter 
what frequency is involved. Its 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— 

10' (16:11) 
* 0 

where is input power and Po is output power. 
This corresponds to a current ratio of IO"5 and to 
an attenuation constant value of a .115. Table 
VIII, showing the power ratios for several values 
of decibels, will aid in forming a clear conception 
of the magnitude of the unit. 

For any given power ratio the number of deci¬ 
bels corresponding can be determined by the fol¬ 
lowing simple equation— 

No. of db = N = 10 log (16:12) 
* 0 

or, if the current ratio rather than the power ratio 
is known— 

N = 20 log (16:13) 
* 0 

or from equation (15:15) — 

/ 1 
N = 20 log j' 20 X 2 303 X a = 8.68 a 

(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, it 
the circuit in which it was used was effectively 
shortened, or had its net attenuation 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 current 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 
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angles to the force lines of the electric field. The 
total energy of the wave is always equally divided 
between the electric and magnetic 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 

Reflection at Crest of Voltage Wave 

Figure 17-1 



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 reflected 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 value 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. En¬ 
ergy is nevertheless surging back and forth in the 
line. The line may accordingly be thought of as 
behaving like a senes 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 will 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 usefid 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-R 
losses due to the reflected currents in addition to 
the PR 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 indicate 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 always 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 
rapidly 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 PR losses in the conductor. 

17.4 Radio Transmission 

It 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 thought 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 
radiating antennas and it is customary in radio 
work to measure the effectiveness of antennas in 
controlling the directivity of radio propagation 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 with 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 megacycles). There is no practical 
possibility, however, of designing antennas with 
such 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 of energy. What is perhaps 
worse, this lost energy may be absorbed else¬ 
where where it may interfere with other com¬ 
munication circuits, or be received at unauthor¬ 
ized points in such a way as to militate against 
the privacy of the transmission. There remain, 
therefore, obvious advantages in the employment 
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 losses become too great at 
high frequencies. A coaxial is a better guide be¬ 
cause the outer tube acts as a shield to 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 application 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 
service 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 medium 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 sufficiently large to permit the 
traveling electric and magnetic 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¬ 
guide must have a cross-sectional dimension that 
is in the order of magnitude of at least one half 
wavelength 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 through a 
given waveguide. These possible configurations, 
known as “modes”, can be classified into two ma¬ 
jor categories. In one 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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Fig. 17-3 Rectangular Waveguide 

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 subscript such, for example, as 
TEW or TMH. In a guide of rectangular cross¬ 
section, the first numerical subscript 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 
critical, it is usually two to one, as indicated here. 
The dominant mode in this design of guide is 
TE l(„ 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 

I 150 1 

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 2a, twice the length of the longer side. 
The next higher mode, TE20, is cut off at a wave¬ 
length equal to a, while still higher modes have 
still smaller cutoff wavelengths. This means that 
the band of frequencies whose wavelengths lie be¬ 
tween a and 2a 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 produce 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-R losses. Their attenuating effect, 
however, is considerable. The loss at 4000 mega¬ 
cycles of a I14 X 2'2 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 low 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 discontinuity 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-
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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 be 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 suc¬ 
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 shown 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 10, is automatically produced. 

Wave propagation in guides of circular cross¬ 
section requires the use of somewhat different 

Fig. 17-5 Probe Type Coaxial to Waveguide Transducer 
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techniques than in the case of the rectangular 
guides. The dominant mode in a circular wave¬ 
guide, coded TEii, is illustrated in Figure 17-6. 
It will be noted that this is similar to the TEjo 
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 me 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 
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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 electric, or TE in, 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 me 
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. Establishment 
of the TE IU 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 
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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 of 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 relatively 
very short guides now in use. Complete elimina¬ 
tion of irregularities, including bends, is, how¬ 
ever, obviously impractical. It follows that suc¬ 
cessful 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. Most 
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 struc¬ 
ture readily supports the TE01 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 circular electric modes such as TE (I2 or 
TEoa does not present a serious problem because 
experiment has shown that substantial conversion 
of the TE 01 mode to these higher modes of the 

same family is not likely to occur. 
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 TE,„ 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 mult iple 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 wavelength 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 resonant 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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Fig. 17-8 Field Displacement Isolator 

transmission is the so-called isolator. This is a 
waveguide element which effectively permits 
transmission through a guide in one 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. In the 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 
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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 ot 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 
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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 practice 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. 

Fig. 17-10 Faraday Rotation Isolator 

F rom the general discussion of waveguide trans¬ 
mission in Article 17.5, it will be recalled that for 
normal TE 10 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 TEn may be transmitted equally well 
in any plane of polarization. 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-clockwise. 
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 1 rans-
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Fig. 17-11 Faraday Rotation Waveguide Switch 

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 economic 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 distinc¬ 
tion between facilities used for toll (long distance) 
and for exchange area transmission. The latter 
facilities include the greater part of the total tele¬ 
phone plant since local or short haul service is 
naturally used more frequently than 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. It 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 balance 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 toll 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 experimental 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 intervals of about 8 miles. The conduc¬ 
tors used were almost entirely 165, !28, 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 indicated in Figure 18-1. Here each cross¬ 
arm carries 10 wires which are numbered consecu¬ 
tively starting with the left-hand pin of the top 
crossarm when looking in the direction of the pole 

Phantom Group Phantom Group Phantom Group 
1-4 5-6, 15-16 7-10 

Fig. 18-1 Wire Configuration for Open Wire Line 
Carrying Voice-frequency Side and Phantom Circuits 
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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—particularly 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 

Fig. 18-3 Wire Configuration of 8-inch Spaced Open 
Wire Line for 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 lines 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-

Fig. 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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Fig. 18-4 Wire Configuration of 6-inch Spaced Open 
Wip.e Line for Type-J Carrier Operation 



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 systems (Type-J) em¬ 
ploying frequencies up to 140 kc, 8 or 6 inch 
spacing between wires of a pair is employed, and 
the pole-pair groups are usually dispensed with. 
Each 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 to 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 kc, 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 

Fig. 18-5 Attenuation-Frequency Characteristics of 
Open Wire Side Circuits Over the Voice Range 

Fig. 18-6 Attenuation-Frequency Characteristics of 
Open Wire Phantom Circuits Over the Voice Range 

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 kc be equipped with 
the same type insulators. 

Table IX gives the more important physical and 
electrical constants of the commonly used types 
of open wire circuits. The values given are cal¬ 
culated for the single frequency of 1000 cycles 
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 
Characteristics of Standard Types of Open Wire Telephone Circuits at 1000 Cycles per Second 

Notes: 1. Al] values are for dry weather conditions. 
2. All capacity values assume a line carrying 40 wires. 
3. Resistance values are for temperature of 20° C. (6S° F.). 

TYPE OF CIRCUIT 

GAG® OF 
WIRES 

(MILS) 

SPACING OF 

WIRES 

(IN.) 

CONSTANTS PER LOOP MILE 

PROPAGATION CONSTANT LINE IMPEDANCE 

WAVE¬ 

LENGTH 

M ILES 

VELOCITY 

MILES PER 

SECOND 

W 

TRANS¬ 

MISSION 

EQUIVALENT 

DB PER 

MILS 

Polar Rectangular Polar Rectangular 

R 
Ohms 

L 
Henrys 

c 
Mf. 

G 
W.Mho. 

Magni¬ 
tude 

Angle 
Degrees 
+ 

a B 
Magni¬ 
tude 

Angle 
Degrees 

R 
Ohms Ohms 

Non-Pol® Pair Sid® 165 12 4 11 00337 00915 29 0352 84 36 .00346 .0350 612 5 35 610 57 179 5 179.500 .030 

Pole Pair Side 165 18 4 11 00364 00863 29 0355 84 75 00325 0353 653 5 00 651 57 178 0 178.000 028 

Non-Pole Pair Phan. 165 12 2 06 00208 01514 58 0355 85 34 00288 0354 373 4 30 372 28 177 5 177.500 025 

Pole Pair Phan. 165 18 2 06 00207 01563 58 0359 85 33 00293 0358 366 4 33 365 28 175 5 175.500 025 

Non-Pole Pair Phys. 165 8 4 11 00311 00996 14 0353 83 99 00370 0351 565 5 ss 562 58 179 0 179,000 032 

Non-Pole Pair Phys. 165 6 4 11 00292 01070 14 0356 S3 63 00394 0353 529 6 25 526 58 177 8 177.800 034 

Non-Pole Pair Side 

Pole Pair Side 

12S 

128 

12 

1 - I 

°
 00353 00871 29 0356 81 39 00533 0352 650 8 32 643 94 178 5 178.500 046 

18 6 74 00380 00825 29 0358 81 95 00502 0355 693 7 72 686 93 177 0 177.000 044 

Non-Pole Pair Phan. 128 12 3 37 00216 01454 58 0357 82 84 00445 0355 401 6 73 398 47 177 0 177.000 039 

Pole Pair Phan. 128 18 3 37 00215 01501 58 

14 

0362 82 82 00453 0359 384 6 83 382 46 174 8 174.800 039 

Non-Pole Pair Phys. 128 8 6 74 00327 00944 0358 80 85 00569 0353 603 8 97 596 94 178 0 178.000 049 

Non-Pole Pair Phys. 128 6 6 74 00308 01011 14 0361 80 33 00606 0356 568 9 53 560 94 176 6 176.600 053 

Non-Pole Pair Side 104 12 10 15 00366 .00837 29 0363 77 93 00760 0355 692 11 75 677 141 177 0 177.000 066 

Pole Pair Side 104 18 10 15 00393 00797 29 0365 78 66 00718 0358 730 10 97 717 139 175 5 175.500 062 

Non-Pole Pair Phan. 104 12 5 08 00223 01409 .58 0363 79 84 00640 0357 421 9 70 415 71 176 0 176.000 056 

Pole Pair Phan. 104 18 5 08 00222 01454 58 .0368 79 81 00651 0362 403 9 S3 397 69 173 6 173,600 056 

Non-Pole Pair Phys. 104 8 10 15 00340 00905 .14 . 0367 i i 22 00811 0358 644 12 63 629 141 175 5 175.500 070 

Non-Pole Pair Phys. 104 6 10 15 00322 00967 14 0371 76 60 00859 .0361 610 13 26 594 140 174 2 174.200 075 



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 expected, when open wire circuits 
are used as conductors for carrier systems, the 
variation in attenuation from the low- to the high-
frequency end of the transmission band is much 
greater. Thus, Figure 18-7 gives curves for 8 inch 
spaced, physical circuits, transposed for Type-C 
carrier, through the frequency range up to 50,000 
cycles. Here, in the band between 5000 and 50,000 
cycles, it will be seen that the attenuation more 
than doubles. Similarly as shown in Figure 18-8, 
the losses over the open wire broad-band carrier 
range (Type-J) increase by almost 300% in the 

Fig. 18-7 Attenl ation-Frequency Characteristics of 
Open Wire Physical Circuits Over the Type-C 

Carrier Range 

range from 20 to 140 kc. Moreover, in the higher 
carrier ranges, the loss of open wire circuits may 
be increased to values very much larger than 
those indicated in this latter Figure by unusual 
weather conditions, such as ice, sleet or snow 

Í 

Fig. 18-8 Attenuation-Frequency Characteristics of 
Open Wire Physical Circuits Over the Type-J 

Carrier Range 

accumulating on the wires. Thus, Figure 18-9 
gives a representative example of the measured 
effect of melting glaze of an estimated diameter 
of '/o inch on an 8-inch spaced pair of 165-gage 
wires. Here, the attenuation at 140 kc is some 
four times the normal wet weather attenuation. 

Fig. 18-9 Curve Showing the Effect of Sleet Deposit 
on Attenuation of Open Wire Circuit 
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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 loading in cable circuits 
—that is, to employ lower inductance coils and 
closer spacing between coils. At the same time, 
the general application of the telephone repeater 
has 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 phantom 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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TABLE X 
Characteristics of Standard Types of Paper Cable Telephone Circuits at 1000 Cycles per Second 

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 instructions. The values given in Bell System Practices should therefore be used for engineering work. 

TYPE OF 

CIRCUIT 

WIRE GAGE 

A.W.G. 

1 

1 

TYPE OF 

LOADING 

CODE NO. OF 

LOADING COILS 

SPACING OF 

LOAD COILS 

MILES 

LOAD COIL CONSTANTS 

PER LOAD SECTION 

CONSTANTS ASSUMED TO BE DISTRIBUTED PER 

LOOP MILE PROPAGATION CONSTANT LINE IMPEDANCE 

,1 WAVE¬ 

LENGTH 

COILS PER 

W WE-

LENGTH 

! VELOCITY 

j LOADS PER 

SECOND 

W 

VELOCITY 
MILES PER 

SECOND 
W 

CUT-OFF 

frequency 

(approx.) 

I 

! TRANSMIS¬ 
SION EQUIV¬ 

ALENT DB 

PER MILE 

(CALCU¬ 

LAI ED) 

R 
Ohms 

L 
Henrys 

R 
Ohms 

L 
Henrys Mf. 

G 
Mho. 

Polir Rectangular Polar Rectangular 

Magnitude 
Angle 
Degrees a ß Magnitude 

Angle 
Idegrees 

R 
Ohms 

X 
Ohms 

Side 19 N.L.S. — — — — 85 8 001 062 1 5 1830 46 98 1249 1338 470 1 42 80 344 9 319 37 46 93 — — 46930 — 1 08 

19 H-31-S M-4 1 135 2 7 031 88 2 028 062 1 5 2769 76 58 0613 2693 710 0 13 20 691 2 162 17 23 33 20 55 20555 23331 6700 56 

19 H-44-S M-2 & M-3 1 135 4 1 043 89 4 039 062 1 5 3188 79 87 0561 3138 818 0 9 91 805 8 140 80 20 02 17 64 17638 20022 5705 49 

19 11-88-8 M-ll 1 135 7 3 .088 92 2 078 062 1 5 1408 84 56 0418 1388 1131 0 5 22 1126 3 102 83 11 32 12 61 12615 14319 3997 

1
 
1
 

bo
 1

 e
x?

 
00

 1
 o

 
1
 
1
 

19 H-172-S M-l 1 135 13 0 170 97 3 151 062 1 5 6095 86 96 0323 6085 1564 7 2 82 1562 8 76 90 10 33 9 10 9098 10326 2878 
— 

<c 19 H-174-S D-99318 1 135 16 1 171 100 0 152 062 1 5 6116 86 90 0331 6107 1570 0 2 84 1568 0 78 83 10 29 9 59 9586 10288 2870 29 
<< 19 B-88-S M-9 0 568 7 3 088 98 7 156 062 1 5 6195 87 01 0322 6186 1590 2 2 76 1588 3 76 70 10 16 17 88 17882 10157 5655 28 

16 N.LS. — — — — 42 1 001 062 1 5 1288 49 13 0842 0974 330 7 40 65 250 9 215 39 64 51 — — 64506 — 73 

16 H-31-S M-4 1 135 2 7 031 44 5 .028 062 I 5 2659 82 79 0334 2638 682 5 6 99 677 4 83 02 23 82 20 99 20985 23818 6700 29 
<< 16 

16 

H-44-S 

H-88-S 

M-2 & M-3 

M-ll 

1 135 

1 135 

4 1 

7 3 

043 

.088 

45 7 

48 5 

039 

.078 

062 

062 

1 5 

1 5 

3148 

4380 

84 61 

87 64 

0296 

0224 

3134 

4374 

808 0 

1124 0 

5 17 

2 71 

804 7 

1122 8 

72 S3 

53 09 

20 05 

14 36 

17 66 

12 66 

17663 

12656 

20048 

14365 

5705 

3997 

26 

19 

« 16 11-172-S M-l 1 135 13 0 170 53 6 .151 062 1 5 6084 88 27 0183 6082 1562 0 1 51 1561 5 41 06 10 33 9 10 9102 10331 2878 16 

cc 16 H-174-S D-99318 1 135 16 1 .171 56 3 152 062 1 5 6105 88 20 0191 6102 1567 0 1 58 1566 4 43 11 10 30 9 06 9062 10297 2870 

5655 

17 

16 cc 16 B-88-S M-9~ 0 568 7 3 .088 54 9 156 062 1 5 6184 88 29 0185 6181 1587 4 1 49 1586 9 41 35 10 17 17 90 17897 10165 

Phantom 19 N.L.P. — — — 42 9 0007 .100 2 4 1646 47 78 1106 1219 262 1 41 97 194 8 175 23 51 53 — 51525 — 96 
CC 19 H-18-P M-4 1 135 1 4 018 44 1 017 100 2 4 2695 78 67 0529 2642 42S 8 11 11 420 8 82 61 23 78 20 95 20952 23781 6959 16 
It 19 H-25-P M-2 & M-3 1 135 2 1 025 44 7 023 100 2 4 3082 81 30 0466 3047 490 7 8 48 485 3 72 39 20 62 18 16 18158 20621 5916 40 
Ci 19 H-50-P M-ll 1 135 3 7 050 46 2 045 100 2 4 4243 85 2o 0351 4228 675 2 4 53 673 1 53 33 14 86 13 09 13093 14861 4193 30 

19 H-63-P M-l 1 135 6 1 063 48 3 056 100 2 4 4724 85 98 0331 4712 751 8 3 80 750 1 49 81 13 33 11 75 11748 13334 3738 29 
Cl 19 H-106-P D-99318 1.135 8 2 107 50 1 095 100 2 4 6135 87 49 0269 6129 976 4 2 29 975 6 38 98 10 25 9 03 9033 10252 2871 23 
cc 19 B-50-P M-9 0 568 3 7 050 49 4 089 100 2 4 5939 87 37 0273 5933 945 2 2 41 944 4 39 83 10 59 18 64 18645 10590 5936 24 

cc 16 N.L.P. — — — — 21 0 .0007 .100 2 4 1161 50 02 0746 0890 184 8 38 98 143 7 116 29 70 60 — — 70604 — 65 
cc 16 H-18-P M-4 1 135 14 018 22 2 017 100 2 4 2618 84 02 0273 2604 416 7 5 76 414 6 41 83 24 13 21 26 21259 24129 6959 24 
cc 16 H-25-P M-2 & M-3 1 135 2.1 025 22 8 023 100 2 4 3032 85 41 .0243 3022 482 5 4 37 481 1 36 80 20 79 18 32 18319 20792 5916 21 
cc 16 H-50-P M-ll 1 135 3 7 050 24 3 045 100 2 4 4223 87 43 0189 .4218 672 1 2 35 671 5 27.52 14 90 13 12 13124 14896 4193 16 
cc 16 H-63-P M-l 1 135 6 1 063 26 4 056 100 2 4 4709 87 74 0185 4705 749 4 2 04 748 9 26 63 13 35 11 77 11766 13354 3738 16 

16 H-106-P D-99318 1 135 8 2 107 28 2 095 100 2 4 6128 88 54 0156 6126 975 2 1 24 975 0 21 13 10 26 9 04 9037 10257 2871 14 

CC 16 B-50-P M-9 0 568 3 7 050 27 5 089 100 2 4 5931 88 48 0157 5929 943 9 1 30 943 7 21 39 10 60 18 66 18657 10597 5936 14 

Physical 19 B-22 620 0 568 1 28 022 88 1 040 062 1 5 3221 80 23 0546 3174 826 8 9 55 815 3 137 20 19 79 34 85 34850 19790 11276 47 

16 B-22 616 0 568 1 25 022 44 3 040 062 1 5 3153 84 89 0281 3140 809 4 4 89 806 4 69 01 20 01 35 26 35260 20010 11276 24 





For program transmission up to 15 kc 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 lOOO-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 offset 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 inches 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 Cable Cross Section 

TABLE XI 
LOADING ( OIL SPACING CODE 

CODE DESIGNATION 

A 
B 
( ' 
1) 
E 
F 
.1* 
11 

Y 

LOAD COIL SPACING IN FEET 

700 
3000 
929 

4500 
5575 
2787 
640 

6000 
680 

2130 

* Spiral-four cable. 

Figure 18-12 shows the attenuation loss at a 
temperature of 553 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 outskirts 
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 centra! office, 
and other conditions peculiar to each particular 
situation, such toll entrance cables may vary in 
length from a few hundred feet to several miles. 
There are also numerous situations, such as river 
crossings, where it is necessary to insert relatively 
short lengths of cable 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 circuits, 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 cable conductors should 
be so designed that their 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 Io 
the larger gages of open wire. That is, 165 ojien 
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Fig. 18-10 Attenuation-Frequency Characteristics of Various Types of Loaded Cable Circuits 
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Fig. 18-11 Attenuation-Frequency Characteristics of 
Non-loaded Cable Circuits Over the 

Type-K Carrier Range 

wire will be connected 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 11-31-18. 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 length 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 generally used is 
C-4.1 and C-4.8, the former being used for the 
larger gage wires and the latter for the smaller. 

Fig. 18-12 Attenuation-Frequency Characteristic of 
Typical .375 Coaxial 

Fig. 18-13 Attenuation-Frequency Characteristics of 
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 kc. 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 also 
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-

0Rj 
1 o-»-VWAA—«-- 3 

2R2 I I 2R2

I '/2R1 f 
2^ —-4 

"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 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 2-4 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 z and Square pads 
illustrated. 

In most cases pads are symmetrical; that is, 
their impedance, as seen from either terminals 
1-2 or 3-4, is the same. This is the case for the 
four pads 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 match 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 terminal 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, I,, 
to the sent current, I„. This loss expressed in db 

is 20 logio . The value of this current ratio, 

can also be obtained in terms of the series, 

Rot =V V4 Ri2 + Ri R2 

Is =  1/2 Ri + R2 + Rot 
Ir R2 

Figure 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 z-pads in Figure 19-2 and 19-3 respectively. 

If the same values of series (SJ and shunt 
(S2) 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 15.4, 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 applying these equations to the --pad 

R Ri r2 
Or VV4 r[2 + R] R2

Is _ , , Ron , Ri . Ri Rorr 
I, ~ R 2 2R2 4R22

Figure 19-3 

in Figure 19-4, the equivalent T-pad can be calcu¬ 
lated. The resistances 7?!, ß2, and R.t in Chapter 15 
are as follows : 

R} Resistance across terminals 1-2 with ter¬ 
minals 3-4 open. 

R2 = Resistance across terminals 1-2 with ter¬ 
minals 3-4 shorted. 

Rx Resistance across terminals 3-4 with ter¬ 
minals 1-2 open. 

In terms of R,, R„, and Rz in Figure 19-4. these 
resistances now become: 

«•“R'+r'+R (19:4)

*« = r“Ä;+r (19:5 > 

= (I9:6)

Where the z-pad is symmetrical (R„ Rz), the 
values of R„ and Rh will, of course, be equal. 

To convert a T-pad to a z 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 Rr, R,„ 
and R: in terms of R,„ R,„ and Rc. 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— 

R„Ri, + R„Rr T 
R;-RyR: 4- R,RuR: T R.rRyR: 

(Rx + Rv + Rs)2
This becomes— 

Ra Rb + Ry Rc T Rh Rc 
R. Ry R. 

Rl + Ru + Rt

Then by dividing this equation by each of equa¬ 
tions (19:6), (19:5), and (19:4), we get— 

„ Ra Rh + Ra R, -\-Rb Rc 
= Rr

p Ra Rb 4" Ra R< -\-Rh Rc 
Ky — p ^b 

Ra Rh + Ra Rc ~\~Rb Rc 

(19:7) 

(19:8) 

(19:9) 

When the T-pad is symmetrical (Ra Rt,), the 
values of R„ and Rz will be equal. 

(Rr+Rz)Ry
1 R, + Ru + Rz

p Rc Ry 
R r + Ry 

p (Rr P Ry) Rz 
' Rx + R„ + Rz

Rr Ry + Ry Rz 
Ri + Ry + Rz 

RR: + Ry Rz 
R, + R„ + Rz

(19:1) 

(19:2) 

(19:3) 

By substituting these values in equations (15:1), 
(15:2) and (15:3), and solving for the resist¬ 
ances of the T-network. we get— 

Figure 19-4 

In designing a pad, it is only necessary to cal¬ 
culate the resistance values for either a T or z 
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 = J + 7?, R, 

or 

+ 7?, R2 = 360,000 
4 

20 logm i” 10 db. 

i Z« 10 ™ login J 9q -50 

3.16 

Also from Figure 19-2 

Z = R2 = 316

+ ß2 + 600 = 3.16 7?., 

Ù' + 600 
??2 = 2 Ig = -231 7?, + 277.8 

Substituting R2 in the first equation above—-

A ' + Rt (.231 R, + 277.8) - 360.000 0 

TABLE XII 

Series (X) and Shunt (F) Resistance Values 
of Balanced z or Square Pads 

Ro 300 ohms 

Resistance Values for Square Pads 

DB Loss 
Resistance Values 

Series, X Shunt, Y 

0 0 Infinite 

2.5 44 2099 

5.0 91 1071 

7.5 146 738 

10.0 213 577 

12.5 298 487 

15.0 408 430 

17.5 553 392 

20.0 742 367 

25.0 1330 336 

.481 Ry + 277.8 7?t - 360,000 0 
From this 

7?. 
-277.8 + x/77,170 + 692.640 

.962 

and 

-277.8 F 877.3 
.962 623.2 ohms 

R2 = .231 Ri + 277.8 
= 144 + 277.8 = 421.8 ohms. 

The H-pad will have a shunt resistance (R2) 
of 421.8 ohms, and each of the four series arm 
resistances (7?i/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 

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 'I'- 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 frequency 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-wavelength resonant line. 

-1_I-
Line A Line B 

Zn= 490 Ohms 
Zs= 600 Ohms ° ZR= 400 Ohms 
_;-1__ 

Figure 19-5 

If an impedance 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 Za look¬ 
ing into the other end of the line will be— 

from which, we may write— 

Zo^Ä (19:10) 
A quarter-wave line designed to have the charac¬ 
teristic impedance Za as determined from this 
equation will therefore serve to match two unlike 
impedances, Z* and ZK, so that there will be no 
reflection losses at the junction points. 

As an example, assume that it is desired to con¬ 
nect 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-

Fig. 19-6 Tapered Impedance-matching Section 
for Waveguide 

quency. 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„ \/6ÔÕ5< 4(H), 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 transformer. 
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 accomplished 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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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¬ 

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-

A. WHEATSTONE BRIDGE CIRCUIT 

■WWWW-
s 

B. WHEATSTONE BRIDGE IN THE FORM OF AT NETWORK 

Figure 19-9 

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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CONSTANT RESISTANCETNETWORK WHEN Z n Z21=r2

Fig. 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 implies, 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 two opposite points of the bridge through 
the impedance 7?, 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 through the impedance P when the follow¬ 
ing proportion holds true: 

A S CP VA „ or SB = A A b A 

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 .4, /’, and B, with N as the bridging impedance 
while R and X now become the input and output 
impedances, respectively. Next, let us change the 
impedances R, A, P, and X to resistances of equal 
value, which may then all be designated as R. For 
reasons to be explained later, we shall also re¬ 
designate the impedances S and B as Zu and Z2] , 
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— 

ZÆ R x R or R- (19:11) 

When the bridge is balanced no current flows in 
I 17 

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 generator across 
terminals 12 of this circuit, we now see two paral¬ 
lel paths which present an input impedance Z„, 
of— 

y (R + Z||) (ß -|- Z21) 
- r + z„ + r + z2}

R- + RZ^ - RZ2\ -p ZnZ2i 
2Ä + Z„ + 

or substituting R- for ZHZ21 , 

z- R

In other words, when the bridge is balanced 
(Z, ,Z21 R-) . the input impedance of the equaliz¬ 
ing network is a pure resistance, R. 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. 

As in the case of any other circuit, the loss pro¬ 
duced by this network may be determined by the 
ratio of the current. h„ 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, I„, in the output before the net¬ 
work is inserted will be— 

, _ E E 
" R + R 01 2R 

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 R. As the input current divides into the two 
parallel paths (Figure 19-11), the current flow-



ing in the output (terminals 3-4), 7„, is— 

7 - 7. X R + Z-' . _ 
a - l̂ R + Zlt + R + Z" 

Then 

7. R +. Z2X

It, 2R + Z„ + Z2i 
or 

Ib _ 27? + Z„ + Z21 , 
L R ■ Z21

Since we are considering the balanced condition 

where ZnZ2i = R2, then Z2X „ . Substituting 
Z11 

this in equation (19:13), we get— 

h _ R2 + 2RZ XX + Zn 

la ’ Ä2 + ^11 

7? + _ -i i Z, 1 

R "It (19:14) 

This shows that, as long as the balanced condition 
is maintained, the loss of the network is deter¬ 
mined by Zn. 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 7? when Z2X is the inverse of Zu 
(Z2IZn = R2), and its overall loss-frequency 
characteristic is determined by the bridged series 
impedance network, Zx] . 
Both Zu and Z2X 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 (ZnZ21 R2), which 
means there must always be an inverse relation¬ 
ship between Zn and Z21 . If Zn is a pure induc¬ 
tive reactance represented by jo>L, then Z2i must 
be R2/juL or — jR2/aL, which represents a ca¬ 
pacitive reactance, — j/uC, where C L/R-. On 
the other hand, if Z 1( is a capacitance, Z2] must be 
an inductance, which is the reverse of the above 
case. If Zxx is a resistance, then Z2, will also be a 
resistance. When ZH is a network, Z2I is a net¬ 
work with the same number of elements but each 
element is the inverse of the corresponding ele¬ 
ment of Zn as illustrated by the following table: 

When Zn is: 
Inductive reactance. 
Capacitive reactance. 
Resistance. 
Series inductance. 
Series capacitance. 
Parallel resonance. 
Series resonance. 

SERIES NETWORK 
IMPEDANCE, Z n

Z-i becomes: 
Capacitive reactance. 
Inductive reactance. 
Resistance. 
Parallel capacitance. 
Parallel inductance. 
Series resonance. 
Parallel resonance. 

SHUNT NETWORK 
IMPEDANCE, Z 21

Fig. 19-12 Inverse Series and Shunt Networks 

This inverse relationship is further illustrated 
in Figure 19-12 where the series network, Zn, 
and its inverse shunt network, Z21, are shown at 
left and right, respectively. Here the advantages 
of using the two-digit subscript for Z become 
more evident. The first digit of the subscript 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, C2| is 
the inverse of Lxx ; C22 is the inverse of LX2 ; Iw is 
the inverse of CH ; and 7?2t is the inverse of Rxx . 

In designing a bridged T-equalizer for a specific 
use, the attenuation-frequency characteristic of 
the Zu network must be complementary to the at-
tenuation-frequency characteristic of the circuit 
to be corrected. This is true because, as we have 
seen, the loss-frequency characteristic of the 
bridged T-equalizer is controlled by the series im¬ 
pedance network, ZH. 

As an example of the general problem involved 
in the design of the Zn 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 kc, while transmission in the 
West to East direction is in the range from about 
18 to 28 kc. 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 frequencies 
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. Here 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 

Fig. 19-13 Attenuation Equalization for Type-C 
Carrier System 

Figure 19-14 

upper curves A and B, each of which is made 
complementary (inverse) to the total line and 
filter loss over the frequency band for its 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. Lx, is less than that of the three 
higher voice channels, L2- This difference is read¬ 
ily corrected by making the amplifier gains differ¬ 
ent for the tw’o 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 
—say curve A. Clearly, the loss-frequency char¬ 
acteristic of the series impedance, Zu, 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 ZH circuit made up of a single series 
capacitor, as in B, will give the general loss-fre¬ 
quency characteristic indicated by curve b. 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 /j, and thus bring the curves 
closer together, we can add in series with the 
capacitor an inductance, Ln, of such a value that 
series resonance occurs at approximately the fre¬ 
quency fp 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 c. 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 Lh over 
most of the frequency range but equal to it at ft. 
This can be simulated by a parallel resonant cir¬ 
cuit which has a resonant frequency somewhat 
above flf as indicated at I), because up to the reso¬ 
nant frequency the inductive reactance of a paral¬ 
lel resonant circuit increases with frequency. On 

this basis, Ln 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 /i can be made equal to that of 
the former L^. In this way the low impedance, 
and hence low loss, is preserved at A 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 characteristic, but 
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even greater precision can be obtained by adding 
the shunt resistance Ln, as shown by E. This 
introduces a small increase in the loss over most 
of the frequency range and modifies the curve as 
shown by e. 

Fig. 19-16 Principle of Delay or Phase Equalizing 
Network 

The final series network, Z^, and its inverse, 
Z2X, then take the form illustrated in Figure 19-15. 
In the inverse network, Ziu the shunting resist¬ 
ance Ru becomes a series resistance R2\ ; the 
series capacitance Cu becomes a shunt inductance 

Fig. 19-17 Lattice-type Network 



while the parallel resonant circuit and 
Ln becomes a series resonant circuit L^, and C2i. 
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. 

19.5 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 frequencies 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 distortion, and its seriousness is 
measured in terms of envelope delay in milfisec-

Fig. 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. 

[ 175] 



CHAPTER 2(1 

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 m forming filters, or in the con¬ 
figuration in which 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 are the T and - sections shown in Figure 
20-1, where Zx and Z, represent the series and 
shunt impedances, respectively. (Note: the values 
of Z, and Z2 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 

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 characteristic impedance, Zo, 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, Zoc. and then short-circuited. Z„, 
(Zo = \/Z, . Since we are now considering an 
ideal filter made up of pure reactances in the form 
of a T-network, these open- and short-circuited 
impedances must be either positive (inductive), or 
negative (capacitive) reactance. Accordingly, the 
characteristic impedance must have ar angle of 
0° or ±90°. When the open- and short-circuited 
impedances (reactances) have opposite signs— 

This is an impedance with a zero angle, or effec¬ 
tively a pure resistance. If, however, the signs are 
alike— 

Z. - \/(± jX^ (± jX gc ) 

- X/7TXÆ) 
or 

Zn== j\/X0̂ 7c (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 is 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 filter 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 cycle. 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 filter change 
from positive to negative and vice versa, as may 
be noted from Figure 20-2(B) for the three proto-

I 

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 

Z0=y/ZorZ,e (20:3) 

but we also know from equation (15:4) that— 

Zo =| + Z,Z2 (20:4) 

which may also be written as— 

Z» ! +Z2} (20:5) 

When the reactance represented by Z} is oppo-
site in sign to the reactance represented by the 

(
7 \ _2—p 1 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 case, the filter attenuates. 

The passed and attenuated frequencies may also 
be determined from reactance curves for Z, and 

( 1 + Z2 ) as shown in Figure 20-2 (C). When 

these two curves have opposite signs, the charac¬ 
teristic impedance of the filter is a resistance and 
the filter transmits, but when the signs are alike, 
the characteristic impedance is a reactance and 
the filter attenuates. This is illustrated by the 
solid curve of Figure 20-2(1)). At the critical 

point where the J1 + Z. curve crosses the zero 

axis, the characteristic impedance, Z„, becomes 
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, may be determined from the equa¬ 
tion 

-f- + Z2 = 0 (20:6) 
4 
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Fig. 20-2 Reactance and Loss Characteristics of Elementary Prototype Filter Sections 
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Fig. 20-3 M-type Filter Sections 

In the low-pass prototype filter section of Fig¬ 
ure 20-2 (A) — 

= j2-f<L and Z2 = c

at the critical frequency, f,.. Substituting these 
values in equation (20:6), we get— 

Similarly, in the high-pass prototype filter section 
of Figure 20-2(A) — 

Zt = and Z . = j2-frL 

Then the cutoff frequency is— 

<20;8)

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 equations 
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(1)), 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 idea! 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 con¬ 
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 ca¬ 
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 just 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¬ 

to I 72+ZiZ2 (20:4) 

We wish to obtain a similar derived structure 
having the desired resonance characteristic in the 
shunt arm and whose characteristic impedance, 
Z'„, is equal to the Z„ of the prototype. (The pass 
and stop bands of the derived structure must, of 
course, be the same as those of the prototype.) 
Such a structure can be obtained if the impedance 
of the series arm Z\ is made equal to the series 
arm impedance, Z{, of the prototype, multiplied 
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by a constant factor m. In other words— terms of fc and fr as— 

Z'n = Z. (20:9) 
and 

= mZ, (20:10) 

Then using equations (20:4), (20:9) and (20: 
10), we can solve for the shunt arm impedance, 
Z’2, of the derived structure in terms of Zj, Z2, 
and m to get— 

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 -rl. 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. fr; in other 
words, when the reactances in the shunt arm are 
equal in magnitude but opposite in sign. In this 
case— 

Z- + Z, ( 1 T ) = 0 (20:12) m \ 4m / 

In the low-pass filter, we have already noted that— 

Zt ----- j2-f,L and Z2 = 2-f c 

By substituting these values in equation (20:12) 
and solving for the frequency of infinite attenua¬ 
tion, fr, we get— 

A = ~ 1 ~ 1 — z\/LC(l — m2) -\/LC \/l — m-
(20:13) 

Since, as shown in equation (20:7), the cutoff fre¬ 
quency in the low-pass filter is— 

mir (for the low-pass filter) can be determined in 
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- | 1 ~ (77) (20:14) 

In a similar manner, mhp (for the high-pass filter) 
can be determined by substituting the proper 
values for Z, and Z2 in equation (20:12), and its 
value found to be— 

w ''p I 1 - (20:15) 

The closer the values of the two frequencies, fr 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 
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. 

20.4 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 

Fig. 20-4 Characteristics of Sections of Composite 
Low-pass Filter Shown in Fig. 20-6 



m■Type Equivalent ¡n • Type 
Split at Mie ■ Shunt 

Half T Sections 
Arranged in Form of T Section Arranged 

for End Sections 

Fig. 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-section 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 z as in Figure 
20-5 (C). It should be noted, however, that we are 
not converting the T-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 portion of the 
pass band when m is equal to 0.6. We can take 
advantage of this fact by breaking this ir-section 

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 filter 
is to work. In practically all cases this impedance 
will have a zero angle, and it may therefore be 
considered as a pure resistance, R. It can be 
shown that in such a case the matching impedance 
of the filter is— 

U = I y (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 = ~ (20:17) 

and 

C= (20:18) 

and for the high-pass filter— 

L = ~.RT (20:19) 
and 

C=^ p (20:20) 

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, 
fr should be 3100 cycles. 

Solutions: From equations (20:17) and (20: 
18), the inductance and capacitance for the 
prototype will be— 

L = .06366 henry or 63.66 mil hen. 

C= 1 - 1-f. R -3000 X 600 
= .1768 X 10-« farad or .1768 gf. 

From equation (20:14) and Figure 20-3(C), 
the m-type section for fr = 3100 will be— 

mC = .252 X .1768 .04455 pf. 
In a similar manner the end sections, where 
m = 0.6, will be— 

mL .6 X 63.66 , - — = -- 19.10 mil hen. 

L ( 1 , = 63.66 ( 1 / V 16.98 mil hen. 
\ 4m / \ 4 X .6 / 

mC - .6 X .1768 .106 ¡xf. 
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-

19.10 mh. 
-1— 

g 33.96 mh. 

.053 pf. 

End Section 
m = 0.6 

31.83 mh. 31.83 mh. —ww— •-TOTOW-

.1768 pf. 

Prototype 

8.02 mh. 8.02 mh. 
—'"TOW-♦-TOW’— 

g 59.16 mh. 

.0446 pt. 

fr = 3100 
m = .252 

50.93 mh. 39.85 mh. 27.12 mh. 

3 33.96 mh. 

~ .053 pf. 

.1768 pf. g 
! 59.16 mh. J 

- .0446 pf. -

1 33.96 mh. 

- .053 pf. 

Composite Low ■ Pass Filter 

Fig. 20-6 Make-up of Typical Composite Low-Pass Filter 

[182] 



2C1 y li 
2 "W1

2C! 

Prototype 

m - Type 

provide infinite attenuation both above the upper 
cutoff frequency, f,„ and below the lower cutoff 
frequency, fh It may be noted, however, from an 
inspection of the »/-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 fron^Jiaÿ^espMtive cutoff frequencies. For 
example, in a ban^p^s filter designed to pass the 
frequencjZband between 20,000 and 23,000 cycles, 
if fr 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 fr for the lower cut¬ 
off frequency, which is 19,608 cycles or approxi¬ 
mately 2% below 20,000 cycles. 

Fig. 20-7 Band-pass Filter Sections 20.6 Crystal Filters 

tions with m equal to 0.6, thus providing uniform 
terminal impedances over the major portion of 
the pass band. 

If fi is the lower cutoff frequency, and f„ the 
upper cutoff frequency of the band-pass filter, the 
constants of the prototype are— 

<20:2])

c' -4^ <20:22> 
— (20:23) 

where Z? 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 ‘ MA - /() 
. /; - fuf, 

(20:25) 

where fr is the resonant frequency of infinite 
attenuation. 

Since there are two cutoff frequencies, f„ and 
fi, there should be two resonant frequencies to 

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 

Cl R L 

EQUIVALENT ELECTRICAL CIRCUIT OF A QUARTZ CRYSTAL 

"T" FILTER SECTION USING CRYSTALS 

ATTENUATION ■ FREQUENCY CHARACTERISTIC 

REACTANCE CHARACTERISTIC OF A QUARTZ CRYSTAL 

Figure 20-8 

Figure 20-9 

frequency range up to about 30 kc, 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 crystal will reach a sharp “resonant” maxi¬ 
mum. The natural frequency, or period of vibra¬ 
tion, of the crystal 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 
crystal as it vibrates; Co 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 Co to Ci 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 fr, and the paral¬ 
lel resonant frequency is f„. Since there is a fixed 
ratio of Co to C, ( 125 to 1 ) for quartz, the parallel 
resonant frequency, fa, is always 0.4 per cent 
higher than the resonant frequency, fr. 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 G are equal in magnitude but opposite in sign. 
For parallel-resonance, however, Cu must be taken 
into consideration and the effective capacitance in 

125 the looped circuit becomes of that for the 12b 
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-

[ 

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 Co 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 without detracting from the favor-

ATTENUATIGN FREQUENCY CHARACTERISTIC 

Figure 20-10 
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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-Í), 
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 maximum 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, the 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. 

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, 

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 
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INDUCTANCE IN SERIES WITH CRYSTAL 

Figure 20-12 

when the frequency is such that the reactances in 
these two arms are of the same sign, the voltage 
across the output terminals 3—4 becomes less than 
that across the input. The loss of the network 
then takes some definite value between zero and 
infinity. 

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 kc (100,000 cycles), however, the 0.8 per cent 
pass band is only 800 cycles, which is too narrow 
for a voice channel. 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 crystals 
has sufficient margin to make the use of such coils 
possible without serious detrimental effects. 

REACTANCE CHARACTERISTIC CURVES 

Figure: 20-13 
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Fig. 20-14 Typical 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. In the frequency range of 100 kc 
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-crystal filter may be used. 
The impedance of the filter with the coil in series 
with the crystal is comparatively low—usually 
under 600 ohms—but by placing the coil in 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 
crystal elements in the series arms are identical 
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Fig. 20-15 Method of Mounting Quartz Crystal 

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 two 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) of the Type-K carrier system 
range in length from about 1.65 to 1.58 inches, 
while those in the highest frequency channel (108 
kc) range from about 0.96 to 0.94 inch. These 

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 induct¬ 
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 small 

Fig. 20-16 Loss-frequency Characteristic of Filter 
Shown in Fig. 20-14 

Fig. 20-17 Tank Circuit 

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 crystal band¬ 
pass filter. The attenuation peaks nearest the pass 

band result from the reactance of the series and 
lattice arms being equal in one lattice section. In 
a similar manner, the second set of attenuation 
peaks is due to the other lattice section. 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 varying 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 

Fig. 20-19 Waveguide Band-pass 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 

0 “ 0 
.,1).. 

Fig. 20-20 Two-chamber Filter Iris-coupled 

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 

0 0 0 
__ n p n n 

Fig. 20-21 Cavity-coupled Filter 

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 force 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. In the 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. Plates, 
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 

Fig. 20-22 Band Reflection Filter 

outer ends of the cavity, is illustrated by Figure 
20-20. 1 he 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 situation 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 
is 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 t he 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 F igure, it is readily possible to adjust them 
so that the structure will reject quite sharply a 
band ot 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 

1 191 1 



not absorbed in the filter but totally reflected. 
Furthermore, the design is such that the reflec¬ 
tions from the several shunts add in phase. As 

we shall see in a later Chapter, this behavior is 
put to very practical use in the channel separating 
filter arrangement of microwave radio relay sys¬ 
tems. 
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CHAPTER 21 

ELECTRON TI BES 

21.1 Vacuum Tube Elements 

Of the several major types of electron tubes 
used in telephone 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 tila-
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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 also 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 Two-Electrode Tubes—Diodes 

Perhaps the simplest form of device for the 
flow of a stream of electrons through an open 
space is the two-electrode vacuum tube 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 positive 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 



Plate Voltage 

Fig. 21-2 Plate Voltage vs. Plate Current 
Characteristics 

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 T2 and T2 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. I f 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 cycle 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. 
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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, ju. 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 illustrate 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 

Fig. 21-3 Three-electrode.Vacuum Tube 



Fig. 21-4 Control Grid vs. Plate Current 
Characteristic 

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 plate currents is limited by the 
ability of the cathode to emit electrons. Conse¬ 
quently, as the control grid becomes more and 
more positive, the plate current curve bends to¬ 
wards a horizontal direction at its upper end 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 cathode 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 separai ed 
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-
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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 
before 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 
where E„ 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 known 
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¬ 
plificai ion factor p.. 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 current held constant. This may be repre¬ 
sented by the equation— 

E,,2 - E„}
E g2 E g\ 

(21:1) 

In more mathematical language, p 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— 

P = - A - (21:2) 

where A indicates a very small change in the 
quantity which it precedes. The minus sign is 

Fig. 21-5 Plate Voltage vs. Plate Current 
Characteristic of Three-electrode Tube 
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Fie. 21-6 Simple Triode Circuit 

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— 

\E R„ = X," (21:3) 

A third basic characteristic of a vacuum tube 
is its transconductance, usually designated Gm. 
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— 

G- si:, 121:4 > 
where G„, will be in mhos when Ip 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— 

= GmR„-,Rp = * ,-AnAGm - * (21:5) 
vr m flp

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 Ei 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 ot 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, R, , in the plate circuit as shown 
in Figure 21-8. In this case, current flowing in 

Fig. 21-7 Vacuum Tube as an Amplifier 
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the plate circuit will cause a proportional voltage 
drop across the load resistance R,. 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” characteristic. This is illustrated in 
Figure 21-9, where .4 reproduces Ihe static char¬ 
acteristic curve of Figure 21-4, and R is the dy¬ 
namic characteristic resulting from the addition 
of the load resistance R,. The difference is due to 
the fact that the voltage drop across R,, being in 
series with the R 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 = E„ - I„ R, (21:6) 

where EB is the d-c voltage applied in the plate 
circuit. 

In Figure 21-9, P is the point on cuive A cor¬ 
responding to the fixed value of grid bias pro¬ 
duced by the C battery. In order that the dynamic 
characteristic may pass through this point, it is 
assumed that the value of the R 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 thus 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 R,. 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 
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resistance is less than the amount by which the 
R 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 Eh 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 p.Eh 
in series with its output resistance Rp, as shown 
at the left of points 1 and 2. From this simple 
circuit it is evident that— 

and from this, the voltage amplification of the cir¬ 
cuit is— 

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. 

Fig. 21-9 Effect of Load Resistance on Plate 
Current-Grid Voltage Characteristic Curve 



Fig. 21-10 Equivalent Circuit of Fig. 21-8 

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„ = Eb — IVR¡). The intersection of 
the load line with the horizontal axis w'here 
Z„ = 0 is obviously at the point where E„ = Eb. 
The intersection with the vertical axis, when 
E„ 0, would be at the point where I,, Eb/RL. 
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¬ 

plifying circuit as in Figure 21-8. The plate sup¬ 
ply voltage Eh 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 Ep 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 X 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. 

Fig. 21-11 Graphical Analysis of Tube Operating 
Characteristics 

Fig. 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 ¡i 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, it (plate) has little effect in 
withdrawing electrons from the space charge 
area about the cathode. 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 

Plate Voltage 

Fig. 21-13 Characteristics of Four-electrode Tube 
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Fie. 21-14 Five-electrode Vacuum 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 voltage has relatively little effect 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 



Fig. 21-15 Characteristics of Five-electrode Tube 

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 of 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, which 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 Rp 

of more than 1 megohm, with an amplification 
factor ¡i 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 

Fig. 21-16 Beam Power Tube 

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 TI BES— (Continued) 

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 

Fig. 22-1 Gas-filled Diode and Triode Tubes 

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¬ 
ionize and conduction will stop. 

Plate Voltage 

Fig. 22-2 Plate Current-Plate Voltage Characteristic 
Curve of a Gas-filled Diode 

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-

Fig. 22-3 Simple Voltage-Regulator Circuli 

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 lubes, the cathode is ordinarily much 
larger than the anode, with the result that the 
flow of electricity in the ionized tube may 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 current variation. This is a characteris¬ 
tic of the arc 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 the 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 sufficient to start ionization, the load voltage 
will take a value depending only on the tube volt¬ 
age drop characteristic, 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, 
potassium, 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 the 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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Fig. 22-5 Electrostatic Cathode-ray Tube 

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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Cathode-ray Tubes 

vertical deflecting plates is made positive with re¬ 
spect to the other, the negative beam 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 
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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 circle. 

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 same 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 scanning 
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 beam. 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 
lhe 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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Fig. 22-6 Electromagnetic Cathode-ray Tube 



Fig. 22-7 Basic Structure of a Klystron 

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 
held. 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. 

22.4 '¡'he 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 s to 10 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 me), 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 to as 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. Electrons 
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 me, an entirely different struc¬ 
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 tube 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 

Cathode lnPut Attenuator Output 

Fig. 22-8 Traveling Wave Tube 

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 me 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 me 
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. Each 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 appears as a superimposed wave which 
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has the same frequency as the input signal wave 
and which increases in strength 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¬ 

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. 
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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 another under the influence 
of an appropriately applied electric field. It is 
true that no one 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 from 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 
8xl022 per cubic centimeter. In the absence of 
any electric field, thermal energy causes the elec¬ 
trons to move about in rapid random motions, 
colliding with each other and with the atoms, 
whose movements are relatively quite limited. 
Many return to complete 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 to 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 detached. 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 ( 459.6CF.) exhibit a phenomenon 
called superconductivity. 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 employing such materials 
are already in extensive use in both telephone and 
telegraph practice. 

Explanation of the behavior of the semi-con¬ 
ductors must also be regarded as in a somewhat 
theoretical stage although a considerable volume 
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 
10s atoms as compared with one free electron for 
each atom in a good conductor such as copper. 
Even 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 

Fig. 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 torces. 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¬ 

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 free 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). Each 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 

to move about in much the same way as free elec¬ 
trons may do. Such a material is called p-type 
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 
bond 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 cm for electrons; about 1700 for 
holes). 

Whenever 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 struc¬ 
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 intrinsic, 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 layer 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. 

N ■ type P ■ type 

®~® ®”® ®® 
_©_®_@_®_®® 
® © ®_©_@® 
® ®_® ®_@® 

eoÍQ.eteje.e . 
esTeff-.©+©;© T 
ee.e.e.e, -).eT 
ee e e © e © 

Fig. 23-5 Potential barrier at p-n 
Junction 

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-type 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 E.) 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-



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 I, flowing in 
the circuit through E, r and practically no current 
flowing in the external connection to the p-type 
section. I, 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, a, ranges be¬ 
tween .95 and .99 in typical junction transistors. 
The energy that drives /, comes from E, and E,. 
but the value of /. is determined solely by 
This is the transistor effect, and its similarity to 
voltage phenomena in the three-electrode electron 

Fig. 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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Fig. 23-7 Collector Characteristics 
of N-p-N Junction Transistor 

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 I, will 
maintain a constant value slightly less than I,. 
This 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 cur¬ 
rent value, even though the IE drop across the re¬ 
sistance approaches quite closely to the value of 
E,.. This means that, with an appropriate value 
of E,, a small varying signal voltage introduced 
in the emitter circuit, as indicated in Figure 23-8, 
will produce corresponding voltage variations 
across the load of much greater magnitude. Very 
substantial voltage and power gains are thus 
readily attainable. 

Fig. 23-8 Common Base Amplifier Circuit 
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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. 

23.5 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 

P - Type 
Semi - Cond. 

Fig. 23-9 Reverse Connection to Junction 
Between Metal and p-type Semi-Conductor 

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. 

Employing similar mathematical reasoning, the 
energy band theory of conduction in solids postu¬ 
lates that free electrons in a crystalline 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 

Metal 
N • Type 

Semi ■ Cond. 

Fig. 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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Fig. 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 

Fig. 23-12 Electric Field Lines in Point-
Contact Rectifier 

[ 

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. 

Fig. 23-13 Point-Contact Transistor 

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 
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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 device. 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, 
I,, 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 Ir 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-conductor where they tend 
to build up a substantial positive field which can 
be neutralized only by an extra flow of electrons 
from the collector point. Most significant, how¬ 
ever, is the fact that values of ï appreciably 
greater than 1.0 are obtained only when the col¬ 
lector point contact has been subjected to a pro¬ 
cedure known as “forming”. This consists in 
driving relatively large but brief current pulses 
through the contact in the reverse direction. 
These produce momentary, very high tempera¬ 
tures at the junction point. It is thought that the 
brief temperature increase permits imparities 
from the phosphor bronze wire to diffuse into the 
semi-conductor, thus converting a tiny hemisphere 
directly under the point contact into p-type ma¬ 
terial. The net effect is to degrade the rectifying 

behavior of the junction appreciably, which sub¬ 
stantially increases the flow of reverse current 
in the collector circuit. It is considered that the 
additional electrons, thus flowing from the collec¬ 
tor point produce a negative field in the direction 
of the emitter which encourages the flow of holes 
to the collector. These, in turn, require more elec¬ 
trons to flow from the collector for their discharge. 

It is probable that further study of the behavior 
of point-contact devices will lead to a more eom-

Fig. 23-14 Collector Current-Voltage 
Characteristics of Point-Contact Transistor 

píete understanding of the phenomena involved 
in the behavior of the point-contact transistor. At 
the present time, this particular device is being 
largely superseded in most practical applications 
by junction transistors. This is a consequence of 
the development of technologies for manufactur¬ 
ing junction devices with good uniformity and 
precisely controllable characteristics. The point¬ 
contacttransistor is still useful, however, in appli¬ 
cations where the essential requirement is the 
effective, rapid opening and closing of circuits 
under the control of small signals from other cir¬ 
cuits. 

23.7 Semi-Conductor Photoelectric Devices 

On the basis of the elementary theory of the 
behavior of semi-conductors, it is not surprising 
that such mater ais display photoelectric effects. 
Light of sufficient energy and appropriate wave¬ 
length will break valence bonds in the semi-con¬ 
ductor, thus liberating extra electrons and holes, 
which increase its conductivity. Accordingly, if 
a thin element of semi-conductor material such as 
selenium is arranged as in Figure 23-15, the cur¬ 
rent flowing in the external circuit as a result of 
the fixed biasing voltage will be increased by the 
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Fig. 24-3 Gain-Frequency Characteristic of Audio 
Amplifier 

with a tetrode or pentode. However, since the 
principles involved are the same, it will be con¬ 
venient in this and the following discussion to con¬ 
sider only triodes. 

There is of course a limit to the total gain that 
can be obtained from a simple amplifier such as 
that of Figure 24-1, regardless of the type of tube 
used or the voltage step-up ratio of the input 
transformer. Where gains beyond this limit are 
required, a “cascade” amplifier may be used with 
the output of the first tube, or stage, working into 
the input of a second tube, and so on. Figure 24-2 
shows a two-stage amplifier in which the output 
of the first tube is coupled to the input of the sec¬ 
ond tube through an inter-stage transformer. 
This transformer, as well as the input trans¬ 
former, may have a substantial step-up ratio so 
that it too adds to the overall voltage amplification 
of the circuit. 

The transformer coupled amplifier has limita¬ 
tions with respect to the frequency bandwidth 
that it can handle on a “flat” basis. This is due 
to the inductance of the transformer windings, 
and to their effective shunt capacitance. At fre¬ 
quencies below about 100 cycles per second, the 
inductive reactance of the primary winding of the 
inter-stage transformer is low enough in value so 
that the output resistance of the tube is not negli¬ 
gible in comparison with it. This results in a rela¬ 
tive decrease in the voltage across the primary 
winding, and a consequent reduction in amplifica¬ 
tion. At frequencies above about 4000 cycles, the 
shunt capacitance becomes increasingly impor¬ 
tant. Since capacitive reactance is inversely pro¬ 
portional to frequency, the complex impedance of 
the transformer input becomes lower at the higher 
frequencies, with a consequent lower voltage 
across the primary winding. There is also a tend¬ 
ency to develop a resonance effect between the 
shunt capacitance and the inductance, which may 
produce a definite hump in the frequency-gain 

curve near the higher frequency end. Well con¬ 
structed amplifiers of this type, however, have a 
reasonably flat frequency response over a range 
from a little above 100 to approximately 5000 
cycles. This is illustrated by the curve of Figure 
24-3. 

24.3 Resistance-Capacitance Coupled Amplifiers 

Where flat frequency response over a greater 
range than four or five thousand cycles is re¬ 
quired, resistance-capacitance coupling is com¬ 
monly employed. An amplifier circuit of this type 
is shown schematically in Figure 24-4. Here, the 
a-c input is through the input capacitor C¡ to a 
grid resistance 7?„, the drop across which is ap¬ 
plied to the grid of the first tube. Grid bias is 
provided by the drop across the cathode resistor 
Rk, through which the d-c component of the plate 
current flows. The a-c component of the plate cur¬ 
rent is by-passed by the capacitor Ck so that it 

Fig. 24-4 Resistance-Capacitance Coupled Amplifier 

has no effect on the grid. The alternating voltage 
drop across the resistor R,, is coupled to the input 
of the second tube by the capacitor Cc, which also 
prevents the plate battery voltage Eb from being 
impressed on the grid of the second tube. 

An equivalent circuit for one stage of the R-C 
amplifier is shown in Figure 24-5. Here two 
shunting capacitors are indicated, which did not 
appear in Figure 24-4. Coul represents the inter¬ 
electrode capacitance of the first tube—chiefly 
the plate to cathode capacitance, Cpk—together 

Fig. 24-5 Equivalent Circuit of Single Stage of R-C 
Coupled Amplifier 

[ 220 J 



Figure 24-6 

with such shunt capacitances as may be intro¬ 
duced by the circuit wiring. C,„ represents a com¬ 
parable capacitance C„k at the input of the second 
tube. In a mid-frequency range—from about 100 
to somewhat more than 10,000 cycles—the effect 
of the inter-electrode capacitances of the tubes is 
so small that the shunting capacitors C„„, and C,„ 
may be neglected. In this same frequency range, 
the coupling capacitor C, may be considered as an 
a-c short-circuit because its reactance is negli¬ 
gible. The equivalent circuit then reduces to the 
parallel combination of resistors Rh and R* across 
the tube output, as indicated in Figure 24-6. In 
the low frequency range, however, (below 100 
cycles) the coupling capacitor Cc can no longer be 
ignored. Its reactance now becomes great enough 
that the voltage across R, is divided between C, 
and R„ with an increasing amount appearing 
across C,, and a decreasing amount appearing 
across R„. The input to the second tube is ac¬ 
cordingly decreased, and the gain of the ampli¬ 
fier falls off. In the high frequency range (above 
10,000 cycles), on the other hand, the effect of the 
coupling capacitor Cr again becomes negligible, 
but the net reactance of the shunting capacitors, 
C„„( and Ci„, then becomes small enough to cause 
the output voltage to fall off. 

It will be clear that (he bandwidth of reasonably 
flat frequency response of the R-C coupled ampli¬ 
fier depends mainly upon the values of C„ R, and 
R„, and the values of the tube inter-electrode ca¬ 
pacitances. Amplifiers of this type with a flat re¬ 
sponse over a range of 50 to some 15,000 cycles 
may be readily designed. 

24.4 Video Amplifiers 

without gain or delay distortion to frequencies 
ranging from as little as 20 cycles to more than 
4 megacycles. Considerable modifications of the 
circuits described in the preceding Article are 
needed to meet these conditions. 

It is necessary, in the first place, to employ 
tubes having maximum transconductance and 
minimum inter-electrode capacitance. In addition, 
the interstage coupling networks must be modi¬ 
fied in such a way as to increase the gain in both 
the lower and upper frequency ranges. As might 
be expected, this can be accomplished only with 
some sacrifice of the mid-frequency gain. Coupling 
networks designed to “compensate” at both ends 
of the frequency scale may become quite elaborate, 
depending upon the degree of precision desired. 
The following indicates in a general way how the 
problem is approached. Considering first the 
lower frequencies, it was noted in connection with 
Figure 24-5 that the increased reactance of 
coupling capacitor C, (since A',. 1/2-/C) tends 
to decrease the voltage across R„ and hence the 
net gain. It is therefore desirable that C, have the 
highest value practicable without unduly increas¬ 
ing its shunt capacitance to ground due to its 
physical size. The value of the cathode resistor 
by-pass capacitor, if used, should also be suffi¬ 
ciently large to make the RkCk time constant long 
in comparison with the period of the lowest fre¬ 
quency. Beyond the limits of what can be ac¬ 
complished by these means, the low frequency 
response can be further compensated by adding 
an equalizing network in series with the load re¬ 
sistance R/, as shown in Figure 24-7. Here the 
values of R and C are so selected that the total 
impedance increases with decreasing frequency. 
The voltage applied to Rg and the amplifier gain 
is increased accordingly. 

At the higher frequencies, the cause of decreas¬ 
ing gain is, as mentioned before, the increasing 
shunting effect of the inter-electrode capacitances 
of the tubes and of the wiring. As indicated in 
Figure 24-5 these capacitances, designated C„ut

There are many situations in modern communi¬ 
cations practice where it is necessarj’ for an 
amplifier to respond to a much broader band of 
frequencies than discussed above. Thus, the total 
frequency range of certain carrier systems ex¬ 
tends over a band several million cycles in width. 
Even more demanding are certain transmission 
systems for short pulse signals and television 
signals. Here amplifiers are required to respond 
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Fig. 24-8 High-Frequency Compensation 

and C„„ are in parellel with R,,. Their reactance 
decreases with increasing frequency, thus reduc¬ 
ing the voltage across R„ and the gain. Compen¬ 
sation for this effect may be obtained by inserting 
an inductance in series with R,., as shown in Fig¬ 
ure 24-8. Since Xh = 2-xfL, the inductor L causes 
the total load impedance to increase with increas¬ 
ing frequency. The voltage applied to R„ and the 
gain is increased proportionately. If this is in¬ 
sufficient to give complete equalization over the 
entire range, the gain at the higher frequencies 
may be further increased by bridging across L a 
capacitor of such value as to create a parallel 
resonant circuit that will further increase the 
total load impedance. A similar effect can be pro¬ 
duced by adding a series inductor to resonate with 
Cr. Either or both of these latter refinements will of 
course increase the gain only over a limited part 
of the frequency range. But if the video ampli¬ 
fier includes several stages, as most of them neces¬ 
sarily do, each of the several interstage networks 
can be designed to peak the gain at a different 
point in the frequency range so that a reasonably 
uniform overall gain response results. 

It is of interest to note that low-frequency and 
high-frequency compensation can be combined in 
a single interstage network if the low-frequency 
compensator is connected on the low-potential side 
of the high-frequency compensator, as shown in 
Figure 24-9. Neither compensator has any appre¬ 
ciable effect on the operation of the other because 
at very low frequencies, the impedance of L is so 
low as to make it practically a short circuit while 
at high frequencies, the very low impedance of C 
effectively shorts out the low-frequency network. 

Fig. 24-9 Combined High & Low Frequency 
Compensation 

24.5 Radio-Frequency Amplifiers 

Voltage amplifiers for most of the applications 
in radio circuits, such as radio receivers and the 
low-power stages of radio transmitters, do not 
have to meet as severe requirements with respect 
to frequency response as do audio or video am¬ 
plifiers. This is because the typical radio circuit 
is designed in theory to handle only the single 
frequency to which it is tuned. Actually, of 
course, the tuning is not so sharp that it does not 
permit the passage of a band of frequencies ex¬ 
tending far enough on both sides of the tuned 
frequency to carry the complete communication 
signal. Coupling between the stages of radio am¬ 
plifiers is commonly accomplished by means of 
simple air-core transformers. As indicated in 
Figure 24-10, one or both windings of the coupling 

Fig. 24-10 Radio Amplifier Circuit 

transformer are tuned with a paralleling capaci¬ 
tor to the signal frequency. As discussed in 
Article 14.6, where both primary and secondary 
are so tuned, a good band of frequency response 
with sharp cutoff at each end is readily obtained. 
The transformer itself need have little or no volt¬ 
age gain because tubes with high amplification 
factors are used. 

24.6 Negative-Feedback Circuits 

For a great majority of amplifier applications 
in telephone work, it is important not only that 
the output signal be a faithful reproduction of the 
input signal, but also that maximum stability of 
amplifier operation be secured. Both of these ob¬ 
jectives can be met to a very large degree by feed¬ 
ing back some of the amplifier output to the input 
circuit in an inverse phase relationship. An am¬ 
plifier so connected is called a negative feedback 
or degenerative amplifier. Its principle may be 
understood by referring to Figure 24-11. In this 
Figure, (a) indicates an amplifier without feed¬ 
back, having an overall voltage amplification oi 
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b. Amplifier with Feedback 

Fig. 24-11 Principle of Negative Feedback 

gain of A. In Figure 24-11 (b), a part of the out¬ 
put voltage is returned to the input, 180° out of 
phase with the input voltage, through a feedback 
circuit having a loss ß. Without feedback (Figure 
24-11 (a)) we have— 

depends entirely upon the characteristics of the 
feedback circuit. This may perhaps be better un¬ 
derstood by considering a numerical example. In 
the circuit of Figure 24-12, the gain A of the am¬ 
plifier unit is 80 db (voltage ratio of input to out¬ 
put of 1 to 10,000) and the loss in the feedback 
circuit is 60 db (voltage ratio of 1000 to 1). From 
equations (24:2) and (24:3) — 

(24:5) 

If the applied input voltage E¡ is 1 millivolt, the 
actual input voltage to the amplifying unit is 
therefore— 

E - - 1 — = - 1 - = 1_ 10,000 ~ 1 - ( 10) 11 
1 - 1,000 
.09091 millivolt 

The output voltage is— 

AE, = E„ 10,000 X .09091 909.1 millivolts 

This output of 909.1 millivolts is also impressed 

(24:1) E„ AE, = AEj, 

In Figure 24-11 (b), on the other hand, the actual 
input voltage E„ of the amplifier unit is no longer 
equal to Eh but to the sum of this voltage and the 
feedback voltage ^E„. That is— 

E,, E, T ̂ Eii (24:2) 

The output voltage therefore is— 

E» = AE., A(E, + ^E„) 

Solution of this equation for the overall voltage 
gain, En/E„ gives— 

En = A 
E, 1 - ßA 

(24:3) 

Since the feedback is inverse (negative), the value 
of ßA is negative and the denominator of equation 
(24:3) is greater than unity. Negative feedback 
accordingly always reduces the net gain, but the 
reduction can be compensated by the use of an 
amplifier having as high gain A as may be re¬ 
quired to obtain the desired overall gain. When 
the product ßA is much larger than unity, as is 
the case in most practical circuits, the overall am¬ 
plification becomes effectively— 

Net Amplification (24 :4) 

In other words, the effective gain of the circuit 

A = 80db Gain 

^=60db Loss 

Fig. 24-12 Example of Negative Feedback Circuit 

on the feedback circuit which allows 1/1000 of it 
to be fed back to the amplifier input. In passing 
through the feedback circuit its phase is shifted 
until it is out of phase with the applied input of 
1 millivolt, which gives it a minus sign. We then 
have —.9091 millivolt combining with the initial 
1 millivolt to give the actual input voltage to the 
amplifier, which, therefore, is— 

1.000 .9091 .0909 millivolt 

This checks the value of E„ obtained above, which 
means that the amplifier is stable and as long as 
the applied input of 1 millivolt is maintained, 
there will be 909.1 millivolts in the output. The 
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overall gain of the amplifier under these condi¬ 
tions is— 

, Output voltage 20 log,,, -=—£4-sr-Input voltage 20 log io
909.1 

1 
20 x 2.9586 59.17 db 

It will be noted that for all practical purposes this 
gain is the same as the loss ß of the feedback 
circuit. 

If we had used an amplifier unit with a higher 
gain—say 100 db (voltage ratio of input to out¬ 
put of 1 to 100,000)—and the same loss in the 
feedback circuit, we might expect the output volt¬ 
age to be much higher, but such is not the case. 
Using equation (24:5) again we find the actual 
input voltage now is— 

100,000 
1,000 

1 
101 .009901 millivolt 

The output voltage, En, accordingly is— 

100,000 X .009901 990.1 millivolts 
and overall gain of the amplifier is— 

990 1 20 log,,, J 20 X 2.9957 59.91 db 

which is again practically equal to the loss in the 
feedback circuit. This means that even if the gain 
A of lhe amplifier unit changes due to variations 
in the battery supply, changing tube characteris¬ 
tics, etc., the overall gain remains the same for 
all practical purposes. 

Another important feature of the negative feed¬ 
back amplifier is its ability automatically to re¬ 
duce to a negligible magnitude any noise or har¬ 
monic distortion developed within the amplifier 
itself. This is true because a part of this noise 
and distortion appearing in the output is fed back 
to the input through the feedback circuit where 
it re-enters the amplifier in such a phase relation 
that when it is amplified and again appears in the 
output, it is out of phase with the original noise 

Fig. 24-13 Voltage Feedback Circuit 

and distortion, thereby reducing its effect. 
Feedback circuits may be designed with either 

voltage feedback or current feedback. Figure 
24-13 illustrates a simple voltage feedback ar¬ 
rangement. Here the total resistance (R, + R2) 
of the voltage divider is made large enough so 
that its shunting effect on the load resistance R,. 
is practically negligible. The magnitude of the 
feedback factor ß is— 

and the overall gain when ^A is large compared to 
unity is the reciprocal of this— 

Net gain R' + R- (24:6) 
R i 

The voltage fed back is 180° out of phase with the 
alternating input voltage because it represents a 
voltage drop in the plate circuit, and the plate 
current is in phase with the input voltage. 

The simplest type of current feedback arrange¬ 
ment may be obtained by the use of an unby¬ 
passed cathode resistor, as indicated in Figure 
24-14. Here the alternating plate current I„ must 
flow through Rk as well as through the load R,.. 
This causes a voltage drop across the cathode re¬ 
sistor equal to IpRk, and the net input voltage ap¬ 
plied to the grid is then— 

E, = E, - I„Rk

This may be rewritten in terms of Eo as follows— 

since En is equal to IpR/., the drop across the 
load resistance. Comparison of this equation with 
(24:2) shows that ß Rk/Ri', and when ^A is 
large compared to unity— 

nt ♦ • RlNet gain D -
Rk 
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24.7 The Cathode-Follower 

An interesting example of maximum application 
of negative feedback is displayed in the so-called 
cathode-follower circuit, shown in Figure 24-15. 
Here there is one hundred percent current feed¬ 
back through the cathode resistor, A’*—in other 
words, ß is equal to unity. The output is taken 
across the cathode resistor so that the input and 
output voltages are necessarily in phase and the 
a-c cathode to ground voltage varies in the same 
direction or “follows” the applied grid to ground 
voltage. The net voltage gain of the circuit is 
always less than unity because of the hundred 
percent negative feedback. It may be expressed 

Net gam -A,, + A, ( 1 + p.) 
where p. is the amplification factor of the tube 
and ßp is its plate resistance. 

As an amplifier, the cathode-follower circuit 
would appear useless since its voltage gain is less 
than one. However, it is still capable of deliver¬ 
ing power to a load without requiring appreciable 
input power, and with extremely faithful repro¬ 
duction of the variations in the input voltage. The 
circuit is very stable and virtually independent of 
any variation in the tube characteristics. These 
factors make it useful as a stabilizing coupling 
circuit between an amplifier and a load. More im¬ 
portant is the fact that while the input impedance 
of the circuit is high, its output impedance is very 
low for an amplifier. This output impedance con¬ 
sists of A’,, in parallel with an effective plate re¬ 
sistance equal to ßp/(l + g) . Since the value of 
Ap/(1 + p.) is less than 1000 ohms for most tubes, 
the value of the net output impedance must be 
still less. As an impedance-matching device ac¬ 
cordingly, the cathode-follower circuit is useful 
for such purposes as coupling the relatively high 

impedance output of a video amplifier to the low 
impedance of a coaxial line. 

24.8 Power Amplifiers 

The classification of amplifier circuits as be¬ 
tween voltage amplifiers and power amplifiers is 
not very definite. Actually, the term “power am¬ 
plifier” is somewhat misleading because it is per¬ 
fectly possible for an amplifier to deliver a sub¬ 
stantial power output without appreciable power 
input. The power classification is applied gener¬ 
ally in practice to situations where the delivery 
of a desired amount of power is the contro ling 
criterion, and voltage gain, if any, is of secondary 
importance. Thus, an amplifier used to drive a load 
such as a loudspeaker or other device requiring 
considerable power for its operation, is ordinarily 
classed as a power amplifier. So is the amplifier 

Tube A 

Tube B 

Fig. 24-1G Push-Pull Amplifier 

that must supply many kilowatts of power to 
drive the antenna of a radio transmitter. 

The power that a vacuum tube amplifier can 
develop of course depends generally on the maxi¬ 
mum value of current that may flow in its plate 
circuit. In most audio amplifier applications, this 
value is limited by the fact that the tube must 
operate on the straight line portion of its charac¬ 
teristic curve in order that its output be a faith¬ 
ful reproduction of the input signal. The maxi¬ 
mum power that can be delivered, therefore, de¬ 
pends upon the size and characteristics of the 
tube or tubes used. Where the power requirement 
is a matter of a very few watts, as for driving 
the speaker of an ordinary radio receiver, a single 
triode or pentode may be used. Such a tube is not 
different in appearance from the tubes used in 
voltage amplifying circuits, although its design 
characteristics will generally be such that it will 
have a lesser amplification factor and a larger 
plate current. 
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Where more power than a single tube can de¬ 
liver is required, together with maximum fidelity 
of signal reproduction, two tubes may be em¬ 
ployed in a “push-pull” circuit, as shown in Figure 
24-16. In this circuit, the two tubes, A and B, 
have identical characteristics. An alternating 
voltage applied at the input, cd, impresses volt¬ 
ages of equal magnitude but opposite polarity 
upon the control grids of tubes A and B. As the 
control grid of one tube becomes less negative 
(more positive), its plate current increases ; at the 
same time, the control grid of the other tube be¬ 
comes equally more negative, which decreases its 
plate current ; and vice versa. Since the plate bat¬ 
tery is connected to the midpoint, k, of the pri¬ 
mary winding, mn, of the output transformer, the 
plate currents flow in opposite directions in each 

A - A-C Components in Winding m ■ k, from Tube A 

B - A-C Components in Winding n • k, from Tube B 

half of the primary winding. When the two plate 
currents are equal, therefore, there is no current 
in the secondary winding, op. On the other hand, 
a decreasing plate current in one half of the pri¬ 
mary winding, and an increasing plate current in 
the other half, induce equal currents in the same 
direction in the secondary winding, op. The total 
output is thus obviously equal to the sum of the 
outputs of the two tubes. 

As a matter of fact, the push-pull circuit will 
provide a power output appreciably greater than 
twice the output of an amplifier employing only 
one tube. This is due to the fact that the tubes of 
the push-pull amplifier may be given more control 
grid bias than a single tube without causing dis¬ 
tortion in the output. The characteristic curve of 
a triode is of such shape that its output, when 
working over a portion of the curve including 
some curvature, consists principally of the funda¬ 
mental or desired frequency, and its second har¬ 
monic (double the fundamental frequency). Such 
outputs are illustrated in Figure 24-17 (A) and 
(B) where it will be noted that the net output of 
each tube, represented by the heavy lines, is con¬ 
siderably distorted. It may also be noted, how¬ 
ever, that the second harmonics in the outputs of 
both tubes become positive and negative at the 
same time. This means that the components of 
the current represented by these harmonics are 
always flowing in opposite directions in the halves 
of the primary winding, mkn, and accordingly 
produce no effect in the secondary winding, op. 
In other words, the second harmonics cancel each 
other. The net result is indicated in Figure 24-17 
(C), where the two output currents are shown 
to add to produce a sine wave, which is a faith¬ 
ful reproduction of the input signal. Because the 
push-pull amplifier can thus be operated over a 
greater range of its tubes’ characteristic curves, 
its output may actually exceed by more than three 
times the equally distortionless output that could 
be obtained from a single tube amplifier. 

All of the amplifiers that have been considered 
thus far have operated on a high fidelity basis— 
i.e., so that the output signal presents a faithful 
reproduction of the input signal. In radio par¬ 
lance, such operation is designated “Class A”, a 
term which indicates, in general, that the ampli¬ 
fier tubes are operating only on a straight line 
portion of their characteristic curves. All Class A 
amplifiers have comparatively low “plate effi¬ 
ciency”—that is, the ratio of their useful output 
power to the total power supplied to the plate cir-
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Fig. 24-18 Operating Characteristics of Class B 
and C Amplifiers 

cuit by the B battery cannot be greater than 50% 
in theory, and is usually not much higher than 
25% in practice. In audio amplifiers, where the 
output power is in any event not very great, this 
is not too important. In high-powered radio trans¬ 
mitters, on the other hand, where output power is 
measured in kilowatts, better efficiency becomes 
economically significant, and leads to the use 
when possible of “Class B” and “Class C” opera¬ 
tion. The grids of Class B amplifiers are biased 
to the cutoff point so that plate current flows only 
during one-half of the cycles of an applied alter-

Fig. 24 19 R-F Power Amplifier 

hating voltage. In Class C operation, the grid is 
biased well beyond the cutoff point so that plate 
current flows during less than one-half of each 
cycle of applied grid voltage. The effective re¬ 
sults are indicated in Figure 24-18 (A) and (B) 
respectively. It is evident that in both cases, the 
output wave form presents a highly distorted ver¬ 
sion of the wave form of the input signal. How¬ 
ever, plate current flows and draws power from 
the B supply only part of the time as contrasted 
with the continuous power drain in Class A oper¬ 
ation. The plate efficiency of these types of ampli¬ 
fiers is therefore higher, having a theoretical pos¬ 
sible maximum of 78% in the case of the Class B 
operation, and as much as 85% in Class C opera¬ 
tion. 

Radio power amplifiers ordinarily work into a 
load impedance which includes a parallel-tuned 
circuit, as indicated in Figure 24-19. This L-C 
tank circuit, when tuned to the operating fre¬ 
quency, acts as a filter to suppress the many har¬ 
monics of the fundamental frequency that must 
obviously be present in the plate circuit of a tube 
operating Class B or C. The current flowing in 
the load itself consequently represents only the 
fundamental input frequency. Its amplitude, 

Fig. 24-20 Graphical Representation of Class B 
Push-Pull Amplifier Operation 

however, cannot be expected to be linearly re¬ 
lated to the input voltage. In Class B operation, 
distortion may be held to reasonable proportions 
by operating two tubes in a push-pull arrange-
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Fig. 24-21 a Grounded Base Transistor Amplifier Fig. 24-21B Grounded Grid Vacuum Tube Amplifier 

ment. In this case, one tube will provide an ap¬ 
proximately true reproduction of the positive half 
of the input voltage wave, while the other tube 
furnishes a like reproduction of the negative half 
of the input wave. The net effect is illustrated 
graphically in Figure 24-20. 

24.9 Transistor Amplifiers 

The performance of all of the amplifier circuits 
discussed in the preceding Articles of this Chapter 
can be closely simulated by circuits employing 
junction transistors instead of vacuum tubes as 
their active elements. Such circuits are generally 
similar in design to the vacuum tube circuits, al¬ 
though certain unique characteristics of the tran¬ 
sistor, such as its sensitivity to temperature 
changes, may necessitate some rather fundamental 
differences in the detailed circuitry. 

In Chapter 23, the amplifying ability of the 
junction transistor was explained by means of an 
n-p-n transistor connected as shown in Figure 
23-8 with its base common to the emitter and col¬ 
lector circuits. This is known as a “common base” 
or “grounded base” connection. The input signal 
is applied to the emitter and the output signal is 
taken from the collector. Input and output signals 
are in phase. Current amplification can only ap¬ 
proach 1.0 but substantial voltage and power 
gains are possible because the input impedance 
is low (in the order of 50 ohms) and the output 
impedance is very high (in the order of .5 meg¬ 
ohms). Figure 24-21a is a conventional diagram 
of a grounded base amplifier circuit employing an 
n-p-n transistor; Figure 24-21b illustrates its 

counterpart, a grounded grid vacuum tube ampli¬ 
fier circuit. Both circuits can give high voltage 
amplification, both amplify without changing the 
phase of the signal voltage, and both have low in¬ 
put and high output impedance. 

The grounded grid vacuum tube circuit has 
limited application as an amplifier in telephone 
practice. This is also true of the grounded base 
transistor circuit although it may have many radio 
frequency applications. Generally preferred at 
the lower frequencies is the grounded or common 
emitter circuit which is analogous to the familiar 
grounded cathode vacuum tube circuit. Figures 
24-22a and b show the essentials of these two cir¬ 
cuits. It will be noted that the input signal is 
applied to the base of the transistor amplifier and 
to the grid of the vacuum tube. In both circuits 
the phase of the output signal is inverted with 
respect to the input. The grounded emitter con¬ 
nection can provide current amplification as high 
as 50 or more. This would appear to contradict 
the fact that the a value of the junction transistor 
cannot exceed one. However, a is the ratio of 
collector current to emitter current whereas the 
current gain in this connection is represented by 
the ratio of collector current to the much smaller 
base current. This ratio, which is sometimes 
designated ß, may be evaluated in terms of a by 
noting that 

Ic = *L (24:7) 

and that 

I„ = I,. - I.. I, - 2 lf = (1 - a) (24:8) 

The current amplification ratio then is— 

Fig. 24 -22a Grounded Emitter Transistor 
Amplifier. Fig. 24-22b Grounded Cathode Vacuum Tube amplifier 
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Fig. 24-23 Collector Characteristics-Grounded 
Emitter Connection 

a /. (24:9) / 

From this, it is evident that the current gain is 
still determined by a and can be very large when 
the value of a is close to 1.0. 

Representative collector voltage-current curves 
for a grounded emitter amplifier at various values 
of base current are given in Figure 24-23. Com¬ 
paring these curves with the characteristics for 
grounded base operation, as given by Figure 23-7, 
it may be noted that the grounded emitter char¬ 
acteristics have appreciably greater slope. The 
output impedance is accordingly lower—in the 
order of 30,000 to 50,000 ohms. The input im¬ 
pedance, on the other hand, is considerably higher 
than that of the grounded base connection, rang¬ 
ing typically from 700 to 1000 ohms. Despite the 
smaller ratio between input and output impedance, 
the grounded emitter circuit is generally capable 
of giving higher power gain than the grounded 
base circuit because of its substantial current am¬ 
plification. Typical power gain is in the order of 
5000 or more (35-40db). 

A third jxissible transistor amplifier connection 
is illustrated in Figure 24-24a. This is known as 
a common or grounded collector circuit. It is 
analogous to the grounded plate vacuum tube 

7,(1 — 2) 1 — a 

circuit shown in Figure 24-24b, which will be 
recognized as the cathode-follower discussed in 
Article 24.7. Characteristics of the grounded col¬ 
lector transistor circuit are very similar to those 
of its vacuum tube counterpart. It has high in¬ 
put impedance and low output impedance but is 
capable of giving some power gain although its 
voltage gain is always less than 1. Like the cath¬ 
ode-follower, it is used principally for impedance 
matching purposes. 

The grounded emitter connection is used almost 
universally in all audio applications of the transis¬ 
tor, while the grounded base as well as the 
grounded emitter configuration are used in RF 
and IF amplifier applications. It is necessary to 
note that the grounded emitter connection is in¬ 
herently less stable than the grounded base con¬ 
nection. This is due to the effect of the small 
reverse current which is always present in the 
collector-base circuit whether or not there is cur¬ 
rent in the emitter circuit. The value of this cur¬ 
rent, usually designated is normally only a few 
micro-amperes but it is extremely sensitive to any 
temperature change at the collector-base junction. 

In any transistor circuit connection, Ic„ is a part 
of the total collector current !.. With the grounded 
base connection, I, is equal to 2 Ie plus But 
since 2 is at least .95 and 1, is at least several milli¬ 
amperes, I, „ can be neglected. Even a large in¬ 
crease in the temperature of the collector junction 
could not increase the value of enough to make 
it of any consequence as compared with 2 I... With 
the grounded emitter connection, on the other 
hand, the collector current value is normally de¬ 
termined by the base current h, which is equal to 
a small fraction of /, (less than 5%) plus 
When 2 is large, I.... forms a significant fraction 
of the total base current. A relatively small in¬ 
crease in its value due to temperature change may 
therefore cause a considerable increase in the col¬ 
lector current when the increase is multiplied by 
the amplification factor ß of Equation (24:9). 
This may be sufficient to further increase the 

Fig. 24-24a Grounded Collector Transistor amplifier Fig. 24-24b Grounded Plate Vacuum Tube Amplifier 
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Fig. 24-25 Stabilized Grounded Emitter Circuit 

temperature at the junction, thus setting up a 
cumulative process that will result in serious dis¬ 
tortion of the characteristics of the transistor, if 
not in its complete destruction. 

To counteract the tendency toward instability 
in the grounded emitter amplifier circuit, it is the 
usual practice to insert a resistor in series with 
the emitter. This is indicated as ß3 in Figure 
24-25. Collector current flowing in this resistance 
produces a voltage drop that makes the emitter 
positive with respect to ground. The net base¬ 
emitter voltage is then equal to the difference be¬ 
tween the positive potential applied to the base by 
the battery through resistors Rt and ß2 and the 
drop across ß3. Then, an increase in Ic„ due to 
temperature change will increase the drop across 
R^ which will reduce the base-emitter voltage ac¬ 
cordingly. This decreases the value of h, and Ir, 
thus counteracting the increase in I,. Typical 
values for the stabilizing resistor R2 are in the 
order of 5000 ohms while corresponding values 
for R} and R¿ would be around 10,000 ohms. The 
stabilizing resistor may be by-passed with a ca¬ 
pacitor, as shown in the drawing, to avoid degen¬ 
erative feedback. Figure 24-25 also shows how 
a single potential source can be used to bias both 
emitter and collector—negative at the emitter and 
positive at the collector, as is necessary for the 
n-p-n transistor. 

In general, the circuitry of multi-stage or cas¬ 
caded transistor amplifiers is closely similar to 
that of comparable devices employing vacuum 
tubes. Both transformers and resistance capaci¬ 
tance networks are used for interstage coupling 
and negative feedback is commonly employed to 
insure stable overall operation. The fact that 

junction transistors are of two different kinds, 
however, permits certain amplifier designs that 
have no counterpart in vacuum tube circuits. One 
such circuit is illustrated in Figure 24-26 where it 
will be noted that an n-p-n transistor is used in 
the first stage and a p-n-p in the second. This 
permits direct coupling without a series capacitor 
because the first-stage load resistor R, is assigned 
a value such that the collector current flowing 
through it produces a voltage drop that makes the 
end away from the battery just negative enough 
to keep the base of the second-stage transistor 
negative with respect to the emitter. The emitter 
circuit of the p-n-p transistor is thus given a for¬ 
ward bias enabling it to further amplify the al¬ 
ready once amplified signal voltage developed 
across Ri by the first transistor. 

Fig. 24-26 Direct-coupled Amplifier with 
Complementary Transistors 

All of the circuits discussed above are essentially 
voltage amplifying devices employing small tran¬ 
sistors having maximum power outputs generally 
measured in milliwatts. It needs to be noted that 
transistors suitable for use in power amplifiers 
are also available. These can deliver output power 
ranging up to 10 watts or more and are commonly 
used in push-pull connections similar to the power 
amplifiers of vacuum tube practice. The elements 
of power transistors are naturally larger and they 
usually operate with higher biasing voltages. They 
are equally sensitive to temperature and require 
the use of special measures to dissipate the heat 
generated at the collector by the relatively high 
output currents. Metal cooling fins, water jacket¬ 
ing, and forced air cooling are variously employed 
for this purpose. 
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CHAPTER 25 

AMPLIFIER APPLICATIONS IN TELEPHONE PRACTICE 

25.1 Telephone Repeaters 

Modern telephone practice requires the use of 
nearly all types of amplifiers to meet its various 
needs. An important application is the relatively 
simple voice-frequency amplifier commonly known 
as the telephone repeater. This device is inserted 
at regularly spaced intervals in long voice-fre¬ 
quency telephone circuits to offset line attenuation. 

Since telephone conversation moves in both 
directions, each such telephone repeater must 
include two oppositely poled amplifiers. In a two-
wire telephone circuit, accordingly, the telephone 
repeater must be “double-tracked” by means of 
hybrid coils or comparable devices, as was dis¬ 

cussed in Article 14.7. Figure 25-1 is a schematic 
of a telephone repeater known as the 22-type. As 
will be observed, the amplifier units in this ar¬ 
rangement are triodes connected with transform¬ 
ers in both input and output circuits. The 
drawing also shows the connections of the hybrid 
coil output transformers with their balancing net¬ 
works; and the potentiometers in the input circuits 
for controlling the amplifier gains. Equalizing 
networks are inserted at the mid-points of the low-
impedance sides of the input transformers ; and 
low-pass filters are included in the output circuits 
to prevent the passage of high frequencies not es¬ 
sential for voice transmission. The maximum 
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overall gain of this repeater is approximately 19.5 
db when the potentiometers are on top step, but 
the gain of the amplifying units themselves must 
be higher than this to overcome the losses in the 
hybrid coils and other circuit elements. The gain 
is essentially flat over the frequency range from 
about 200 to 3000 cycles. 

For 4-wire circuits, the repeater corresponding 
to the 22-type repeater is known as the 44-type. 
In this case, the circuit itself is double-tracked so 
that there is no necessity for using hybrid coils 
except at the circuit terminals where the 4-wire 
circuit is converted to 2-wire for connection to 
the switchboard. There is therefore no need for 
line balancing networks at repeater points, and 
little possibility of a “singing” path around the 
individual repeater. For this reason, 4-wire re¬ 
peaters may generally be operated at higher gains 
than 2-wire repeaters. 

The circuit arrangements of the 44-type re¬ 

peater are illustrated schematically by Figure 
25-2. It will be noted that each amplifier has two 
triode stages, the first tube acting as a voltage 
amplifier and the second as a power amplifier. 
Transformers are used for interstage coupling, 
as well as in the input and output circuits. The 
gain is controlled by adjustable steps on the sec¬ 
ondary windings of both the input and interstage 
transformers. The shape of the gain-frequency 
characteristic is controlled by an equalizing net¬ 
work connected in series at the mid-point of the 
primary of the input transformer. The maximum 
overall gain of this repeater is 42.7 db and is flat 
to frequencies well above 3000 cycles. 

Where extremely stable amplifier operation is 
required, as for example in the repeaters of tele¬ 
photograph circuits, the 44-type repeater may be 
modified for operation with negative feedback. 
This reduces the maximum overall gain to about 
38 db. Feedback is from an output unit made up 
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of capacitors and resistors inserted between the 
second-stage tube and the output transformer, to 
a similar input unit inserted between the input 
transformerand the first-stage tube. 

Another and more recent design of the voice¬ 
frequency telephone repeater is known as the 
V-type. It differs from the 22- and 44-types con¬ 
siderably, both with respect to the amplifiers 
themselves and the associated equipment arrange¬ 
ments. Hybrid coils, equalizers, filters and regu¬ 
lating networks are associated with the line equip¬ 
ment instead of with the amplifiers, so that the 
repeater proper consists only of the amplifiers 
themselves. All repeaters are thus essentially 
identical and this makes it possible to transfer 
them freely from one circuit to another, as may 
be required for maintenance purposes. It also 
makes possible the use of the same repeaters for 

Fig. 25-3 One-half of V-type Telephone Repeater 
Circuit 

The miniature technique is used primarily for 
space saving purposes, and the overall character¬ 
istics of the amplifier are approximately the same 
as discussed in the preceding paragraph, although 
about 6 db more negative feedback is provided. 
This gives somewhat greater stability of gain 
against tube and battery variation. Overall gain 
may be controlled by adjustment of a potentiom¬ 
eter connected across the secondary winding of 
the input transformer, which permits a total net 
variation from a small loss to about a 36 db gain. 
The vacuum tube used has about twice the trans¬ 
conductance and substantially the same output 
power as the tube employed in the earlier V-type 
amplifier. The entire amplifier unit is of the 

either 2-wire or 4-wire operation. 
A schematic of one repeater of the V-type is 

given in Figure 25-3 (showing only one-half). It 
will be noted that the amplifying element is a 
pentode rather than a triode. This permits a 
maximum net gain of about 35 db, even though 
the feedback circuit causes a reduction of ap¬ 
proximately 10 db. Feedback is derived from an 
extra winding on the output transformer and re¬ 
sistances in the cathode circuit. These latter in¬ 
clude a potentiometer, which, together with taps 
on the secondary winding of the input trans¬ 
former, serves to control the gain. The gain¬ 
frequency characteristic of the amplifier varies 
less than 1 db over a range of about 250 to 4000 
cycles. 

Another and later V-type repeater (V3) em¬ 
ploys “miniature” pentodes, and correspondingly 
small equipment parts including input and out¬ 
put transformers, capacitors and potentiometers. Detail of V3 Repeater Amplifying Unit 



plug-in type which provides for quick replacement 
of defective units and facilitates testing and main¬ 
tenance. 

Where long telephone circuits are used for 
transmitting program material to the transmitters 
of a radio broadcasting network, it is frequently 
necessary to employ amplifiers in the lines at 
terminal or intermediate points. The “program 
amplifier” need be only a one-way device, but it 
must handle a frequency band somewhat wider 
than is required of the ordinary telephone re¬ 
peater. One widely used design of such an 
amplifier employs pentodes connected in two 
transformer-coupled push-pull stages. Negative 
feedback is through a gain regulating network pro¬ 
viding a maximum net gain of about 42 db. The 
gain-frequency characteristic is flat from 30 to 
8000 cycles and is off by only 1 db at 15000 cycles. 
Other types of program amplifiers, using R-C in¬ 
terstage coupling, have comparable characteris¬ 
tics. 

All of the repeaters discussed thus far are 
“double-track” devices, employing separate ampli¬ 
fiers for each direction of transmission. A re¬ 
peater of radically different design is widely used 
to improve transmission in relatively short cir¬ 
cuits such as the inter-office trunks of exchange 
plant. This is known as a negative impedance re¬ 
peater or converter and in the Bell System is 
coded as an E-type telephone repeater. A general 
schematic of the most recent design of this type 
of repeater connection (E6) is given in Figure 
25-4. Here it may be noted that, instead of being 
inserted in the line as in the case of other types of 
repeaters, the gain unit is so connected as not to 

break the continuity of the line for the transmis¬ 
sion of d-c supervisory signals or other low-fre¬ 
quency signaling currents. This is effected by 
coupling the series converter through a trans¬ 
former and by the inclusion of a blocking capaci¬ 
tor in one of the bridged leads to the shunt con¬ 
verter. 
The line building out (LBO) networks are 

included for impedance matching purposes. They 
are made up of resistors, inductors and capacitors 
which can be adjusted to fit the electrical charac¬ 
teristics of the particular line with which they are 
associated so as to present toward the gain unit 
the impedance of a 900 ohm resistor in series with 
a 2.14 microfarad capacitor at all frequencies in 
the voice band. 

The converters are dynamic devices which have 
the ability to convert positive impedances to 
negative impedances. This is accomplished by 

Figure 25-5 

coupling the output of a special type of amplifier 
back to its input in an arrangement such as that 
schematically shown in Figure 25-5. Here the am¬ 
plifier is one that has input impedance so low as 
to be practically negligible, very high output im¬ 
pedance, and a current amplification ratio of K. 
A positive impedance Z is connected across the 
output at terminals 3-4. The amplifier output is 
also connected back to the input through the 
source circuit connected across terminals 12. 

-48V 

Fig. 25-6 Series Negative Impedance Converter 
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Type-K Carrier Line Amplifier 

total line attenuation losses means, of 
course, that the converter is supplying 
energy to the line as in the case of other 
types of repeaters. The amount of net 
gain that can be realized with the series 
converter alone is limited in practice by 
the fact that it tends to introduce a 
substantial impedance irregularity in 
the line at the point where it is con¬ 
nected. The severity of this irregularity 
can be minimized if Z is made up of a 
rather complex arrangement of resis¬ 
tors, inductors and capacitors which can 
be connected in various combinations to 

Now, if we assume a current, i, flowing to the 
amplifier input, as indicated by the arrow, the 
amplifier output current will be Ki and the current 
through Z will be Ki-i or (A-l) i. The voltage drop 
across Z is therefore iZ (K-l). But since the am¬ 
plifier input impedance is nearly zero, this same 
voltage must exist across terminals 1-2. The im¬ 

pedance at 1-2 is therefore — = Z(K-l). 

The direction of the current and voltage at 1-2 is 
such, however, that energy is now being fed into 
the source circuit rather than taken from it. The 
impedance seen by the source must therefore be 
considered as negative and its value written as 
-Z(KA). 

Amplifiers meeting the special requirements 
specified in the above discussion are readily de¬ 
signed. A push-pull arrangement of two vacuum 
tube triodes in a grounded grid connection pro¬ 
vides a good approximation. A pair of junction 
transistors in a grounded base connection meets 
the requirements even more closely. Figure 25-6 
shows the essential elements of the series con¬ 
verter of the E6 repeater. The feedback con¬ 
nection here is through the relatively large ca¬ 
pacitances Ci and C^. The current ratio between 
emitter and collector is very nearly 1 so that the 
total current amplification K is approximately 2. 
The impedance at the converter side of the line 
transformer is thus almost the exact negative of 
the positive impedance Z. The amount of nega¬ 
tive impedance effectively inserted into the trans¬ 
mission line is therefore directly controlled by the 
value of Z. 

The negative impedance so inserted in the line 
by the series converter reduces the normal imped¬ 
ance of the line itself and thus permits a corre¬ 
sponding increase in line current for a given 
applied voltage. The effective reduction in the 
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best adjust to the impedance characteristics of the 
particular line. 

Better impedance matching and consequent 
higher gains, can be secured by including in the 
repeater a second converter which is bridged 
across the center taps of the line transformer, as 
indicated in Figure 25-4. This “shunt converter” 
employs somewhat different circuitry than that of 
Figure 25-6 but operates on the same principle to 
introduce a negative admittance which, together 
with the negative impedance of the series con¬ 
verter, presents a net impedance toward the line 
in both directions of 900 ohms plus 2p.f. With this 
arrangement, the adjustable Z networks in both 
converters can be made up entirely of resistors 

Type LI Carrier Amplifier 



Fig. 25-7 Amplifier Used in Type-C Carrier System 

which can be easily adjusted in steps of 14 db 
(0.1 db if desired) to provide an overall repeater 
gain of any desired value up to a maximum of 
about 12 db. Because of these advantages, cur¬ 
rent designs of E-type repeaters include both 
series and shunt converters and no provision is 
made for using either converter by itself. 

25.2 Carrier Amplifiers 

The several types of carrier systems currently 
in use in telephone practice employ frequency 
bands ranging from 4000 cycles up to as high as 
several million cycles. The amplifiers used in these 
systems must be designed to handle the entire 
frequency band of each particular system on a 

high fidelity basis with a reasonably flat gain over 
the total frequency range. All such amplifiers are 
designed with stabilized feedback circuits. 

Figure 25-7 is a schematic of an amplifier used 
in the type-C carrier system which operates over 
the frequency range from 5 to 35 kc. As indicated, 
it consists of two transformer-coupled pentodes 
with hybrid type input and output transformers. 
The negative feedback circuit is connected be¬ 
tween the two hybrids through an equalizer net¬ 
work circuit. This amplifier has a gain of 50 db, 
flat from 5 to 35 kc. 

Amplifiers for the type-J and type-K carrier 
systems must handle still broader frequency 
bands. Thus the type-J amplifier must operate 
through a range of 36 to 140 kc. It is a three stage 
amplifier using voltage amplifying pentodes in 
the first two stages and four power pentodes in 
parallel in the last stage. Resistance-capacitance 
coupling is used in the interstage networks. The 
amplifier has two feedback circuits. The outer 
feedback circuit extends from the output to the 
input hybrid transformer through an equalizer 
network. An auxiliary inner feedback path is 
connected from the parallel plates of the output 
tubes to the grid of the input tube through a net¬ 
work which is designed to control the singing 
margin at frequencies considerably above the nor¬ 
mally transmitted band. Type-K carrier ampli¬ 
fiers (12 to 56 kc) also employ three stages, with 
feedback through a gain adjusting and equaliz¬ 
ing network. 

Figure 25-8 show’s schematically the circuit of 

Fig. 25-8 L-carrier Amplifier Circuit (Paralleling Tubes Omitted) 
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the amplifier used in type-Ll carrier systems, 
which operate in the range from 60 to 3000 kc. 
Although the diagram shows only three tubes, 
these amplifiers are actually built with parallel¬ 
ing tubes in each stage so that a tube failure will 
not stop the functioning of the amplifier. Because 
the amplifier must operate over such a wide fre¬ 
quency range, the interstage networks of this am¬ 
plifier are quite complex. As a matter of fact, 
neither of the interstage circuits by itself provides 
a fiat gain, but the two interstages in tandem yield 
an essentially constant gain between the grid of 
the first tube and the grid of the last tube over 
the entire carrier range. 

The inter-electrode capacitances of the tubes 
are minimized by the use of special types of min¬ 
iature tubes having relatively high transconduct¬ 
ance. Two feedback paths are provided, one 
around the output tube V3, and the other around 
the entire circuit. The alternating component of 
the plate current of tube V3 flows from the cath¬ 
ode of that tube through the impedance Z and the 
feedback network to ground; and thence through 
the primary of the transformer in the output net¬ 
work to the plate of the tube and back to the 
cathode. The voltage drop to ground across Z and 
the feedback network resulting from this current 
flow is applied to the grid of V3. This local feed¬ 
back suppresses modulation effects (distortion) 
developed in the output tube. The alternating 
voltage developed across the feedback network is 
applied to the grid of tube VI through the second¬ 
ary of the transformer in the input network. This 
is the main stabilizing feedback of the amplifier 
circuit. It also provides a means for regulation 
of the amplifier through appropriate adjustments 
of the feedback circuit, as is discussed in a later 
Chapter. 

25.3 Broad-Band and Superhigh-Frequency Am¬ 
plifiers 

As was stated in the preceding Chapter, the 
stages of the usual radio amplifier are coupled by 
means of single- or double-tuned resonant circuits. 
This ordinarily permits the satisfactory trans¬ 
mission of a frequency band of the required width. 
The overall amplification desired in a given case 
is obtained by using as many stages as may be 
necessary, with the required output power secured 
by the use of appropriate power tubes in the final 
output stage. In most cases, radio amplifiers do 
not employ stabilized feedback. 
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In cases where very broad-band signals are to 
be transmitted by radio, such as those of tele¬ 
vision and L-carrier, reasonably flat amplification 
over the entire signal range may require the use 
of a rather large number of stages. For example, 
the intermediate frequency (IF) main amplifier 
of the TD-2 radio relay system employs eight 
stages to give a maximum gain of about 60 db 
with a bandwidth of about 22 me. The input cir¬ 
cuit, output circuit, and all interstages except the 
last are double-tuned. The last interstage is triple¬ 
tuned. Broad-band IF amplifiers of this type are 
sometimes “stagger-tuned”; that is, the various 
interstage networks are tuned to a number of 
different frequencies within the range of the fre¬ 
quencies to be transmitted. 

Amplifiers for use at superhigh-frequencies 
(3000 to 10,000 me) present a number of special 
problems that require rather fundamental design 
differences. Chief of these perhaps is the fact that 
the transit time of the electrons in the amplifier 
tubes becomes a matter of major importance at 
these extremely high frequencies. As was pointed 
out in Article 22.4, the adverse effects of transit 
time likely to be encountered in ordinary vacuum 
] 



Figure 25-9 

tubes can be overcome by the use of tubes of the 
klystron type. These tubes, however, are rather 
difficult to maintain. Furthermore, present de¬ 
signs of klystrons do not permit the use of more 
than a limited number of klystron amplifiers in 
tandem without cumulative noise and distortion 
becoming excessive. 

For application in very long radio relay systems 
requiring dozens of amplifiers in tandem, accord¬ 
ingly, a special tube (W.E. 416) was developed 
by Bell Telephone Laboratories. Because of the 
wide band of frequencies to be handled (at least 
20 me) this tube had to have very high transcon¬ 
ductance. To overcome transit time limitations, 
the elements or electrodes of the tube also had to 
have extremely close spacing. Fortunately, these 
two requirements are compatible. The 416 tube 
is a triode of the so-called planar type, in which 
the elements are in parallel planes, with the grid 
grounded to the frame of the structure. A per¬ 
spective drawing (greatly enlarged) of the ele¬ 
ments of the tube is shown in Figure 25-9. The 
oxide coating of the cathode is .0005" thick. The 
cathode-grid spacing is .0006". The grid wires 
are spaced a thousand to the inch and are .0003" 
in diameter. The plate-grid spacing is .012". The 
large number of very fine wires employed in the 
grid structure provides a close approach to a uni¬ 
form electrostatic shield between cathode and 
plate, without interfering with the free flow of 

electrons. The transconductance of the tube is in 
the order of 50,000 ^mhos, the amplification fac¬ 
tor is about 350, and the output resistance 7000 
ohms. 

This triode always operates in a grounded grid 
circuit arrangement, where the input is applied 
between the cathode and ground and the output 
impedance is between the plate and ground. This 
automatically eliminates coupling between the out¬ 
put and input circuits through the inter-electrode 
capacitances of the tube, a feature that is espe¬ 
cially useful at very high frequencies where neu¬ 
tralization of internal capacitance coupling by 
conventional methods is difficult. The possible 
gain, however, is less than that of the more usual 
grounded cathode arrangement because of the 
negative feedback inherent in the fact that the 
cathode to ground input circuit is included in the 
plate current path. 

Figure 25-10 shows one of these tubes connected 
in a waveguide “circuit”. The input waveguide is 
coupled through an iris to an input cavity which 
may be tuned to resonance by a trimming screw 
across the opening. The grid separates the input 
cavity from a second resonant cavity of the plate 
or output circuit. This cavity transforms the plate 
impedance of the tube to a very low resistance 
(a fraction of an ohm). A quarter-wavelength 
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Three-stage Microwave Amplifier 

coaxial line, which can be adjusted vertically to 
tune the output cavity, matches this low imped¬ 

ance to the impedance (about 45 ohms) of a short 
coaxial line leading to the transducer probe which 
extends into the output waveguide. 

Three tubes of this type are used in the trans¬ 
mitter amplifiers of the TD-2 microwave radio 
relay system. The three stages of the amplifier, 
which is illustrated in the accompanying photo¬ 
graph, are connected in cascade through wave¬ 
guide tuners that effectively form double-tuned 
critically coupled transformers. The overall gain 
of the amplifier is normally adjusted to 18 db with 
an output power of 0.5 watt, although a somewhat 
higher gain is possible. The overall transmission 
characteristic is fiat over about 20 me between 
points 0.1 db down. As the output power of the 
close-spaced triode is increased, its maximum pos¬ 
sible gain decreases. Accordingly, the gains of 
the three stages of the amplifier are not alike. The 
first stage has an output of about 80 milliwatts 
and a gain of about 9 db. The second stage out¬ 
put is about .25 watt with a gain of about 6 db, 
and the third stage output is about 0.5 watt with 
a gain of about 3 db. 
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CHAPTER 26 

RECTIFIER. DETECTOR. DISCRIMINATOR. OSCILLATOR AND WAVE-SHAPING 
CIRCUITS 

26.1 Electron Tube Rectifiers 

The operation of most electron tubes requires 
the application of d-c potentials to certain of the 
tube electrodes—particularly the anodes. These 
voltages are sometimes supplied by batteries, but 
it is generally more economical and practical to 
make use of ordinary commercial power sources 
when a considerable number of tubes are involved. 
Since these sources almost invariably supply only 
a-c power, it is necessary to convert this to d-c 
power for tube operation. Devices for accom¬ 
plishing this result are called rectifiers. 

Article 7.5 discussed briefly the “barrier-layer” 
metallic rectifiers that are quite generally used 
for developing substantial amounts of d-c power 
in telephone central office power plants. For more 
limited requirements, such for example as those 
of the ordinary radio receiver, electron tubes are 
used to produce the necessary d-c voltage. Rec¬ 
tifying tubes are diodes, and may be of either the 
high vacuum or gas type. Figure 26-1 shows a 
diode connected in a circuit arrangement known 
as a half-wave rectifier. Here the alternating sup¬ 
ply voltage is impressed through a transformer 
across the plate and cathode of the tube. The tube 
filament is also heated from this same supply volt¬ 
age by means of an auxiliary transformer winding 
as shown. Due to the fundamental characteristics 
of the tube, current can flow only during the time 
the plate is positive with respect to the cathode. 
During the positive half of the impressed voltage 
cycle, accordingly, the tube conducts and the sec¬ 
ondary of the transformer is effectively connected 
to the load. During the negative half of the cycle, 
no space current can flow and the tube effectively 

Fig. 26-1 Half-wave Rectifier 

opens the circuit to the load. The voltage applied 
to the filter will therefore consist of a series of 
pulses, as shown in Figure 26-2(A). If the diode 
is of the high vacuum type, each pulse will have 
a waveshape practically identical with that of the 
positive half of the applied a-c voltage. When the 
applied voltage is a sine wave, as is normally the 
case, the output current will contain a d-c com¬ 
ponent equal to the average value over each half-

—► Time 

A. Half Wave Rectifier 

-- Time 

8. Full Wave Rectifier 

Figure 26-2 

cycle pulse plus a-c components at the frequencies 
of the input voltage and its even harmonics. 
These a-c components are not only useless but un¬ 
desirable since they would tend to introduce noise 
(power hum) into any circuits to which the recti¬ 
fied voltage might be applied. They are accord¬ 
ingly suppressed by a filter which usually consists 
of series inductors that present high impedance 
to the a-c components, and shunt capacitors whose 
a-c impedance at the frequencies involved is low. 

It is fairly obvious that the ratio of the total 
values of the a-c components to the d-c component 
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Fig. 26-3 Full-wave Rectifier 

in the output of the half-wave rectifier is rather 
large. In other words, this rectifier has a high 
ripple factor and is not very efficient. A better 
arrangement is the full-wave rectifier circuit 
shown in Figure 26-3, where the tube has two 
plates so connected that there will always be cur¬ 
rent between one of the plates and the cathode. 
Output current will flow during both halves of the 
impressed cycle to give a series of positive pulses 
as indicated in Figure 26-2(B). This output can 
be analyzed into a d-c component which is obvi¬ 
ously twice that of the half-wave rectifier output, 
plus a-c components having twice the input volt¬ 
age frequency and its harmonics. The ripple fac¬ 
tor is substantially reduced and the d-c output 
power is four times that of the half-wave recti¬ 
fier since power is proportional to the square of 
the doubled current. Because of the lower ripple 
factor the structure of the smoothing filter may 
also be somewhat simpler. 

Where relatively large amounts of rectified 
power are needed, as for the operation of ampli-

Mercury-vapor Tube Rectifier 

fiers in radio transmitters or public address sys¬ 
tems, gas diodes are frequently employed. Such 
tubes—especially the mercury-vapor type—are 
more efficient than high vacuum tubes and will 
deliver a substantially larger output current for a 
given size tube. The circuit arrangements for 
such tubes are no different than those employing 
high vacuum tubes as shown in Figures 26-1 and 
26-3. The output current pulses, however, do not 
follow the shape of the input so closely because 
the gas tube does not begin to conduct until the 
applied voltage has risen to the firing point of the 
tube. 

Certain special precautions must be taken in 
operating a gas tube as a rectifier. Most impor¬ 
tant of these is the requirement that the cathode 
be heated to its full operating temperature before 

voltage is applied to the plate. This may take 
several minutes, depending on the particular type 
tube. It was pointed out in Art icle 22.1 that a gas 
tube when operating normally has a small con¬ 
stant voltage-drop between its electrodes, which 
in the case of the mercury-vapor tube, is only 
about 14 volts. If voltage is applied to the plate 
of the tube before the cathode is sufficiently 
heated to develop its normal emission of electrons 
and the accompanying normal voltage-drop, the 
large applied voltage will cause positive ions to 
move towards the cathode at high velocities. Their 
impact with the cathode may quickly break down 
the emitting coating and thus destroy the useful¬ 
ness of the tube. Neither gas nor high vacuum 
tubes should be operated at voltages that will 
cause the plate current to exceed that determined 
by the maximum cathode emission as this will 
cause damage through overheating of the elec¬ 
trodes or disintegration of the active cathode 
material. Care should also be exercised that the 
maximum inverse voltage rating across the tube 
is not exceeded. This is particularly true in the 
case of gas tubes which, having higher conduc-
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Figure 26-5 

tivity, will arc back more easily than the high 
vacuum tube. 

26.2 Detectors 

Detector is the name commonly used in radio 
work to designate the device employed at the re¬ 
ceiving end of the circuit to separate the signal 
from the high-frequency carrier wave on which it 
was super-imposed or modulated at the transmit¬ 
ting end of the circuit. Detectors, which may also 
be properly spoken of as demodulators, are essen¬ 
tially rectifiers that normally handle only very 
small amounts of power. 

The high vacuum diode is an effective detector 
except at very low levels of radio-frequency input 
voltage. A simple detector circuit employing a 
diode is shown in Figure 26-4, and its operation 
in detecting or separating the signal voltage from 
the radio-frequency input may be understood by 
referring to Figure 26-5. Figure 26-5(A) indi¬ 
cates a radio-frequency carrier wave that has 
been modulated by a lower frequency signal. The 
amplitudes of the pulses of the radio-frequency 
wave vary in accordance with the signal which 
the wave is carrying (see Chapter 27). The tube 
of course will permit the passage of only the posi¬ 
tive half of the cycles, as indicated in Figure 

U 

26-5 (B). Each positive pulse produces a voltage-
drop across the resistor-capacitor circuit R-C pro¬ 
portional to the value of the plate current. Each 
pulse tends to charge the capacitor, and between 
pulses some fraction of this charge will leak off 
through the resistor R. R is of such value, how¬ 
ever, that only a very small portion of the charge 
leaks off before the arrival of the next radio¬ 
frequency pulse. As a result, a potential will be 
developed across the R-C combination which is 
proportional to the peak values of the r-f pulses, 
with only a slight r-f ripple component. On the 
other hand, the time constant of the R-C circuit 
must be low enough so that the charge on C will 
be completely dissipated through R between the 
cycles of the signal wave. Under these conditions, 
the net voltage-drop across the R-C combination 
will have the shape shown in Figure 26-5(C), 
which should be identical with the signal applied 
to the transmitting circuit. These conditions will 
be realized in a typical detector circuit when the 
value of C is in the order of 100 p.p.f, and R is 
several hundred thousand ohms. 

High vacuum triodes, or multi-electrode tubes, 
may also be used as detectors. A so-called plate 
detector circuit employing a triode is shown in 
Figure 26-6. The grid of the tube is biased to the 
cutoff point so that the tube acts as a rectifier in 
much the same way as does the diode. The ampli¬ 
tudes of the positive r-f current pulses appearing 
in the plate circuit follow the amplitude of the 
signal impressed on the input voltage. Radio fre¬ 
quency is eliminated from the output by means of 
an appropriate R-C circuit in the same way as 
previously discussed. 

Another circuit employing a triode is commonly 
known as a grid-leak detector. This circuit is 
illustrated in Figure 26-7. It will be noted that 
the grid of the tube in this circuit is not biased in 
the usual fashion, and grid current will tend to 
flow during the positive portion of each r-f cycle. 
This current, however, is limited by the charge 
building up in capacitor C,, which sets up a nega-



tive potential on the grid that will vary with the 
amplitude of the input voltage. The value of R„ 
is such that only a negligible portion of the charge 
on the capacitor can leak off between r-f pulses, 
but the capacitor will be completely discharged in 
the time interval between signal pulses. In other 
words, the grid-cathode circuit acts exactly like 
the diode detector circuit previously discussed. 
The net result is that a potential appears on the 
grid, which varies in magnitude in accordance 
with the impressed signal voltage. These effective 
grid bias variations produce corresponding varia¬ 
tions in the plate current of the triode giving ar. 
output voltage across the load resistance which 
follows the signal. The circuit thus acts both as 
a detector and an amplifier. 

Both diode detectors and grid-leak detectors 
draw some current from the input circuit, which 
means that an effective resistance component is 
shunted across the tuned tank circuit. This effec¬ 
tive resistance is high, but it has some tendency 
to decrease the sharpness of selectivity of the tank 
circuit. The plate detector circuit does not affect 
selectivity because the grid never goes positive 
with respect to the cathode. On the other hand, 
it operates over a somewhat curved portion of 
the grid voltage-plate current characteristic, and 
therefore causes some distortion of the signal. 

At superhigh frequencies, the usefulness of 
vacuum tubes as detectors becomes limited be¬ 
cause of their inter-electrode capacitances. De¬ 
tection in these high frequency ranges is usually 
accomplished by means of semi-conductor devices 
such as the point-contact rectifier or diode dis¬ 
cussed in Article 23.6. Here a sharply-pointed 
fine tungsten wire in contact under a small pres¬ 
sure with a wafer of p-type silicon provides a 
rectifying junction which is highly reliable, long-
lived and rugged. Because of the very small con¬ 
tact area, it will operate efficiently at extremely 
high frequencies (up to 100,000 me or more). 
Typical rectification ratios (ratio of reverse re¬ 
sistance to forward resistance) are in the order 
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of 100. Higher rectification ratios may be ob¬ 
tained with similar devices employing n-type ger¬ 
manium as the semi-conductor—particularly 
when the contact is “formed” to create a tiny 
hemisphere of p-germanium directly under the 
metal contact point. Germanium semi-conductors, 
however, are more sensitive to temperature than 
silicon and use of the latter type is preferred 
when temperatures above about 60°C. are en¬ 
countered. 

A silicon diode having almost ideal characteris¬ 
tics can be made by what is called the “alloyed 
junction” method. In this process the contact area 
between a wafer of n-type silicon and a fine 
aluminum wire is heated until both silicon and 
aluminum melt to form a small hemisphere of 
alloy which may be considered to be heavily doped 
p-type silicon. When permitted to cool, a thin cup¬ 
shaped layer of the p-type silicon is precipitated in 
atomic contact with the n-type silicon which forms 
the main body of the wafer. This junction will 
transmit relatively large currents in the forward 
direction while the reverse current is almost negli¬ 
gible and practically independent of the voltage 
up to a large critical value where a sudden but 
non-destructive breakdown permits free current 
flow. The rectification ratio may be as high as 
10,000,000. 

26.3 Discriminators 

The detection of the signal carried by a fre¬ 
quency-modulated wave requires the use of a cir¬ 
cuit that will convert frequency variations into 
amplitude variations. One of the more common 
circuit arrangements used for this purpose is 
known as a discriminator. Such a device is also 
fundamental to the operation of automatic fre¬ 
quency control circuits. 

Figure 26-8 is a simplified schematic of a typi-



cal discriminator circuit. As will be noted, this 
circuit employs two diodes connected in a bal¬ 
anced arrangement. The primary and secondary 
tank circuits L,Ct and L2C2 are both tuned to the 
carrier or mean frequency of the r-f input volt¬ 
age. L, and L . are also the primary and secondary 
windings of a transformer. The input voltage 
across Lt accordingly induces a voltage in the 
secondary winding L2, each end of which is con¬ 
nected to the plate of one of the diodes. With 
reference to the center tap of the secondary wind¬ 
ing, the induced voltages in the two halves of the 
winding are always equal and opposite in sign; 
and at the carrier frequency, when the tank cir¬ 
cuit impedance is wholly resistive, are 90° out of 
phase with the input voltage E}. 

In the absence of the coupling capacitor, Cr, the 
circuit would always apply equal and opposite 

Fig. 26-9 Vector Diagram oe Voltages in Discriminator 
Circuit 

voltages E-./2 to the diodes, which would result in 
the development of equal and opposite voltage 
drops across the resistances Rx and R>, and conse¬ 
quent zero output. The capacitor C,, however, is 
relatively large so that the full r-f input voltage 
Ey is applied directly to the center tap of L2. The 
net voltages applied to the plates of the diodes are 
accordingly equal to the sum or difference of this 
voltage and the voltages induced in L2 by the cur¬ 
rent flowing in Lx. In other words, the voltage at 
the plate of V, will be E, T E2/2, while the cor¬ 
responding voltage at the plate of V2 is E\ — E>/2. 
When the input voltage is at the carrier or mean 
frequency to which the tank circuits are tuned, 
these voltages, Evi and Ev2t will be equal as illus¬ 
trated by the vector diagram in Figure 26-9(A). 
If the frequency of the input voltage becomes 
higher than the resonant frequency of the tuned 
circuits, the inductive reactance of the tank cir¬ 
cuits predominates and the phase relationship be-
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tween Et and E> is no longer 90 . Then, as illus¬ 
trated by Figure 26-9(B), the voltages E2/2 add 
vectorially with E, to give unequal resultant, 
values. This results in a larger voltage drop across 
R} than across R2 and a consequent positive out¬ 
put voltage with respect to ground. Similarly, if 
the input frequency is lower than the carrier fre¬ 
quency, the capacitive reactance of the tank cir¬ 
cuits predominates and the vector diagram takes 
the form shown in Figure 26-9(C), resulting in 
the appearance of a negative voltage in the out¬ 
put circuit. Thus deviations of the input fre¬ 
quency from the mean or carrier frequency pro¬ 
duce output voltages corresponding in sign to the 
direction of the variation and in magnitude to the 
extent of the deviation. 

26.4 Oscillators 

In communications work, the term oscillator is 
usually applied to electronic devices which act as 
generators of a-c sine wave voltages. Practically 
any vacuum tube or transistor amplifier circuit 
will function as an oscillator if some part of the 
output energy is returned or fed back in phase to 
the input. The minimum requirement for sus¬ 
tained oscillation is that the energy so fed back 
must be at least as much as the reciprocal of the 
total amplification. That is to say, for example, if 
the energy amplification of the circuit is 100 times, 
at least 1/100 of the output energy must be fed 
back. This is a condition which it is not at all 
difficult to obtain. In fact, it is usually necessary 
in the design of any amplifying circuit to take 
special precautions to avoid the development of 
an oscillating condition. 

Figure 26-10 represents a simple type of induc¬ 
tively coupled oscillator circuit. Here the amount 
of energy fed back into the input is determined 
by the coupling between the coils and L2, and 
the frequency of oscillation is controlled by the 
values of L, and Ct in the resonant tank circuit. 



Figure 26-11 

Many other designs of oscillator circuits are pos¬ 
sible. Figure 26-11 (A) shows a vacuum tube os¬ 
cillator circuit in which both the grid and plate 
circuits include tuned tank circuits. Here the feed¬ 
back or coupling between the plate and grid is 
assumed through the inter-electrode capacitance 
of the tube itself. If this is insufficient, it may be 
effected by the inclusion of a coupling capacitor 
as indicated by the dotted lines. 

Figure 26-11 (B) shows the principle of the 
well-known Hartley oscillator in which the tuned 
network is connected between the grid and plate 
of the tube, and the cathode is connected to a tap¬ 
point of the inductor. Thus the current flowing in 
the plate circuit produces a voltage between grid 
and cathode whose value depends upon the ratio 
of the inductive reactances on either side of the 
tap-point. It may be noted that grid bias is ob¬ 
tained in both circuits of Figure 26-11 by the use 
of a grid-leak resistor and capacitor. This ar¬ 
rangement has two advantages. It insures that 
the oscillator will be self-starting, since at the 
instant that voltage is first applied to the plate 
the grid will be unbiased and the tube will be 
working on a high point of its characteristic 
curve. This will permit an initial surge of cur¬ 
rent which will begin to charge the grid-leak ca¬ 
pacitor and supply sufficient energy to the tank 
circuit to start it into oscillation. The first few 
oscillations will continue to build up the charge 
on the grid-leak capacitor and drive the grid in¬ 
creasingly negative until a steady-state operating 
condition is reached in which the energy supplied 
to the tank circuit is just sufficient to overcome its 
losses and thus maintain oscillations of a constant 
magnitude. The grid-leak biasing arrangement 

also tends to make the oscillator self-regulating 
because the grid bias will automatically change 
in accordance with any change in the plate cur¬ 
rent that may be caused by variations in the load. 

The circuits shown in Figures 26-10 and 26-11 
do not indicate any load connection, but in any 
practical case some portion of the plate circuit 
energy would, of course, be drawn off for appli¬ 
cation to some other circuit. This can be accom¬ 
plished by connecting the load directly into the 
plate circuit, or by connecting it inductively to 
the coil in the plate tank circuit. It will be evi¬ 
dent, however, that such a load connection may 
affect the constants of the oscillating circuit some¬ 
what, with a possible consequent effect on the os¬ 
cillating frequency. This may be minimized by 
inserting a “buffer amplifier” between the oscil¬ 
lator and the load. It may also be avoided by the 
use of the so-called electron-coupled oscillator 
shown in Figure 26-12. This circuit employs a 
tetrode in which the screen grid acts as the plate 
of an oscillating circuit of the Hartley type. The 

plate circuit couples the oscillating circuit to the 
load by means of the varying stream of electrons 
passing through the screen to reach the plate. 
Changes in the load impedance thus cannot affect 
the constants of the oscillating circuit itself. 

Many applications of oscillators in radio and 
carrier systems require greater stability of fre¬ 
quency than can be readily obtained with the cir¬ 
cuits discussed above. The high degree of stabil¬ 
ity needed in such cases is usually obtained by 
employing a piezo-electric crystal in place of the 
ordinary tank circuit, as indicated in Figure 
26-13. As discussed in Chapter 20, such crystals 
can be cut to precise values of mechanical reso¬ 
nance. When employed in an oscillating circuit as 
shown, the output frequency will correspond ex¬ 
actly to the resonant frequency of the crystal 
regardless of variations that may occur in other 
reactive components of the circuit, or in the char-
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Fig. 26-13 Crystal Controlled Oscillator 

acteristics of the tube. If necessary, even greater 
stability may be secured by enclosing the crystal 
in a constant temperature oven to preclude any 
changes in the crystal itself that might result 
from changes in the ambient temperature. 

Crystals can be cut to have natural frequencies 
ranging from a few kilocycles up to about 15 
megacycles. Frequencies much higher than this 
would require making the crystal too thin for 
practical use. Stable frequencies above this limit¬ 
ing value may be obtained, however, by using 
frequency multipliers in tandem with a crystal 
source. These consist essentially of amplifiers 
operated on a non-linear basis so that their out¬ 
put contains substantial harmonics of the funda¬ 
mental frequency. In a frequency doubler, the 
second harmonic appearing in the output of the 
amplifier is selected by an appropriate tuned 
circuit, while a frequency tripler would select the 
third harmonic. Because of their relative weak¬ 
ness, higher harmonics than these are not ordi¬ 
narily used, but any desired multiplying factor 
can be obtained by employing as many doubling 
or tripling stages in tandem as may be necessary. 
The stability of the end frequency remains as 
great as that of the originating crystal because 
the multiplying factor is always a fixed integral 
number. 

Counterparts of the several oscillator circuits 

Fig. 26-14 Reflex Klystron 

discussed above, employing transistors instead of 
vacuum tubes, have been designed. This is also 
generally true of various other vacuum tube cir¬ 
cuits mentioned in this and later Chapters. Since 
the basic circuit principles are essentially the 
same, however, detailed discussion of the corre¬ 
sponding transistor circuits is omitted for the 
sake of brevity. 

Alternating voltages at superhigh-frequencies 
can be generated directly by certain types of elec¬ 
tron tubes. The klystron tube discussed in Article 
22.4 will act as an oscillator if a coaxial feedback 
connection is made between the catcher cavity and 
buncher cavity, with both cavities tuned to the 

Reflex-Klystron Oscillator Tube 

same frequency. A somewhat simpler device 
which will serve the same purpose is the reflex¬ 
klystron whose basic structure is illustrated in 
Figure 26-14. This device includes only one pair 
of grids and one resonant cavity. The cavity 
acts as both a buncher and catcher because the 
electrons from the gun pass through its grids 
twice due to the influence of the “repeller” elec¬ 
trode which carries a high negative charge. As 
in the ordinary klystron, the electrons proceed¬ 
ing from the gun are velocity modulated in their 
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first passage through the cavity grids. They pro¬ 
ceed toward the repeller but are turned back by 
its negative charge to pass again through the 
cavity grids in the opposite direction and are 
finally collected at the accelerating anode of the 
gun. In the drift interval between their two pas¬ 
sages through the cavity grids, the electrons tend 
to become bunched in accordance with the reso¬ 
nant frequency of the cavity, and when the re¬ 
peller voltage is appropriately adjusted, the re¬ 
turning electron bunches will pass through the 
cavity grids in such phase as to give up energy 
to the cavity. 

In addition to its somewhat simpler structure, 
the reflex-klystron has the advantage over the 
regular klystron that its output frequency can be 
varied within limits above or below the natural 
frequency of the cavity by varying the voltage 
applied to the repeller. This characteristic is ex¬ 
tremely useful in certain frequency modulation 
systems. 

26.5 Wave-Shaping Circuits 

There are numerous situations in modern com¬ 
munications practice where it is necessary to alter 
the shape of voltage waves under controlled con¬ 
ditions. One such situation frequently encoun¬ 
tered is the need to limit or clip the peaks of a 
sine wave. This requirement may apply to either 
the positive or negative peaks or to both. 

Perhaps the simplest method for limiting or 
clipping both halves of a wave simultaneously is 
the use of an over-driven amplifier. If the sine 
wave voltage applied to the grid of a triode is of 
sufficient magnitude to drive the grid beyond its 
cutoff point on the negative swing, and above the 
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saturation point of the plate circuit on the posi¬ 
tive swing, the plate current curve will be flat¬ 
tened at its extremities, as illustrated in Figure 
26-15. The plate current may thus be made to 
approach a true square wave as the extent to 
which the amplifier is over-driven (i.e., as the 
amplitude of the voltage wave applied to the grid) 
is increased. Obviously, this same method could 
be used to limit only the positive or negative 
pulses by biasing the amplifier grid so that it 
would be driven above saturation but not below 
cutoff in one case, and below cutoff but not above 
saturation in the other case. 

In most practical circuits, clipping of the posi¬ 
tive half of a wave is accomplished in the grid 
circuit rather than by driving the plate beyond 
saturation. If a large resistance is inserted in 
series with the grid, the applied positive voltage 
peak will be able to drive the grid only slightly 
positive because of the large drop across the re¬ 
sistance when grid current starts to flow. The 
value of the grid voltage is accordingly held close 
to zero value during the period when the positive 
input pulse is attempting to drive it positive, and 
the plate current will therefore have a constant 
flat value during this same period. 

It will be apparent that a square wave generated 
by the process outlined above will be of much less 
amplitude than the sine wave from which it was 
developed. Generally, therefore, the output square 
wave will have to be amplified if it is to serve any 
useful purpose. This requires the use of a very 
broad band video type amplifier circuit, since a 
square wave contains an infinite number of fre¬ 
quencies. In practice, the bandwidth of such 
amplifiers may range from 2 to 8 megacycles, de¬ 
pending upon the amount of distortion that can 
be permitted. 

There are various other methods of developing 
waves having approximately square shapes. One 
interesting circuit that may be used is the multi¬ 
vibrator illustrated in Figure 26-16. This consists 

Fig. 2G-16 Multivibrator Circuit 



h. R C Differentiating Circuit 

essentially of a two-stage R-C coupled amplifier, 
with the output of each tube fed back to the grid 
of the other tube in such phase as to encourage 
oscillation. The net result is that the tubes be¬ 
come alternately conducting and non-conducting 
at a frequency rate dependent on the constants of 
the circuit. 

The circuit operation may be followed by as¬ 
suming an instant when the plate current of one 
tube is increasing slightly due to some random 
effect. If this occurs in tube B, for example, it 
will result in a corresponding decrease of its plate 
potential. Since this plate is coupled by capacitor 
Ct to the grid of tube A, the grid voltage of that 
tube will also be decreased. This will reduce the 
current across tube A, which will increase the 
potential at its plate. The plate of tube A is in 
turn coupled through capacitor C2 to the grid of 
tube B so that this grid’s potential is correspond¬ 
ingly increased, resulting in a further increase in 
the current across tube B. This process continues 
cumulatively until the current across tube B 
reaches a maximum value, and the grid voltage 
of tube A falls below the cutoff value. Tube A will 
then cease to conduct until enough of the charge 
on capacitor Ct has leaked off through the resistor 
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R.,t to permit the grid voltage to rise slightly 
above the cutoff value. The interval during which 
tube A is non-conducting is of course determined 
by the R„tCt time constant. 

As soon as the grid voltage of tube A rises 
above cutoff, this tube begins to conduct and a 
cumulative process in the reverse direction pro¬ 
ceeds until the current across tube A is at maxi¬ 
mum value, and tube B is non-conducting. Al¬ 
though the description of the circuit’s action is 
necessarily somewhat lengthy, the reversing ac¬ 
tion actually occurs almost instantaneously. The 
shape of a voltage wave picked off from either of 
the output resistors 7?, or R2 is accordingly sub¬ 
stantially square. The basic multivibrator circuit 
discussed is of the so-called “free-running” type, 
the fundamental frequency of its output wave be¬ 
ing determined entirely by its circuit constants. 
To insure greater stability of operation in prac¬ 
tice, an external sine-wave synchronizing voltage 
of fixed frequency is usually applied to the grid 
of one of the tubes. 

Square waves, as such, have rather limited di¬ 
rect applications in communications systems. They 
are often used, however, to derive waves of other 
shapes. Various circuit systems, for example, re¬ 
quire uniformly spaced rectangular voltage pulses 
for their operation. Such pulses may be derived 
from a square wave by means of a “peaking cir¬ 
cuit” known as an R-C differentiating circuit. As 
shown in Figure 26-17 (A), this consists of a 
simple resistor-capacitor combination working 
into an amplifier. The circuit derives its name 
from the fact that the output voltage applied to 
the grid of the tube is proportional to the time 
rate of change of the input voltage. Assume that 

Harmonic Producing Coil 



a square wave voltage,, as indicated in the upper 
diagram of Figure 26-17 (B), is applied to the 
input. At the instant f0 the full voltage E is ap¬ 
plied across the R-C combination. Since it is im¬ 
possible for the capacitor to charge instantane¬ 
ously, the full value of the applied voltage will 
immediately appear across R, as indicated in the 
lower diagram of Figure 26-17 (B). The capacitor 
will then charge in accordance with the time con¬ 
stant RC, which is made short relative to the 
duration of the applied square pulse. As the 
capacitor charges, the voltage across R decreases 
correspondingly until a time equal to about 5ßC 
when the capacitor becomes fully charged and the 
voltage across the resistor is accordingly reduced 
to zero. At time ti the input voltage suddenly 
drops to zero and the full voltage of the charged 
capacitor is impressed across R in the opposite 
direction. As the capacitor discharges to ground, 

Fig. 26-18 B-H Curve of Core of Saturable Inductor 

the voltage across R gradually reduces to zero, as 
shown. 

In most applications of peaked waves only 
pulses of one polarity are desired. In this event, 
the output wave, indicated in the lower diagram 
of Figure 26-17 (B). may be applied to a clipping 
circuit that will remove the negative pulses en¬ 
tirely. The sharp tops of the positive peaks may 
also be clipped as required to leave a series of 
narrow rectangular pulses, as shown in Figure 
26-17 (C). 

At relatively low frequencies, peaked wave¬ 
shapes may be developed by entirely different 
methods employing devices known as saturable 
inductors. These are small coils wound on a core 
of permalloy ribbon as illustrated in the accom¬ 
panying photograph. As indicated by the B-H 
curve of Figure 26-18, the core material of the 
coil is of such nature that the magnetic field passes 
from negative to positive saturation with a com-

[ 249 ] 

Figure 26-19 

paratively small change in the field intensity. In 
other words, the coil becomes saturated very 
quickly and with relatively little current in its 
windings. This means that the inductance of the 
coil is high at low current values, but nearly zero 
as soon as the saturation point is reached. For 
use in a peaking circuit, the coil is connected at 
L2 as shown in Figure 26-19, where the series 
circuit consisting of C\, L\ and is made approxi¬ 
mately resonant. 

The behavior of the circuit may be understood 
by analyzing what happens during a single cycle 
of an applied sine wave voltage E„. This applied 
voltage is shown in the usual manner in Figure 
26-20 (A). As this voltage increases from zero, 
the inductance of the coil bridged across the line 
will at first be high, and as a result current will 
flow into the capacitor and the load R2. This cur¬ 
rent is pictured by the small section ab of the 
curve of Figure 26-20 (B). When the applied 
voltage increases to the critical value, X, however, 
the core of the coil becomes saturated and the in¬ 
ductance of the coil immediately decreases to zero. 



As the coil has quite low resistance, it then be¬ 
comes effectively a short across the line and no 
additional current flows from the generator into 
the load. On the contrary, the charged capacitor 
C.. discharges through the coil, causing the sharply 
peaked negative current surge shown in the 
section be. For the remaining part of the positive 
pulse of the applied voltage, the coil continues to 
act as a short-circuit, the capacitor remains dis¬ 
charged, and no current flows in the load. When 
the applied voltage reverses in direction, the coil 
again presents a high inductance to the low values 
of negative voltage applied and a small negative 
current, de, flows into the capacitor and the load. 

E„ across the capacitor will build up in accordance 
with the solid line curve of Figure 26-21 (B). At 
the firing potential, the value of which is con¬ 
trolled by the grid bias voltage, the tube suddenly 
becomes conducting and establishes a low resist¬ 
ance shunt path across the capacitor. The capaci¬ 
tor then discharges quickly through the tube until 
its voltage drops to the extinction potential when 
the process repeats itself. It will be seen that the 
time length of each saw-tooth pulse is determined 
by the BC time constant and the firing potential 
of the tube. The frequency rate can be stabilized 
by applying to the grid from an external source a 
small sinusoidal synchronizing voltage having a 
frequency slightly higher than the natural period 
of the tube circuit. This causes the grid bias to 
vary in accordance with the applied synchronizing 
voltage so that the tube fires at the same specific 
point in each sine-wave cycle. 

It may be noted from Figure 26-21 (B), that the 
voltage rise across the capacitor C is not precisely 
linear since a capacitor charges according to an 
exponential curve rather than a straight line. 
However, if the B battery value is made large with 
respect to the tube firing potential so that the tube 
will break down when the voltage across the ca¬ 
pacitor has risen to only about 57< of the B bat-
tery voltage, the rising saw-tooth voltage curve 

But again, as soon as the coil becomes saturated, 
the capacitor discharges to cause the sharp posi¬ 
tive peak of current ef. 

Another wave shape that is used extensively in 
the operation of cathode-ray oscilloscopes and 
television cameras and receivers is the so-called 
saw-tooth wave. This, ideally, is a wave that rises 
linearly to a specified maximum value in a definite 
time interval and then returns very rapidly to its 
original value. One widely used circuit arrange¬ 
ment for generating such a wave employs a gas 
triode connected as indicated in Figure 26-21 ( A). 
As the B battery circuit is closed, the capacitor C 
charges through the resistance B at a rate de¬ 
termined by the BC time constant. Until the fir¬ 
ing potential of the tube is reached, the voltage 
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will be sufficiently linear for practical purposes. 
Saw-tooth voltage waves may also be developed 

from a circuit employing a high vacuum triode, 
to the grid of which is applied a uniform series of 
negative rectangular pulses as indicated in Figure 
26-22. In this arrangement, the pulses applied to 
the grid have sufficient amplitude to drive the grid 
well beyond cutoff. During the cutoff period, 
which is determined by the width of the applied 

pulse, the capacitor C charges to a maximum value 
controlled by the R( ’ time constant. When the grid 
bias is reduced to zero by the trailing edge of the 
pulse, the tube becomes conductive and the capaci¬ 
tor is quickly discharged. The output voltage 
accordingly drops to the normal value established 
by the B battery at zero grid bias and remains 
there until the next input pulse is applied to the 
grid. 
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CHAPTER 27 

MODULATION 

27.1 The ('ai rier Principle 

In radio communication systems, and in the 
various types of carrier systems, transmission of 
signals is effected by impressing the signal volt¬ 
age on a carrier wave having a relatively high fre¬ 
quency. The signal is thus transmitted to its des¬ 
tination by electrical waves whose frequencies 
are normally more nearly comparable in value to 
the carrier frequency than to the signal fre-

modulated carrier-wave, is usually called demodu¬ 
lation in carrier systems and detection in radio 
systems. There are various methods of modulat¬ 
ing carrier waves so that they will effectively 
transmit signals. The most commonly used of 
these at the present time are amplitude modula¬ 
tion and frequency modulation. 

27.2 Amplitude Modulation 

A. Impressed Telegraph Signal 

B. Unmodulated Carrier 

C. Carrier After Modulation By A. 

Fig. 27-1 Modulation in Telegraph Systems 

quency. The basic reason for this procedure in 
both carrier and radio systems is to make possible 
the transmission of a number of different signals 
over the same transmitting medium without mu¬ 
tual interference by placing each signal in a dif¬ 
ferent portion of the frequency spectrum. In 
radio transmission, such a procedure is also neces¬ 
sitated by the fact that efficient electromagnetic 
radiation in space can only be attained at high 
frequencies. It should be noted, however, that 
the total width of the transmitted carrier fre¬ 
quency band cannot be less than the sum of the 
bandwidths of all the signals carried—whether 
the signals are only a few cycles wide as in tele¬ 
graph, or millions of cycles wide as in television. 

The process of impressing the signal on a car¬ 
rier is known generally as modulation. The inverse 
process, whereby the signal is retrieved from the 
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In amplitude modulation, the amplitude of the 
carrier wave is varied in accordance with the vari¬ 
ations of the signal wave. The degree of difficulty 
involved in modulation depends upon the nature 
of the signal. For a telegraph signal such as that 
shown in Figure 27-1 (A), the method is very 
simple and consists merely in interrupting the 
supply of carrier frequency to the line during 
negative pulses of the telegraph signal and per¬ 
mitting it to flow during positive pulses. The 
result is a series of “spurts” of current at the fre¬ 
quency of the particular carrier channel, as indi¬ 
cated in Figure 27-1 (C). 

B. Voice Signal 

C. Carrier After Modulation By B. 

Fig. 27-2 Modulation in Telephone Systems 



In telephony, since the variations in voice cur¬ 
rent are much more complex than telegraph cur¬ 
rent, the process is more involved. This is indi¬ 
cated by Figure 27-2 where A is a representation 
of the unmodulated carrier, B is a representative 
voice signal, and C is the modulated carrier. It 
will be noted that the outline or “envelope” of 
the modulated wave has the form of the voice sig¬ 
nal wave. This effect is not different in principle 
from the action of an ordinary telephone trans¬ 
mitter, where the direct current supplied by the 
local or central office battery is varied or modu¬ 
lated by the sound waves of the voice impinging 
on the transmitter button. The output current 
from the transmitter is then a varying direct cur¬ 
rent consisting of the initial unvarying battery 
current, with the changing voice current super¬ 
imposed upon it. 

The wave of Figure 27-2 (C) could be obtained 
by connecting a transmitter in series with the 
carrier generator, just as the battery is in series 
with the transmitter in the ordinary subset. The 
disadvantages of such a scheme will be apparent, 
however, and in practice vacuum tubes or other 
kinds of rectifying devices are used for this pur¬ 
pose. 

When vacuum tubes are used as modulators in 
carrier telephone systems, the modulating effect 

is ordinarily obtained by applying a biasing volt¬ 
age to the control grid of the tube of such magni¬ 
tude that the tube operates on the definitely curved 
part of its grid voltage-plate current characteris¬ 
tic. Under these conditions, the amplification sup¬ 
plied by the tube is not constant but varies with the 
value of any changing voltage applied to the grid. 

In the simple circuit of Figure 27-3, assume 
that a voice voltage as represented by A is sup¬ 
plied to the circuit together with the carrier volt¬ 
age represented by B. For simplicity the voice 
voltage is here assumed to be sinusoidal in form 
although this, of course, is not usually the case. 
The two voltages, being in series, add together to 
give the voltage represented by C impressed on 
the grid of the tube. Now if the fixed grid bias 
is given the value E, indicated by Figure 27-4, and 
the characteristic curve of the tube is as there 
shown, the impressed grid voltage will cause a 
plate current of the form shown in Figure 
27-3 (D). 

It would be difficult to determine from observa¬ 
tion what frequencies make up this rather complex 
wave, although it is reasonably evident that it 
must include more than the two frequencies that 
were applied at the grid. However, mathematical 
analysis of the plate current wave is relatively 
straightforward if we assume what is a close ap¬ 
proximation to the truth—that the characteristic 
curve of the tube is parabolic in form over the 



operating range employed. In this event the rela¬ 
tionship between plate current and grid voltage 
may be written as a simple quadratic equation, 
thus : 

ih = K(E„ + ^E,. + i*e) 2 (27:1) 
where— 
ih = instantaneous plate current 
K a constant 
E,, - plate battery potential 
p. voltage amplification factor of the tube 

E, = “C” battery or control grid biasing po¬ 
tential 

e = instantaneous alternating potential ap¬ 
plied to the control grid. 

All of these values may be assumed to be held 
constant during the operation of the tube except¬ 
ing ih and e. Expanding the equation, we have— 

ib . K[(Eh + ^E,) 2 + 2 (E,, + ^.EA^e 4- p.2e2] 

or, writing «, and a2 for the coefficients of e and e 2 

respectively, 

ih K(Ei, 4- 'J.E, )-’ + a 4- «2e2 (27:2) 
where a, 2 K ^.(Eh 4- ^E,.) 
and a2 K ¡i2. 

Since the impressed voice and carrier currents 
represented in Figures 27-3 (A) and (B) are both 
sinusoidal in form, they may be indicated mathe¬ 
matically by sine functions of time as A sin Vt 
and B sin Ct respectively, where A and B are con¬ 
stants. The applied input voltage, e, is then— 

e A sin Vt + B sin Ct. (27:3) 

Substituting (27:3) in equation (27:2), we have 
for the output current— 

¡i, K(E,, + ¡¿E,.) 2 + a, (A sin Vt 4- B sin Ct) 
+ «o (A sin Vt + B sin Ct) 2 

and, expanding— 

ii, K(E,, + ‘1.E, ) 2 + «jA sin Vt 
+ atB sin Ct + «2A2 sin2 Vt 
+ 2a2AB sin Ct sin Vt 4- a>B2 sin2 Ct. 

(27:4) 

Making use of the trigonometric relationships— 

sin2# = I — Icos 2# 
and 

sin # sin </> Icos (# </>)— icos (# +</>) 

we may expand further to obtain— 

ih K(Eb + p.Ec)2 4- «jA sin Vt 4- axB sin Ct 
+ 4«2A2 — |a2A2 cos 2Vt 4- a^AB cos (C — V) t 
— a2AB cos(C + V)t + i«2B2 — \c2B2 cos2Ct 
K (E,, + \iE.) 2 + i«2 ( A2 + B2) + OiA sin Vt 
+ «ißsinCt — Ja2A2cos2Vt — Ut2B2 cos 2Ct 
4- a2AB cos (C — V)t — a2AB cos (C 4- V) t. 

(27:5) 

The first and second terms of this equation are 
constants representing direct current which, of 
course, will not appear on the line side of the out¬ 
put transformer. The third and fourth terms are 
merely amplified currents of voice and carrier 
frequency respectively; the fifth and sixth are 
currents of double these frequencies; and the last 
two represent respectively the difference and the 
sum of the carrier and voice frequencies. If the 
voice and carrier frequencies applied to the grid 
had been, for example, 1000 and 10,000 cycles 
respectively, the output of the circuit would have 
contained currents of frequencies 1000, 10,000, 
2000, 20,000, 9000 and 11,000 cycles. Practically, 
of course, applied voice currents would contain 
numerous frequencies which might have any 
values between, say, 200 and 2700 cycles, and the 
output current would vary accordingly. Thus, 
the output frequency indicated in equation (27 :5) 
as the sum of the voice and carrier frequencies, 
might occupy any value in the band of frequencies 
between (C 4- 200) and (C 4- 2700). 

These sum and difference frequencies are called 
the upper and lower modulation components, re¬ 
spectively, or, more commonly, the upper and 
lower side-bands, and either one of them is by it¬ 
self capable of carrying the signal current to the 
receiving end of the circuit. In carrier telephone 
practice, it is customary in many cases to suppress 
by means of filters or otherwise, all of the fre¬ 
quencies in the output of the modulator except one 
side-band for transmission over the line. 

It is obviously desirable also to so arrange the 
modulator circuit that the current to be trans¬ 
mitted over the line has the largest possible value, 
and the currents that are not needed have rela¬ 
tive small values, thus making feasible the utiliza¬ 
tion of the greatest possible part of the modula¬ 
tor tube’s output energy. This result can be to a 
degree achieved by properly adjusting the values 
of the constants a 1( a2, A and B in equation 
(27:5). Referring to this, it will be noted that 
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if «i is made very small, the voice and carrier fre¬ 
quencies may be practically eliminated from the 
output. This may be accomplished within limits 
by giving E. a large negative value, in which case 
the factor (Eh + p.E,.), in the expression (at = 
2A'!x|£\ + ^E, I) may be made to approach zero, 
reducing at correspondingly. 
In carrier systems employing vacuum tube 

modulator circuits, the method generally em¬ 
ployed to control both the absolute and relative 
magnitudes of the output components depends on 
the use of a balanced tube arrangement. Such a 
modulator circuit is shown schematically in Figure 
27-5. Under ideal conditions, the output of this 
circuit includes only the voice frequency and the 
two side-bands. The carrier frequency itself, as 
well as harmonics of either voice or carrier are 
automatically suppressed. 

The two tubes of the balanced circuit are so ar¬ 
ranged that one-half of the voice voltage, c,, will 
be applied to the grid of each tube. But, with 
transformer connections as shown in the diagram, 
the voice voltage applied to the grid of tube 1 will 
be positive with respect to ground at the same 
time that the voice voltage applied to the grid of 
tube 2 is negative, and vice versa. The carrier 
voltage, e,., on the other hand, is applied in series 
with the common grid biasing voltage so that its 

Fig. 27-5 Balanced Tube Modulator Circuit 

value and sign is the same on the grids of both 
tubes. The net alternating voltage applied to the 
grids of the tubes at any instant accordingly has 
the following values: 

Ci = ec + — 

2 

These values of input voltage may be substi¬ 
tuted in equation (27:2) to determine the plate 
current of each tube. This gives, for tube 1— 

These currents, it will be noted, flow in opposite 
directions in the primary winding of the output 
transformer. Therefore, their difference deter¬ 
mines the value of the current in the secondary. 
Since no direct current passes through the trans¬ 
former, the secondary current may accordingly 
be written as— 

a. a-i„ h-i2 = ater + 2 e, + a2e- -|- a2e,.ev + e~r

at ., a-, , - a}ec + e,. — a2e- + a2ecer — e-

a1ev + 2a2ecev (27:6) 

Then, by substituting A sin Vt for e„ and B sin Ct 
for e,., we have— 

iu = a,A sin IT + 2a2A B sin Ct sin Vt (27 :7) 

By the second of the trigonometric relationships 
cited above, equation (27 :7) may be converted to 
read— 

¿o = sin Vt + a2A B cos (C — V) t 

— a2A B cos (C + V)t (27:8) 

The three terms of the above equation repre¬ 
sent the voice frequency and the two side-bands 
of the carrier frequency. As in the single tube 
modulator circuit discussed earlier, the voice-fre¬ 
quency term may be kept small in comparison to 
the side-band terms by making as low in value 
as practicable. Since there is no carrier-frequency 
term in this equation, an even more effective 
method of insuring that the greater part of the 
output energy shall be represented by the side¬ 
band terms is to make B much larger than A— 
that is, to make the amplitude of the applied car¬ 
rier voltage much larger than that of the applied 
voice voltage. 

It should be noted that in all of the above it has 
been assumed that the characteristic curve of the 
modulator tubes had the ideal parabolic form. 
This is only approximately true in practice and in 
so far as the curve departs from this ideal, fre-
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quency components additional to those indicated 
in the above mathematical expressions will appear 
in the output. Further, a single frequency has 
been assumed for the applied signal voltage in all 
cases. Actually, a voice signal normally includes 
several different frequencies which are applied 
simultaneously to the modulator input. There will 
be a certain amount of inter-modulation between 
these signal frequencies and some of the resultant 
harmonics or sum and difference components may 
have frequencies within the range of the useful 
side-band, thus tending to cause distortion. How¬ 
ever, it may be seen from both equations (27:5) 
and (27:8) that the magnitude of these disturb¬ 
ing frequencies will be proportional in all cases to 
A, the amplitude of the applied signal voltage. 
By making the carrier voltage much larger than 
the signal voltage, accordingly, these frequencies 
may be kept low enough in value so that their dis¬ 
torting effect is practically negligible. 

Demodulation in carrier systems is effected by 
circuits that are essentially the same as the cir¬ 
cuits used for modulation and operate on the same 
principle. Thus, when the upper side-band, C + V, 
is received over the transmission line, it may be 
applied to the grid of a vacuum tube together 
with a carrier C, identical in frequency to the 
carrier employed at the sending end. The total 
alternating voltage applied to the grid may then 
be written as— 

e A sin (C + V) t + B sin Ct 

If this value is substituted for e in equation 
(27:2) and expanded, the resultant output plate 
current will be found to include— 

C—The carrier frequency. 
(C + V) —The impressed side-band frequency. 

2C—Twice the carrier frequency. 
2(C + V) —Twice the impressed side-band fre¬ 

quency. 
(C + V) + C 2C + V—The sum of carrier 

and side-band. 
(C -J- V) —C = V—The difference of carrier 

and side-band, which is the voice 
frequency. 

Similarly, in the case of the balanced tube cir¬ 
cuit employed as a demodulator, if the upper side¬ 
band (C + V) is applied, the output frequencies 
will be V, C + V, and 2C + V. This will be ap¬ 
parent from equation (27:8) where (C + V) 
may be substituted for V to determine the demod¬ 
ulation products. 

Copper-oxide Varistor Used as Modulator 
and Demodulator 

Many types of carrier telephone systems em¬ 
ploy copper-oxide varistors instead of vacuum 
tubes in their modulating and demodulating cir¬ 
cuits. These devices are capable of accomplishing 
essentially the same results. 

The principle of the copper-oxide varistor as a 
rectifier for converting alternating to direct cur¬ 
rents in power supply circuits was discussed 
briefly in Article 7.5 and the underlying theory 
was further examined in Chapter 23. Its essen¬ 
tial characteristic for the present purpose is that, 
as shown in Figure 27-6, its resistance varies 
with the magnitude and polarity of the applied 
voltage. This is a typical curve for a single disc¬ 
shaped copper-oxide unit having a diameter of 
% G inch. It will be noted that the resistance of 
the unit varies from a relatively low value when 
the copper is negative with respect to the copper 
oxide, to a very high value when the voltage 
polarity is reversed. 

For use as modulators and demodulators in car¬ 
rier systems, four of these tiny copper-oxide units 
are mounted in a sealed container having a maxi¬ 
mum dimension of less than one inch. The char¬ 
acteristics of such units are very stable and their 
useful life is apparently indefinite under normal 
operation. 

In the channel modulator and demodulator cir¬ 
cuits of most carrier systems, the varistor units 
are connected in the Wheatstone bridge arrange¬ 
ment illustrated in Figure 27-7. (In the symbols 
used here for the varistor units, the copper-oxide 
is represented by the arrow, and the copper by 
the crossbar. The conducting direction of the unit 
is thus in the direction of the arrow point.) The 
carrier voltage, C, is made very large as compared 
with the signal voltage, V, so that the resistance 
presented by the varistor units is effectively un¬ 
der the control of the carrier voltage alone. In 
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other words, the resistance of the varistors varies 
from a low value to a high value at the frequency 
of the applied carrier voltage. 

Under these circumstances, the network of var¬ 
istors will act to virtually short-circuit the line 
during the positive halves of the carrier voltage 
cycle; and to present an open circuit across the 
line during the negative halves of the carrier 
voltage cycles. This is illustrated by the two dia-. 
grams of Figure 27-8 where the varistors are in¬ 
dicated as perfect conductors during the positive 
pulse and as opens during the negative pulse. The 
effect on the applied signal voltage, V, is there¬ 
fore to block it completely during the positive half 
of the carrier cycle and to permit its free trans¬ 
mission during the negative half of the carrier 
cycle. The varistors thus act effectively like a 
switch, opening and closing at the frequency of 
the carrier voltage. The resultant output current 
is shown in Figure 27-9. 

An analysis of this current curve would show 
that its principal components are the signal fre¬ 
quency and the upper and lower side-bands of the 
carrier frequency. If we assume for the signal 
voltage a sine wave of the form— 

t = A sin Vt 

Fig. 27-6 Resistance Characteristic of Copper-oxide 
Varistor 

Fig. 27-7 Balanced Bridge Modulator Circuit 

where A represents the amplitude of the signal 
and V is the signal frequency, an approximate 
equation for the output current represented by 
Figure 27-9 may be written as follows: 

j _ A sin Vf 2A 

- 2(7?, + R2) +  r.(Rt + R2) 
[sin Vt sin Ct 

+ ( sin Vt sin 3Ct + I sin Vt sin 5Ct + ...] (27:9) 

Here R, and R2 are respectively the input and 
output resistances as indicated in Figure 27-7 and 

Fig. 27-8 Operating Principle of Circuit of Fig. 27-7 

C is the carrier frequency. 
Making use of the trigonometric relationship— 

sin 0 sin </> = J cos (0 — ) — J cos (0 + 4>), 

the above equation may be rewritten as— 

. A sin Vt 
= 2(R} + R2) 

- cos (C + V)t + cos (3C - V)t 
- i cos (3C + V) t + ! cos (5C - V) t 
— 1 cos (5C + V) t + .. •] (27 :10) 

The first term of this equation represents the 
original signal voltage with a reduced amplitude. 
The first two terms inside the brackets are the 
lower and upper side-bands of the modulated car¬ 
rier wave, and the remaining terms in the 
brackets represent similar upper and lower side¬ 
bands of odd multiples of the carrier frequency. 
The equation does not include any term for the 
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Fig. 27-9 Output Current of Balanced Bridge 
Modulator 

carrier frequency itself, showing that the carrier 
is suppressed by the balanced arrangement of the 
varistors. 

In practice, only one of the side-bands of the 
carrier frequency is made use of in most cases 
and this is selected from the several frequency 
terms appearing in the output by means of a suit¬ 
able band-pass filter. A demodulator arrange¬ 
ment, identical to that shown in Figure 27-7, is 
used at the receiving end of the carrier line to 
restore the original signal frequency. In this case, 
the frequencies applied to the varistor circuit 
(demodulator) are the received side-band and a 
locally generated carrier identical in frequency 
to that supplied to the modulator at the sending 
end. Thus, if we assume that the lower side-band 
is transmitted, the signal frequency applied to the 
demodulator may be indicated in the form, K cos 
(C — V)t. When this term is substituted in equa¬ 
tion (27:9) in place of A sin Vt, the first term 
inside the brackets in equation (27:10) will be¬ 
come : 

cos [C — (C — V)] t = cos Vt 
This is the desired original signal and it can be 
selected from the other components of demodula¬ 
tion by the use of a simple low-pass filter. 

For the group modulators and demodulators of 

broad-band carrier systems, a somewhat different 
arrangement of the varistor units is frequently 
employed. This is illustrated in Figure 27-10. It 
is also a balanced bridge arrangement but the 
circuit connections and the configuration of the 
varistors are such that, as indicated in Figure 
27-11, the signal voltage is impressed across the 
output transformer in one direction during one-
half of the carrier cycle, and in the other direction 
during the other half of the carder cycle. In 
other words the circuit acts like a reversing 
switch operating at the carrier frequency and re¬ 
sults, in the ideal case, in the output current wave 
shown in Figure 27-12. 

Using the same t erminology as in the preceding 
discussion, the approximate equation for the curve 

of Figure 27-12 is— 

2A 
I = ip , P Jcos (C " Ht - cos ~ (Pl + IX i) 

+ J cos ( 3C — V ) t - > cos ( 3C + V ) t 

+ ! cos (5C — V)t - I cos (5C + V)t + . . .] 

(27:11) 

Comparing this equation with (27:10), it will be 
noted that the desired side-bands are still present 
in the first two terms in the brackets, and the car¬ 
rier is likewise suppressed. The signal frequency 
term, however, is no longer present. Moreover, 
the amplitudes of the side-bands are twice as great 
as in the previous case. This modulator therefore 
has the advantage of automatically suppressing 
the unwanted signal frequency components and of 
providing a larger output of the desired side-
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bands. These characteristics are particularly de¬ 
sirable in group modulators where the wide band 
transmitted makes maximum side-band output, 
and the reduction of the number of unwanted 
products, very important. This arrangement of 
course operates as a demodulator in exactly the 
same way and has the same advantages. 

In both of the examples of copper-oxide modu¬ 
lator operation discussed above, it was assumed 
for the sake of simplicity that the varistors acted 
as perfect rectifiers and were perfectly balanced 
in the bridge configuration. In practice, this ideal 
condition can only be approximated. The varis¬ 
tors do not actually present zero resistance to the 
transmission of current in one direction and in¬ 
finite resistance to transmission in the other direc-

Fig. 27-12 Output Current of Lattice Modulator 

tion. Nor, as may be seen from Figure 27-6, is 
the transition from high resistance to low resist¬ 
ance as sharp as might be desired. Exact balance 
between the four varistors in the bridge connec¬ 
tions is also a condition which can only be ap¬ 
proached in practice. 

As a result of the above practical facts, the 
modulator and demodulator outputs always con¬ 
tain numerous components additional to those 
indicated by equations (27:10) and (27:11), in¬ 
cluding the carrier frequency itself. Most trouble¬ 
some of these unwanted components, probably, 
are harmonics of the signal frequency which may 
fall within the range of the useful side-band and 
thus cause distortion Except for such frequen¬ 
cies as this, the unwanted components can be com¬ 
pletely eliminated by means of suitable filters. 
However, it is of course desirable that as large a 
part as possible of the total output energy shoukl 

appear in the wanted components. This result can 
be effected to a considerable degree by properly 
proportioning the values of the applied signal and 
carrier voltages. Finally, it is worth noting that 
where greater output energy is required, each var¬ 
istor can be made up of a number of individual 
units or discs connected in multiple or series¬ 
multiple. 

Modulation in radio systems ordinarily involves 
substantially larger amounts of power than in the 
carrier systems discussed above. Considerations 
of power efficiency, therefore, are of much greater 
importance. Also, because of the much larger 
power requirements, vacuum tubes must always 
be used in the modulating circuits since any prac¬ 
tical varistor arrangement would be inadequate to 
handle the required power. Power efficiency, in 
this case, also demands that relatively more atten¬ 
tion be given to the percentage or extent of the 
modulation. This is measured by the ratio of the 
peak signal voltage to the peak carrier voltage, 
which is known as the modulation factor. This 
factor normally ranges in value from 0 to 1. At 
zero no modulation exists and the modulator out¬ 
put is simply the carrier wave. A modulation fac¬ 
tor of 1 corresponds to 100% modulation, mean¬ 
ing that the modulated wave varies in amplitude 
at the peaks from twice the amplitude of the car¬ 
rier wave to zero amplitude. In other words, the 
maximum signal amplitude is equal to the carrier 
amplitude. Greater modulation than this, a con¬ 
dition known as over-modulation, would of course 
indicate a modulation factor greater than 1 and 
would result in distortion because the modulated 
wave would not be continuous. 

The total power of an amplitude-modulated car¬ 
rier wave is equal to that of the carrier plus that 
of the two side-bands. It can be shown that the 
power in the side-bands is proportional to the 
square of the modulation factor, and with 100% 
modulation, the total power of the modulated 
wave is 50%) greater than that of the carrier 
wave; i.e., one third of the total output power is 
contained in the side-bands. With lesser modula¬ 
tion, the side-band power drops off rapidly. Since 
it is only the power in the side-bands that carries 
the signal, it is clear that for efficient transmis¬ 
sion, the modulation ratio should be held as close 
to 100% as possible. 

The general type of vacuum tube modulator 
that was discussed earlier in connection with car¬ 
rier systems, in which the carrier and signal wave 
were applied to the grid circuit, is sometimes used 
] 



in relatively low power radio transmitters. In 
radio terminology, such a circuit would usually 
be known as a grid-modulated Class C amplifier. 
More generally used in radio work is the plate-
modulated Class C amplifier illustrated in Figure 
27-13. In this circuit, the carrier voltage is ap¬ 
plied to the grid as shown. When no signal volt¬ 
age is applied, the plate current consists of a 
series of positive pulses, as indicated in (A) of 
Figure 27-14, because of the large negative grid 
bias. When a signal voltage is applied to the plate 
circuit in series with the B battery as shown, the 
total plate voltage varies above and below the 
fixed B battery voltage in accordance with the 
signal. This is illustrated in (B) of Figure 27-14. 
The varying plate voltage causes the plate current 
to vary as indicated in (C) of Figure 27-14, where 
the envelope of the wave has the form of the sig¬ 
nal. The current pulses produce an oscillatory 
current flow in the tank circuit, which results in 
the output voltage wave shown at (D). 

Examination of Figure 27-14 will show that for 
100% modulation (modulation factor of 1), the 
maximum amplitude of the applied signal voltage 
must be equal to the value of the d-c plate supply 
voltage. This means that 50% of the total r-f out¬ 
put power must be furnished by the signal source 
at 100% modulation. The requirement that this 
large portion of the power must come from the 
modulating source has certain disadvantages in 
comparison with a grid-modulated transmitter in 
which all the output power is furnished by the 
d-c plate-supply. 

Demodulation in radio systems involves the same 
principles as were outlined above in connection 
with carrier systems. But the particular devices 
used in this case are generally known as detectors. 
Such devices were discussed in Chapter 26. 

27.3 Frequency Modulation 

The use of frequency modulation is confined en¬ 

tirely to radio systems operating in the very high 
frequency band or above, where it has certain defi¬ 
nite advantages over amplitude modulation in 
minimizing interference from “static” and extra¬ 
neous signals. It depends upon varying the fre¬ 
quency of a carrier wave of fixed amplitude above 
and below a central or normal frequency in ac¬ 
cordance with the amplitude variations of an 
applied signal voltage. The process is roughly 
illustrated by the three wave diagrams of Figure 
27-15. The amount of frequency change that is 
produced by the signal is called the frequency 
deviation and, ideally, this should be as high as 
possible in order to obtain the maximum signal 
to noise ratio. However, since it is obvious that 
the total bandwidth of the modulated wave to be 
transmitted will increase with increases in the 
maximum frequency deviations on both sides of 
the unmodulated carrier frequency, it is necessary 
as a practical matter to arbitrarily limit the maxi¬ 
mum permissible deviations to values that will 
keep the total bandwidth that must be assigned 
in the radio spectrum to each FM channel as 
narrow as feasible. The maximum permissible 
deviation has been specified by the Federal Com¬ 
munications Commission at 75 kc for FM broad¬ 
casting, and at 15 kc for such applications as 
mobile radio service. 

As in amplitude modulation, frequency modula¬ 
tion results in a modulated wave containing the 
carrier frequency and other frequencies above 

[ 260 ] 



Figure 27-15 

and below the carrier frequency. If. for purposes 
of analysis, we assume a sinusoidal signal wave 
of frequency /, impressed on a carrier of fre¬ 
quency it may be shown that the instantaneous 
value of the modulated resultant wave may be 
written as— 

e Em sin (act + sin ) (27:12) 
\ h / 

where Em represents the constant voltage ampli¬ 
tude of the carrier wave, A/ the frequency devia¬ 
tion, and and u. are 2~f, and 2z/, respectively. 
This equation can be expanded into the following 
infinite series— 

e Em{ A„ sin co J + A, [sin (wc + <os) i 

- sin(«c — mx) f I + A2 I sin (w. + 2wx)t 

+ sin — 2<os) i | + . ..) 

(27:13) 

This equation shows that in addition to the car¬ 
rier frequency itself, the modulated wave includes 
an infinite series of side frequencies having values 
equal to the carrier frequency plus and minus the 
signal frequency and all of its integral multiples. 
The relative magnitude of the carrier frequency 
and the side frequencies depends upon the ratio 
of the frequency deviation to the signal frequency. 
This ratio is commonly designated mf, and is 
known as the modulation index. 

In general, the number of side frequency pairs 
that must be transmitted to carry a signal with 
reasonable fidelity increases with the value of the 
modulation index. While the number of side-pairs 
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is theoretically infinite, only side frequencies con¬ 
taining 1% or more of the total energy are con¬ 
sidered significant in practice. This limits the 
total number of frequencies necessary for satis¬ 
factory transmission within reasonable bounds. 
For example. Figure 27-16 shows the relative am¬ 
plitudes and positions in the spectrum of a repre¬ 
sentative FM wave where an 80 me carrier is 
modulated with a 4 kc signal when the maximum 
frequency deviation is 40 kc. It will be noted that 
the amplitudes of the carrier and side frequen¬ 
cies vary according to an irregular pattern, but 
tend to decrease in value rapidly at the extremi¬ 
ties. The values of these amplitudes of course 
correspond to the constants A,„ A,, A2 ... of equa¬ 
tion (27:13). Their calculation involves the use 
of certain complex mathematical functions, but 
tables are to be found in the handbooks showing 
their values for various values of modulation in¬ 
dex, mt. 

It will be observed that the frequency deviation 
in this example is only 40 kc, although a maxi¬ 
mum deviation of 75 kc is permitted. This is the 
more usual situation because the extent of devia¬ 
tion is determined by the signal amplitude and 
will reach maximum values only at peak signal 
strength. The total bandwidth required by the 
frequency-modulated carrier at any time thus de¬ 
pends both upon the intensity of the applied modu¬ 
lating signal and its frequency, since m/ is equal 
to A///„. In the example, the total swing is shown 
as 112 kc, which, it will be seen, is appreciably 
more t han twice the deviation of 40 kc. At higher 
values of mf, however, the total required band¬ 
width approaches closer and closer to 2\f. 

At lower frequencies in the voice range, the 
modulation index will be high and the number of 
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significant side frequencies will be correspond¬ 
ingly large. But the separation of these fre¬ 
quencies in the spectrum is equal to the signal 
frequency so that the required bandwidth is 
generally no greater than 150 kc, twice the maxi¬ 
mum permissible deviation. At an extreme high 
voice-frequency—say 15 kc—a maximum-inten¬ 
sity signal would result in a modulation index of 
75/15 or 5 In this case, the theoretical required 
bandwidth would be 240 kc. This is an extremely 
unlikely situation, however, because the amplitude 
of any normal high-frequency signal is substan¬ 
tially less than that of the low-frequency compo¬ 
nents, and maximum frequency deviation at 15 kc 
would not be expected to occur. Practice has 
shown that a total bandwidth of 200 kc is suffi¬ 
cient for high fidelity transmission of audio sig¬ 
nals, and this is the bandwidth designated by 
the F.C.C. for FM radio broadcasting channels. 
Where the permissible deviation is less than 75 
kc, as in mobile radio service, the permissible 
channel bandwidth is of course reduced propor¬ 
tionately. 

Various circuits have been devised for modulat¬ 
ing the frequency of a carrier wave in accordance 
with the amplitude variations of a signal voltage. 
One basic arrangement for accomplishing this 
purpose makes use of what is known as a “react¬ 
ance tube” circuit. The principle is illustrated 
schematically in Figure 27-17. The oscillator cir¬ 
cuit at the right is of the Hartley type, and its 
output frequency, when the circuit is open at 
points 1 and 2, is determined by the constants 
and Ci of the tuned tank circuit. When connected 
to the reactance tube circuit, the oscillator circuit 
presents a purely resistive load to the output of 
the reactance tube circuit at the operating fre-

Fig. 27-17 Frequency Modulation with Reactance 
Tube Circuit 

quency. The reactance tube is bridged across 
points 1 and 2 as is also the voltage divider, C-R. 
The total impedance of C-R is high, and the value 
of C is so selected that its reactance in the car¬ 
rier frequency range is much higher than the re¬ 
sistance of R. The oscillator sets up a small r-f 
current through C-R, which, because of the domi¬ 
nating capacitive reactance, will lead the voltage 
across 1 and 2 by almost 90°. The voltage across 
R, which is applied to the grid of the reactance 
tube, will also lead É’,,-. by the same angle. Since 
the plate current of a vacuum tube is in phase 
with the grid voltage, the output current of the 
reactance tube must also lead E]<2 by 90°. The re¬ 
actance tube circuit accordingly acts effectively 
like a pure capacitive reactance connected across 
points 1,2. Since this reactance is in parallel with 
the capacitance Ct of the oscillator tank circuit, 
it will affect the frequency of the oscillator. The 
magnitude of the bridged capacitive reactance is 
determined by the value of the plate current in 
the reactance tube, which is in turn controlled by 
the value of the voltage applied to its grid. When 
the signal voltage is connected across R as shown, 
therefore, the net reactive capacitance of the re¬ 
actance tube circuit will vary as the signal voltage 
amplitude varies, and the frequency of the oscil¬ 
lator will vary accordingly. 

Because it is controlled by simple inductive and 
capacitive elements, the frequency of the oscilla¬ 
tor of Figure 27-17 would ordinarily not be suf¬ 
ficiently stable to meet the exacting requirements 
of radio transmission. This difficulty is overcome 
in one type of FM transmitter by means of an 
automatic frequency control circuit employing a 
discriminator and a fixed crystal-controlled auxil¬ 
iary oscillator. In the arrangement most widely 
used in FM broadcasting transmitters, the basic 
oscillator frequency is controlled by a crystal. 
This makes it impossible for the signal voltage to 
cause the oscillator frequency to vary. It can, 
however, cause variations in the phase angle of 
the oscillator output corresponding to the ampli¬ 
tude variations of the signal. By the use of appro¬ 
priate phase-shifting networks, the “phase-modu¬ 
lated” output is then translated into an equivalent 
frequency modulation. 

In practice, the basic oscillator is operated at 
a much lower frequency than the actual carrier 
frequency radiated from the transmitting an¬ 
tenna, but is brought up to the desired value by 
several stages of frequency multiplication. The 
multiplication process naturally increases the de-
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viation frequencies in the same way that it in¬ 
creases the mean carrier frequency. 

27.4 Pulse Modulation 

Although applications have been limited in tele¬ 
phone practice up to this time, it is possible to 
transmit telephone signals by means of a series 
of pulses of energy. The conversion of the tele¬ 
phone signal into energy pulses from which it can 
be reproduced at the receiving end is known as 
pulse modulation. The method depends on the 
fact that any signal waveshape can be completely 
defined by taking very short (essentially instan¬ 
taneous) samples of its amplitude at regularly 
spaced successive time intervals, such that at 
least two samplings are taken for each cycle of 
the highest frequency included in the signal wave 
For example, if a voice-wave has been passed 

Modulating Signal 

c A- Pulse ■ Amplitude Modulation 

n H n n n pu|se . Width Modulation 

J LOL J0LJDJL pu|se . positjon Modulation 

Fig. 27-18 Pulse Modulation Methods 

through a low-pass filter having a cutoff frequency 
of 4000 cycles, all of the information required for 
its reproduction will be contained in a regular 
series of samples taken at the rate of 8000 per 
second. 

The transmission of information by means of 
discrete energy pulses has certain definite advan¬ 
tages in radio systems particularly. It permits the 
utilization of amplitude limiting techniques by 
means of which noise and other interference, in¬ 
cluding fading, may be minimized. It also tends 
to reduce power consumption at the radio trans¬ 
mitter because the energy output is not continu¬ 
ous. Moreover, it makes possible the transmission 
of a number of separate signals over a single car¬ 
rier by means of time-division multiplex. That is, 
the intervals between the successive pulses of a 
given signal can be employed to transmit com¬ 
parable sampling pulses of other signals. 

There are several possible ways in which the 
signal sampling information can be incorporated 
in the energy pulses. Three of these are illus-

Figure 27-19 

trated in Figure 27-18. In pulse-amplitude modu¬ 
lation, the sampling pulses are of uniform time 
duration, but vary in amplitude in accordance 
with the signal amplitude at the sampling in¬ 
stants. In pulse-width modulation and pulse¬ 
position modulation, the pulses are of constant 
amplitude but vary with the signal amplitude 
in duration or width in the first case, and in posi¬ 
tion with respect to a uniform time scale in the 
second case. 

Because of the constant amplitude, the latter 
two types of pulse modulation have the advantage 
that limiting circuits can be used at the receiving 
end to practically eliminate the influence of line 
noise. This is illustrated by Figure 27-19 where C 
represents a received wave consisting of the sum 
of the original pulse wave A and the noise B which 
may have been superimposed along the transmis¬ 
sion line. By use of methods discussed in Article 
26.5, both top and bottom of the irregular wave 
of C can be clipped to leave only the undisturbed 
sections between lines a; and y. These clean sec¬ 
tions may then be amplified, if desired, to create 
an exact reproduction of the original pulse signal 
.4. Thus, so long as the pulse signal is appreciably 
stronger than the maximum line noise, the latter 
is completely removed. 

It may be evident that transmission of informa¬ 
tion by pulse systems has much in common with 
ordinary telegraph systems, except that the repe¬ 
tition rate of the pulses is very much higher. 
When modulated pulses of constant amplitude are 
superimposed on a high frequency carrier by ordi¬ 
nary amplitude methods, the transmitted wave 
consists merely of a series of spurts of the car¬ 
rier frequency just as in simple carrier telegraph 
systems. Transmission of amplitude-modulated 
pulses would of course involve variations in the 
amplitudes of the carrier frequency spurts. This 
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Figure 27-20 

technique may nevertheless have its advantages 
by permitting the use of simpler and less costly 
transmitting and receiving apparatus in certain 
cases. 

Both pulse-width and pulse-position systems 
impose rather severe requirements on the receiver 
in that their accurate detection demands exact 
measurement of very small time intervals. There 
is an obvious advantage, if possible, in employing 
pulses of uniform amplitude which the receiver 
is only required to recognize as being there or not 
being there—simply “yes or no”. This advantage 
is attained in the system known as pulse-code 
modulation. Here each item of information that 
was represented by a single pulse in the systems 
discussed above is coded into a series of “off or 
on" pulses similar to the codes used to represent 
letters in teletypewriter systems. The amplitude 
of the basic signal being sampled, however, may 
vary continuously over a wide range and may thus 
have an infinite number of values. To keep the 
total number of codes within reasonable limits, 
it is necessary to divide the total amplitude range 
of the basic signal into a limited number of finite 
steps or “quanta” as indicated by Figure 27-20, 
with a separate code assigned to each quantum 
step. Each code then represents any signal ampli¬ 
tude in a range between two successive steps. 

The quantizing process necessarily produces 
some distortion or “granularity” in the coded 
signal sent over the line. It also produces some 
“quantizing noise” at the receiving end. It has 
been found in practice, however, that when as 
many as 128 quantum steps are employed, speech 
signals are reproduced with a high degree of fidel¬ 
ity. In a binary or off-or-on system, 128 separate 

codes require the use of seven positions or “bits 
per code as distinguished from the five positions 
of teletypewriter operation where only 32 differ¬ 
ent codes are necessary (Figure 11-4). 

At the receiving end, each 7-element code signal 
is translated into the single amplitude pulse which 
the code represents. The successive amplitude 
pulses are then applied to a low-pass filter (cut¬ 
ting off at 4000 cycles in the case of a voice wave) 
the output of which will be an exact copy of the 
original signal wave except for the quantizing 
effect. Successful operation of course requires the 
continuous maintenance of precise time synchro¬ 
nization between receiver and transmitter. This 
is accomplished in the same general manner as 
in teletypewriter systems by transmitting fre¬ 
quent synchronizing pulses which are additional 
to the message-carrying code pulses. 

Since the individual transmitted pulses are 
necessarily of extremely short duration (micro¬ 
seconds or fractions of micro-seconds), it is ob¬ 
vious that all operations must be performed by 
purely electronic rather than electro-mechanical 
means. It is also fairly evident that transmission 
must involve a very wide band of frequencies. 
The shorter the individual pulse, the greater the 
required bandwidth. A system arranged for 
handling twenty-four telephone channels by time 
division multiplex, for example, must transmit at 
least 1,536,000 bits or items of information each 
second—8000 (signal samples) times 24 (multi¬ 
plex channels) times 8 (7 code elements plus a 
synchronizing pulse). The individual pulses in such 
a case would obviously have to be appreciably 
less than one micro-second in duration. 

To counteract the high losses associated with 
such wide band transmission over ordinary types 
of facilities, it is necessary to employ repeaters at 
frequent intervals along the line. Because of the 
simplicity of the signal (pulse or no pulse), how¬ 
ever, the repeaters may be of a simple regen¬ 
erative type, operating on the same principle as 
the regenerative repeaters of telegraph practice. 
And like the telegraph repeater, they have the 
great virtue of delivering a perfect output signal 
even when the input signal is accompanied by con¬ 
siderable noise or other distortion. There is there¬ 
fore no cumulative noise effect and pulse code sig¬ 
nals can thus be repeated any number of times and 
still deliver message signals at the final receiving 
point which are completely free from noise or 
other distortion, except for the slight quantizing 
noise previously mentioned. 
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CHAPTER 28 

LONG DISTANCE TRANSMISSION SYSTEMS 
VOICE-FREQUENCY TELEPHONE CIRCUITS 

28.1 Types of Telephone Transmission Systems 

The various kinds of line facilities and appara¬ 
tus that we have considered in preceding Chap¬ 
ters are applied in practice to the development of 
several distinct types of long distance telephone 
circuits. Such circuits may be broadly classified 
as between those which operate at voice frequen¬ 
cies and those which operate at higher—carrier 
or radio—frequencies. In the former group are 
the ordinary 2-wire telephone circuits which em¬ 
ploy a single pair of open wire or cable conductors 
as the transmitting medium, as is the general 
practice in the case of most local and short-haul 
toll telephone service. The voice-frequency group 
also includes the 4-wire cable circuits in which a 
separate pair of cable conductors is used for trans¬ 
mission in each direction. If they are of consider¬ 
able length, both the 2-wire and 4-wire circuits 
require the insertion of telephone repeaters at 
regular intervals in order to maintain transmis¬ 
sion at satisfactory levels. 

Except in the case of coaxial conductors, carrier 
circuits employ the same or similar kinds of wire 
facilities for transmission as do voice-frequency 
circuits. They also require the use of amplifiers 
or repeaters at regular intervals along the line. 
This latter statement also applies to superhigh-
frequency overland radio circuits where relay 
stations are necessary at regularly spaced inter¬ 
vals along the route. 

It is not possible to make an unqualified state¬ 
ment as to the particular kinds of situations in 
which each of the above types of circuits may be 
best applied in practice. In general, however, 2-
wire circuits are commonly used for relatively 
short distances—not more than a few hundred 
miles maximum. Four-wire cable circuits are used 
for somewhat longer distances when equipped 
with “echo suppressors”. Carrier or radio circuits 
are generally used for the longest distances, al¬ 
though their use is not limited to such application. 

In this and following Chapters, some of the 
more essential problems involved in the design 
and operation of long voice-frequency, carrier, 
and radio circuits are considered. 

28.2 Repeater Spacing 

The different types of circuit facilities, whose 
principal characteristics are discussed in Chapter 
18, show a wide diversity in their relative trans¬ 
mission efficiencies. It may be noted, for example, 
that at voice frequencies a loss greater than one db 
is caused by one mile of 19-gage non-loaded cable 
side circuit while a 165 open wire phantom cir¬ 
cuit causes a loss of only .025 db per mile. In 
other words, one mile of the former gives rise to 
as great a loss as nearly forty miles of the latter. 

Prior to the advent of the telephone repeater in 
1915, large gage open wire facilities were used for 
all very long circuits; furthermore, such facilities 
were usually loaded. But even with the use of 
loaded 165 facilities, the maximum practicable 
range for long distance telephony was limited to 
about two-thousand miles. The application of the 
telephone repeater had two fundamental and far 
reaching effects—first, it made possible an indefi¬ 
nite extension of the maximum range of telephonic 
communication; and second, it permitted smaller 
wire gages for long distance service and so helped 
to make economically and physically feasible the 
great expansion in the number of long distance 
circuits that has occurred since its introduction. 

The first transcontinental telephone service was 
furnished by loaded 165 open wire facilities with 
repeaters inserted at 500 to 600-mile intervals. 
This same service was later improved by remov¬ 
ing the loading from the open wire facilities and 
reducing the repeater spacing. Here the repeater 
served another purpose; it improved the quality 
of the circuit by making possible the elimination 
of the inherently troublesome open wire loading. 
Repeaters are now used in practically all long 
distance cable and open wire circuits. Since open 
wire facilities must for mechanical reasons be of 
relatively large gage and suspended with con¬ 
siderable separation between conductors, their 
resistance and capacitance values are relatively 
low. As a result repeaters need only be spaced at 
intervals of the order of 150 to 350 miles to com¬ 
pensate for the energy attenuation caused by the 
conductors. This means that even in the longest 
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circuits the number of repeaters in tandem is not 
very great. On the other hand, in cable facilities 
lhe wire conductors are usually of 16 or 19-gage 
and even though loading: is used, repeaters must 
be inserted at 50 to 60-mile intervals. It follows 
that a very long cable circuit must include a con¬ 
siderable number of repeaters in tandem. In 
either case, it is the usual practice to employ re¬ 
peaters at the terminals as well as at intermediate 
points along the circuit. 

In an open wire circuit, 165 wire will generally 
have the best electrical and mechanical charac¬ 
teristics, with 128 wire circuits next, and 104 wire 
circuits last. By increasing the repeater spacing 
when larger wires are used, these three types of 
circuits can be made practically identical from a 
transmission standpoint. However, most open 
wire lines include different sizes of wire and the 
spacing of the repeaters is determined by the 
losses of the smallest wires. Nevertheless, even 
though short repeater sections are used, climatic 
conditions may be such as to put occasional severe 
strains on the wires and thus necessitate the use 
of 128 wire or even 165 wire to obtain greater 
mechanical strength than is possible with 104 
wire. The final decision as to the size of the open 
wire, and hence the repeater spacing, must be 
based on the proper consideration of both the 
economic and electrical factors. The latter include 
repeater balance, transmission variation due to 
temperature and other weather changes, and echo 
effects, all of which are discussed in following 
Articles. In practice it has usually been found 
that the repeater spacing on open wire facilities 
should not exceed 350 miles for 165 wire, 225 
miles for 128 wire, and 150 miles for 104 wire. 

Long toll cables usually emploj' 19 and 16-gage 
conductors for voice-frequency transmission. The 
former gage is used for both 2 and 4-wire cir¬ 
cuits, while the latter is frequently used for pro¬ 
gram services (radio broadcasting networks) and 
to some extent for 2-wire message circuits. These 
conductors are loaded to reduce their attenuation 
and thereby permit longer repeater spacing. The 
type of loading used depends upon the lengths of 
the circuits and the uses that are made of them. 
Although this might imply that it is desirable to 
have a different type of facility for each length 
and circuit use, it has been found practicable to 
obtain satisfactory results with only a few stand¬ 
ard types. The characteristics of all of these are 
such that the preferred repeater spacing is about 
50 miles for aerial cable and 55 miles for under¬ 

ground and buried cable. 
These requirements, however, are not so rigid 

as to preclude a needed element of flexibility. 
Thus an open wire or cable route obviously will 
not have towns and cities located exactly at the 
points where it may appear desirable to locate 
the repeaters. Within limits, the repeater spacing 
may be varied somewhat to conform with the 
preferable location of the repeater stations. 

28.3 Repeater Gains and Transmission Levels 

After the location of the individual repeater 
stations has been selected, the amount of gain to 
be inserted in each circuit at each repeater point 
must be determined. It is generally desirable to 
keep the energy of the message currents at the 
highest practicable level in order to minimize 
noise interference. If the transmission level of 
the message currents is too low, any small noise 
currents that may be induced into the circuit from 
external sources may be relatively great enough 
to cause excessive interference when they are 
amplified by the repeaters along with the message 
currents. This can be overcome by keeping the 
transmission level of the message currents high 
with respect to the level of the induced noise cur¬ 
rents. However, it should not be forgotten that 
there is a limit to the amount of energy that any 
particular amplifying circuit can handle, and even 
before reaching this limit, distortion is introduced. 

In adjusting the gains of 22-type repeaters, 
the ordinary limits are as follows: With the vol¬ 
ume of transmission at the switchboard at the 
sending terminal of a circuit defined as “zero 
transmission level", a 22-type repeater may or¬ 
dinarily be operated to deliver a volume of trans¬ 
mission not exceeding the zero level by more than 
6 db, and with a maximum net gain of not more 
than 18 db. The output of V-type repeaters pre¬ 
sented to the input of the hybrid coil (which in 
this case is not a part of the repeater) may be as 
high as 10 db above zero level and the total gain 
of the repeater may be permitted to approach 
25 db. 

In repeaters used in 4-wire cable circuits, much 
higher gains are possible. However, crosstalk 
considerations usually prevent the attainment in 
practice of the maximum possible gain. It is per¬ 
missible to operate these repeaters between an in¬ 
put volume not lower than about 25 db below zero 
level and a delivered output not greater than about 
10 db above zero level. This means a possible gain 
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of 35 db, under which condition the energy de¬ 
livered is nearly two-thousand times as great as 
the energy received. This extreme energy ratio 
is the reason for the crosstalk limitation. If an 
incoming cable pair is adjacent to an outgoing 
cable pair of another 4-wire circuit and there 
exists a small crosstalk unbalance from one pair 
to the other, the highly energized circuit may 
transfer a quantity of energy which although an 
almost negligible fraction of its own energy, may 
nevertheless be quite appreciable as compared 
with the energy in the other circuit, which is only 
about l/2000th as great in value. This crosstalk 
energy is applied to the repeater with the incom¬ 
ing transmission and is amplified along with, and 
to the same degree as the incoming transmission, 
thereby tending to become audible. 

In laying out long circuits containing a number 
of repeaters in tandem, use is made of an “energy 
level diagram” which shows in a single chart not 
only the losses in each line section and the gain 
of each repeater, but also the level of the voice 
energy at each point along the circuit as com¬ 
pared with the energy originally applied to the 
circuit terminal (zero level). Figure 28-1 gives 
such a diagram for a typical 2-wire cable circuit. 
The ordinates represent energy levels in decibels 
above and below zero level, losses being measured 
downwards and gains upwards. The gains of the 
repeaters are naturally represented by straight 

vertical lines, while the line and equipment at¬ 
tenuation losses are indicated by lines between re¬ 
peater stations sloping downward in the direction 
of transmission. A separate set of zigzag lines is 
required to show transmission in each direction, 
even when the net equivalent of the circuit and 
the gains of each repeater are the same in each 
direction. Such a chart is valuable not only in 
facilitating the original engineering design of the 
circuit, but also as maintenance information to 
enable the repeater stations to know both the gain 
at which each repeater is to be operated and the 
proper output energy level for transmission in 
each direction. 

It will be noted that in the case of the 22-type 
repeaters, a single vertical line is used to repre¬ 
sent the net gain, which is made up of the dif¬ 
ference between the gain of the amplifier itself 
and the losses of the hybrid coils that are part of 
the repeater. In the case of the V-type repeater, 
on the other hand, the hybrid coil losses are indi¬ 
cated separately from the amplifier gain. This is 
desirable as a practical matter because the ampli¬ 
fiers of the V-type repeaters and their gain adjust¬ 
ing controls are separated physically from the 
hybrid coils. 

28.4 Return Loss and Singing Points 

In 2-wire circuits, repeater gains are usually 
limited by the degree of balance 
which it is possible to secure 
between each line and its bal¬ 
ancing network, rather than by 
the maximum energy output of 
the amplifying tubes. In other 
words, the allowable amplifica¬ 
tion of a 2-wire telephone re¬ 
peater depends upon the gains 
that make the repeater circuit 
oscillate or “sing”, or apprecia¬ 
bly impair quality because of 
unbalance between the line and 
the associated network. Def¬ 
inite impairment of quality is 
quite noticeable just before the 
“singing” point is reached. 
As pointed out in Article 

14.7, if identical impedances 
are connected to the line and 
network terminals of the hy¬ 
brid coil, no power can pass 
from the series winding to the Fig. 28-1 Energy Level Diagram for Two-wire Cable Circuit 
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bridge taps; in other words, there is infinite loss 
across this path. If, however, there is an inequality 
between the line and network impedances, power 
can pass and a finite loss may be measured between 
these points. The total loss across the hybrid be¬ 
tween the series winding and the bridge taps, which 
may be designated L, is made up of the normal hy¬ 
brid losses caused by the division of energy between 
the balanced circuits and a loss that is dependent 
upon the degree of balance between the line and 
network which is known as the return loss and 
designated R.L. When the line impedance differs 
from the network impedance, a portion of the 
power on the line is reflected back towards the 
hybrid coil. The part so reflected back is less 
than the power sent out on the line by the amount 
of the return loss. The greater the departure of 
the line impedance from its normal value (which 
the network simulates), the more the power re¬ 
flected back, and the smaller the return loss. This 
reflected power enters the hybrid coil in the same 
manner as normal incoming transmission and in 
the same way divides between the bridge taps and 
the series winding, thus incurring another hybrid 
loss. The total trans-hybrid loss then equals the 
R.L. plus the normal loss from the series winding 
to the line, plus the normal hybrid loss from the 
line to the bridge taps. In the ordinary 22-type 
repeater circuit, the normal hybrid losses are 
about 3.25 db making the total trans-hybrid loss 
L equal to R.L. + 3.25 + 3.25. The return loss at 
a given frequency is thus the measured transmis¬ 
sion loss across the hybrid coil at that frequency 
less the fixed losses due to the characteristics of 
the coil itself. 

The value of the return loss is a measure of the 
similarity between the line and network imped¬ 
ances, and is the kind of quantity “singing point 
tests” are designed to measure to a certain ap¬ 
proximation. Its value in db may be determined 
by the equation— 

7 i 7 
R.L. 201og10^¿^ (28:1) 

where Z^ is the impedance of the network and 
Z,, is the impedance of the line. If the network 
perfectly balances the line, that is, if Z\ ZL, 
equation (28:1) shows that the return loss is 
infinite. When an unbalance exists, the loss takes 
a finite value. Assuming as an example that 
Zs = 600 ohms, and ZL = 400 ohms, then— 

n z on i 600 + 400
RL - 20 log eno - zoo 

= 20 log 5 = 20 X .7 = 14 db 

A return loss measurement or computation is 
made in terms of a single frequency, and the gains 
and losses in the measuring circuit must be ex¬ 
pressed for the particular frequency used since 
both Z^ and Z, may vary with frequency. Such 
measurements or computations must be made for 
a number of frequencies in the voice range if it is 
desired to determine at what point in the range 
balance conditions are poorest. 

In singing point tests, however, the repeater 
automatically selects the frequency at which sing¬ 
ing is most likely to occur, and thus in a single 
measurement gives the approximate balance con¬ 
dition at the worst frequency. The gains of the 
repeater used in making the tests are ordinarily 
measured at 1000 cycles and for convenience these 
1000-cycle values are used in determining the 
numerical value of the singing points. The value 
so determined may therefore be somewhat differ¬ 
ent from the return loss at the singing frequency 
because the repeater gains at this frequency may 
be different from the 1000-cycle gains. Phase re¬ 
lationships, also, may sometimes be such as to 
prevent singing from occurring at the frequency 
where the balance conditions are poorest. How¬ 
ever, singing point tests give results sufficiently 
accurate for practical maintenance purposes. 
They provide a ready means of ascertaining what 
is the maximum safe working gain of a repeater 
when connected to a given 2-wire circuit. The 
measurement also gives a direct check on the ef¬ 
fectiveness of the network balance, since a high 
singing point means that at no single frequency 
within the voice range is there an appreciable 
dissimilarity between the impedance of the net¬ 
work circuit and the impedance of the line. 

Such a satisfactory balance between a line and 
its network depends, among other things, upon 
the termination of the line at the next adjacent 
repeater point. When making tests this termina¬ 
tion may consist of a network or of a “passive 
repeater”-—that is, a repeater suitably terminated 
in resistors so as to present its nominal impedance 
to the line. The balance measured under this con¬ 
dition is called the passive singing point, which 
means fundamentally that the test repeater is the 
only repeater in the circuit that amplifies the re¬ 
flected power, or that only one amplification path 
is involved. 
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Now suppose that instead of being terminated 
at the adjacent office in a network or in a passive 
repeater, the circuit at that office goes through an 
active repeater (one in operating condition) and 
on to another repeater section beyond. The re¬ 
flected power in the first section will still return 
to the test repeater, but in addition, part of the 
sent power will enter the second repeater, be am¬ 
plified and sent into the second repeater section; 
if the second section contains irregularities, part 
of the power entering this section will be reflected 
back to the second repeater, through this repeater 
and into the first section, and then back to the 
hybrid coil of the test repeater, thus adding to the 
power returned from the first section. There are 
now two points in the circuit where reflected 
power is amplified. In other words, there are two 
amplification pathsand with more repeaters in the 
circuit, there may be a third and fourth path, etc. 
All of these returned powers combine at the hy¬ 
brid coil of the test repeater to enter the circulat¬ 
ing path of this repeater. The greater this total 
power, the less the gain required to sustain sing¬ 
ing and, accordingly, the lower the singing point. 
The balance for this condition is termed the active 
singing point. 

28.5 Balancing Networks 

From the preceding discussion it will be evident 
that the satisfactory operation of 2-wire repeat-
ered circuits depends upon the impedance of the 
line as well as its attenuation. The extent to which 
the repeater may improve transmission depends 
directly upon the degree to which the network 
balances the line. In turn the degree of balance 
depends first upon the “smoothness” of the tele¬ 
phone line’s impedance throughout the working 
range of voice frequencies, and second, upon the 
adjustments that it is practicable to make for the 
effect that terminating conditions have upon this 
impedance. 

The basic requirements as to balance may be 
understood by referring to Figure 28-2. Here we 
have the II and X components of the characteris¬ 
tic impedance, Z,„ of a 104 open wire side circuit 
plotted (solid line) with respect to the voice¬ 
frequency band. It will be seen that the resistance 
component of the characteristic impedance be¬ 
comes appreciably lower at the higher frequencies 
and that there is likewise a marked change in the 
value of the negative reactance. 

To balance such a circuit, a network must be 

Fig. 28-2 Impedance Characteristics of Open-
Wire Circuit and Its Balancing Network 

designed with impedance components that not 
only equal those of the line at some one frequency, 
but vary similarly with the impedance of the line 
at all frequencies within the voice band. The 
dashed curves in this same Figure compare the II 
and X components of the impedance of a network 
used to balance this type of line. 

The essential elements of a basic network de¬ 
signed to balance an open wire circuit are 
illustrated by Figure 28-4 (A). This simple ar¬ 
rangement, with proper values of resistance and 
capacitance, will closely approximate the imped¬ 
ance components of the line itself. It will not. how¬ 
ever, take care of near-end terminating conditions 
such as toll entrance cable, etc. Furthermore, it 
balances only the characteristic impedance of 
the circuit, i.e., the circuit must be in effect 
infinite in length; or in other words, termi¬ 
nated at the distant end in an impedance equal 
to the characteristic impedance. Consequently, 
balance, even in the open wire circuit case, in¬ 
volves considerations other than the mere design 
of a basic network that has an impedance approxi¬ 
mating that of the characteristic impedance of the 
line. These balance requirements, however, are 
general and will be discussed after considering 
the basic network for the loaded cable circuit. 

A basic network for a loaded circuit usually has 
a more complex design than a basic network for a 
non-loaded circuit. In this design some assump¬ 
tion must be made regarding the loaded circuit's 
near-end termination, i.e., the basic network must 
be chosen to balance a loaded circuit terminating 
at a mid-section point, or at some fraction of the 
loading section other than mid-section. Figure 
28-3 (A) shows the resistance components of the 
impedance of an ideal loaded line for various 

L 269 J 



Fig. 28-3 Impedance Components of Ideal Loaded Circuit at Various End Sections 

terminations, the frequency band being that up 
to and including the critical frequency. (The 
scale for frequency is shown as fractions of the 
critical frequency rather than as cycles in order 
that the curves may apply to any case.) Figure 
28-3 (B) shows the corresponding reactance com¬ 
ponents. 

An inspection of Figure 28-3 (A) shows that for 
a .2 or .8 section termination, a plain non-induc¬ 
tive resistance will approximate the resistance 
component of the circuit, as this resistance con-
ponent remains nearly constant through the band 
of frequencies that the loaded circuit would be 
expected to transmit. This is true only for these 
two terminating conditions. Accordingly, if we 
choose the .2 section sending-end termination as 
that for which the basic balancing network is to 
be designed, we only need to connect in series with 
a resistance some combination of inductance and 

capacitance that will approximate the correspond¬ 
ing reactance component shown in Figure 28-3 (B) 
in order to obtain a network which will simulate 
almost exactly the ideal loaded line; and, except at 
very low frequencies where the resistance of the 
actual line causes the impedance to depart appre¬ 
ciably from that of the ideal line, will closely ap¬ 
proximate an actual loaded line. This combination 
is found to be a capacitance value in parallel with 
an inductance value. The essential elements of a 
simple basic network for a loaded circuit at .2 
section termination are shown in Figure 28-4 (B). 

The basic network is only intended to balance 
the characteristic impedance of a smooth line of 
infinite length in the case of open wire circuits, 
or an approximate .2 section termination sending¬ 
end impedance for a smooth line of infinite length 
in the case of loaded cable circuits. But the actual 
sending-end impedance of the circuit may vary 
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Fig. 28-4 Basic Balancing Network Circuits 

104 open wire side circuits. The additional ter¬ 
minals 3 and 4 naay be strapped to terminal 2 so 
as to short out either resistance A\ or AA, or both. 
This makes it possible to adjust the network for 
different wire spacings of this particular ty]æ of 
facility. Similarly, the network of Figure 28-5 (B) 
represents the basic design for a 19-gage H-44-S 
cable circuit, and the strapping possibilities per¬ 
mit adjustments for deviations of the circuit ca¬ 
pacitance from its nominal value. Both networks 
are made up with built-in building-out capacitors 
which can be adjusted to the desired values. Net¬ 
works of like designs are available for other 
standard types of circuit facilities. 

widely from the particular impedance which the 
basic network is designed to balance. This may 
be due to the use of toll entrance cable in the case 
of open wire circuits, or to the fact that the ter¬ 
mination may not be at the .2 section point in the 
case of loaded cable circuits. 

It is the practice to make adjustments on the 
network sides of the telephone repeater’s hybrid 
coils to take care of these irregularities by means 
of “building-out sections”. That is, if an open 
wire circuit has a short section of non-loaded toll 
entrance cable, a capacitance value equal to the 
capacitance of this section may be bridged directly 
across the basic network as illustrated by Fig¬ 
ure 28-4 (('). If the toll entrance cable is long, it 
may be necessary to compensate for its resistance 
as well as its capacitance and the building-out 
section may then include a series resistance as 
well as the bridged capacitance. 

Similarly, in the case of the loaded cable cir¬ 
cuit, if the capacitance on the office side of the last 
loading point is greater than that corresponding 
to .2 loading section, it is necessary to build out 
the basic network to adjust for this capacitance, 
as shown in Figure 28-4 (D). If, on the other 
hand, the circuit should be so terminated that the 
capacitance from the office side of the last load¬ 
ing coil was less than that of .2 loading section, 
it would be necessary to add bridged capacitance 
to the line of such value as to make the termina¬ 
tion equivalent to .2 of a section. 

In order to keep at a minimum the number of 
different basic network designs, it is current prac¬ 
tice to employ networks whose characteristics can 
be varied somewhat by an appropriate strapping 
of certain terminals. Thus Figure 28-5 (A) shows 
the elements of a network designed for balancing 
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28.6 Transmission Regulation 

The continued satisfactory operation of a long 
telephone circuit requires that the net overall loss 
remain approximately the same at all times. If 
there is no appreciable variation in the attenua¬ 
tion losses of the line sections between repeaters, 
the gains of the repeaters must be held constant; 
or, failing this, any variations in attenuation must 
be promptly compensated for by equal variations 
in repeater gains. Telephone repeaters and rou¬ 
tine maintenance methods have been developed to 
a point where it is not difficult in practice to hold 
t he gains of repeaters constant at any desired 
value. However, variations in the attenuation of 
line conductors due to temperature changes are 
inevitable. 

The magnitude of net variation in total equiva¬ 
lent of a circuit, caused by temperature changes, 
is of course proportional to the total gross at¬ 
tenuation of the line circuit, since it depends on 
the variation in the resistance of the copper line 
wires. In open wire and aerial cable circuits, a 
daily change in resistance value of some 5 per 
cent, which corresponds to a temperature change 

Fig. 28-5 Adjustable Balancing Networks 
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TABLE XIII 
Transmission Equivalents in Decibels per Mile of 16 AWG & lí) AWG Cable Circuits at 55 F. 

Showing Yearly Variations in Equivalents Due to Temperature Changes 

1C) AWG 19 AWG 

LOADING TYPE 
Side Phantom Side Phantom 

At 55°F. vY":", lv At 55°F. Variation variation 
. ..... Yearly At 55 I*. Variation 

At 55°F. Yearly 
Variation 

II-172-63 
A E 

U.G. 

± (US ± (US 
16 16 

± 006 ± 006 

± 031 
28 

± 010 
28 

± 032 

± Oil 

H-88-50 
A E ± 022 ± 019 

19 16 
± 007 ± 006 

± 041 
35 

± 014 
30 

± 035 

U.G. ± 012 

H-44-25 
A E. ± 029 ± 024 

ok 1 ± 055 17 39 
± 046 

U.G. ± 010 ~ ± oos ± 018 ± 015 

1Note: The loss at any other temperature. T. is approximately the 55° !• loss shown above plus the quantity .. times the early 

Variation. 

of about 22° F, may be expected. On a 1000-mile 
165 open wire circuit, the total line attenuation of 
which is about 30 db, this would mean a variation 
in net overall equivalent of only about 1.5 db, as¬ 
suming repeater gains to be held constant; on the 
other hand, 5 per cent of the total wire attenuation 
of a 1000-mile 19-gage H-44-S cable circuit, about 
480 db, amounts to some 24 db, which is several 
times the value of the net equivalent of an average 
circuit. Variations over longer periods are of 
course much more severe. Table XIII shows the 
maximum yearly variations in equivalents per mile 
that may be expected in the more common types of 
cable circuits. It is obvious that it would be hardly 
possible to maintain service on long cable circuits 
without the aid of some automatic means of 
changing the gains of repeaters to compensate for 
changes in line attenuation due to temperature 
variation. 

Long cable circuits are broken up into sections 
averaging about 150 miles in length, known as 
“circuit units”. One of the repeaters in each cir¬ 
cuit unit is a “regulating repeater", the gain of 
which is automatically changed by a “master 
regulator” in accordance with changes in tem¬ 
perature. The master regulator employs the prin¬ 
ciple of the balanced bridge. One arm of the 
bridge consists of a cable pair known as a “pilot 
wire”, which extends through the same length of 
cable as the circuit units to be regulated. When 
the resistance of the pilot wire changes due to a 
temperature change along the cable line, the gal¬ 

vanometer of the master regulator tends to de¬ 
flect. By means of an auxiliary circuit, this causes 
a shaft driven by a small motor to turn until the 
bridge is again balanced. The rotation of this 
shaft also causes the operation of master relays 
which in turn control the operation of relays in all 
the regulated repeaters, causing the gains of 
these repeaters to be changed in proportion to the 
change in temperature of the pilot wire. This 
change in gain is accomplished by means of regu¬ 
lating networks or potentiometers, associated 
with the repeaters. In the case of 4-wire circuits, 
the regulating networks consist of potentiometers 
connected across the inputs of the 44-type re¬ 
peaters (see Figure 25-2). In 2-wire repeaters, 
the regulating networks consist of artificial lines, 
or H-type pads, placed in the repeater circuit be¬ 
tween the bridge points and the manual potentiom¬ 
eters (see Figure 25-1). 

Regulating repeaters are ordinarily arranged to 
vary their gain in 1 db steps a total of plus 
or minus 10 db from their nominal designated 
values. For example, a 4-wire regulating repeater 
may be adjusted for a gain of 20 db at an average 
temperature of 55° F. and this gain may be auto¬ 
matically lowered to 10 db in cold weather or in¬ 
creased to as much as 30 db in hot weather. 

The operation of the regulating system is illus¬ 
trated by Figure 28-6. Here it will be noted that 
the bridge proper has two equal ratio arms, A and 
B, while the third arm, X, consists of the com¬ 
bination of the two sections of the pilot-wire 
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circuit in parallel (which are made equal at 55 F. 
by the adjustable resistances, S1 and S2) together 
with a part of the slide-wire resistor. In the 
fourth arm. C, is a fixed resistance. K, and the 
remainder of the slide-wire resistor. Since arms 
A and B are equal, balance of the bridge is secured 
when the total resistance of the third arm A' and 
the fourth arm C are equal. 

The regulating networks of the repeaters and 
the equalizing arrangements are designed on the 
basis of 55 F. being the average cable tempera¬ 
ture. Consequently, the regulator is normally ad¬ 
justed so that the slide-wire contact arm will be 
at mid-position (step 0) when the cable is at this 
temperature. Now assume that the temperature 
increases and thus increases the resistance of the 
pilot wire. Current then flows through the gal¬ 
vanometer and causes it to deflect. This will have 
no effect until the increase in temperature is great 
enough to cause an increase in the overall loop 

resistance of the pilot wire of as much as 180 
ohms. At this point, the deflection of the gal¬ 
vanometer becomes sufficiently large to cause 
movement of a mechanism to take place in such a 
way that the shaft on which the slide-wire arm is 
mounted is caused to turn in the proper direction 
to restore balance. When the arm has moved suffi¬ 
ciently to restore balance, current no longer flows 
through the galvanometer and the movement of 
the mechanism stops. Since the increase of 180 
ohms in the total loop resistance of the pilot wire 
produces an increase of 45 ohms in the joint par¬ 
allel resistance of the two sections, to restore 
balance it is evident that the slide-wire contact is 
required to transfer 22.5 ohms from arm X of the 
bridge in which the pilot wire is included, to 
arm C. 

As the slide-wire contact transfers 22.5 ohms 
from one arm of the bridge to the other, the brush 
arm, F, moves from one stud on the dial switch to 

Section Regulator 

Short Section Long Section Pilot Wire Cable Pair 

S1 

Secondary 

120 Volts 
Regulating Repeater 

E - W 

W - E W-E W ■ E 

Regulator Office Cable Cable 

Primary 
Side 
Wire 

Rptr. 
Office 

Master 
Relays 

Galvanometer 
? Mechanism 

Rptr 
Office 1

No. 1 
Regulator 

Rptr 
Office 

Fig. 28-G Pilot Wire Transmission Regulator Circuit 
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the next adjacent stud. This movement is spoken 
of as a movement of one step and, as is evident 
from the above description, it corresponds to a 
change of 180 ohms in the overall loop resistance 
of the pilot-wire circuit. There are 21 studs, con¬ 
sisting of a zero step and 10 steps each side of the 
zero step (only 10 steps shown in Figure 28-6). 
The movement of the brush arm causes the master 
relays to operate and so adjust the regulating net¬ 
works of all the regulating repeaters. 

In Figure 28-6, the brush arm of the slide-wire 
mechanism is shown on the 0 stud of the dial 
switch, and ground is then connected to the mas¬ 
ter relays. As a result, these relays are so oper¬ 
ated that the center relay in each regulating re¬ 
peater is likewise operated. The latter relays are 
then connecting the proper resistances in the in-
put potentiometers of the repeaters to provide the 
prescribed gain for the 55° F. temperature. When 
the brush arm moves a step, other master relays 
are operated and, in turn, other relays in the 
regulating repeaters. These change the poten¬ 
tiometer resistances in such a way as to effect the 
appropriate change in gain. 

One master regulator is capable of controlling a 
large number of regulating repeaters. However, 
since the change in the loss of a circuit with vary¬ 
ing temperature depends upon the gage of con¬ 
ductors and type of loading, the proper gain varia¬ 
tions for a given temperature change may not be 
the same for all the circuits under the control of 
a single master regulator. In order to use the 

Fig. 28-7 Energy Level Diagram for Four-wire Cable 
Circuit 

same master regulator under these conditions, the 
systems are designed so that a given movement of 
the master regulator produces different changes 
in the gains of the regulating repeaters on the 
different types of facilities. This is the purpose 
of the two sets of master relays, primary and 
secondary. A separate chain of secondary relays 
is provided for each of the different types of regu¬ 
lating networks. The primary relays are operated 
directly from the dial switch on the master regu¬ 
lator. These relays are numbered from +10 to 
zero to —10, corresponding to the stud from which 
they are operated. The contacts on the primary 
relays are used only to operate the secondary re¬ 
lays, and do not control directly any of the regu¬ 
lating repeaters. Each of the different groups of 
secondary relays then controls directly the relays 
of all of the like regulating repeaters with which 
it is associated. 

Perfect compensation for temperature changes 
requires that the pilot wire be loaded with the 
same kind of coils as the transmission circuits 
which are to be regulated. This would, in general, 
require separate regulators and pilot wires for 
sides and phantoms, as well as for the different 
types of loading and for the different gages. Since 
19-gage H-44-25 4-wire circuits require the most 
accurate regulation (due both to the greater 
lengths for which they are used and to the fact 
that the variation per mile is greater than for 
most other loading now in use), the pilot-wire 
regulating system is designed on the basis that 
19-gage H-44-25 loaded pairs will be used for pilot 
wires. The steps on regulating repeaters for other 
types and gages of circuits are laid out in such a 
way that substantially accurate regulation is ob¬ 
tained with these pilot wires. 

Figure 28-7 is a transmission level diagram of a 
4-wire circuit made up of three regulator sections 
or circuit units. It will be noted that at all re¬ 
peater stations except those at the terminals of the 
circuit units, the input and output levels vary with 
temperature. It follows that it is necessary to 
know the setting of the regulating repeater in 
order to know the proper levels at any of these 
repeaters at any particular time. Levels at the 
ends of the units are constant, however, under 
the normal condition where each circuit unit is 
completely regulated by the regulating repeater 
that it includes. Regulating repeaters are usually 
located at the repeater station nearest the mid¬ 
point of the circuit units, although this is not 
strictly necessary in every case. 

[ 274 J 



TALKER 

1st Echo 

2nd Echo 

Direct Transmission 

_ 1st Echo Listener 

_ 2nd Echo - Listener 

3rd Echo - Talker 

2nd Echo ■ Talker 

1st Echo ■ Talker 

LISTENER 

1st Echo 

2nd Echo 

B 

Fig. 28-8 Echo Paths in Four-wire Circuit 

28.7 Echo Control 

Another series of problems, largely peculiar to 
the longer cable circuits, arises from the fact that 
the velocity of propagation over such circuits, as 
now loaded, is relatively low. The time required 
for transmission over circuits of this type may 
thus become quite appreciable. If when a conver¬ 
sation is being carried on, some portion of the 
speaker’s voice is returned toward him from a 
sufficiently distant point, the effect will be like 
that of an ordinary echo. This will obviously be 
rather disconcerting to the speaker if the time 
factor is great enough so that he hears entire 
syllables repeated back to him. In any case, such 
an echo effect tends to degrade the quality of 
transmission and it must be guarded against in 
long, low-velocity circuits. 

Figure 28-8 (A) shows schematically a long 4-
wire circuit layout. When the person at the east 
terminal is talking, the voice currents are sent 
through the 4-wire terminating set to both sides 
of the circuit. Transmission over the lower (receiv¬ 
ing) side stops at the output side of the terminal 
repeater, but the voice currents are transmitted 
over the upper side until the 4-wire terminating 

set at the west terminal is reached, where the 
energy is divided between the network and the 
2-wire line connected at that terminal. This 
transmission is indicated by the heavy line in 
Figure 28-8 (B) marked “direct transmission”. 
With perfect balance between the network and 
the 2-wire circuit at the west terminal, no further 
effects will be produced. 

As we have already noted, however, there is 
always some unbalance at the 4-wire terminating 
sets and, consequently, a small current passes into 
the lower branch of the circuit at the west ter¬ 
minal and is propagated back to the talking sta¬ 
tion at the east terminal, as is indicated by the 
line marked "1st echo—talker”. This is heard at 
the east terminal either as side-tone, or as a dis¬ 
tinct echo if the time of transmission around the 
circuit is great enough. Such currents are called 
unbalance or echo currents affecting the talker. 

Due to unbalance at the east terminal, another 
current, derived from the first echo affecting the 
talker, is propagated from the east to the west, 
forming another echo which is heard by the lis¬ 
tener. This is indicated by the line marked “1st 
echo—listener” in Figure 28-8 (B). Such currents 
are called unbalance or echo currents affecting the 
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listener. The first echo current affecting the lis¬ 
tener through the unbalance at the west terminal 
gives a “2nd echo—talker” current at the east 
terminal, and this action may go on indefinitely. 

If the total loss around the unbalance current 
path, including the loss through the 4-wire ter¬ 
minating sets, is greater than the total gain of the 
repeaters, the successive echoes die out rapidly. 
With a small margin, there may be several echoes 
of sufficient magnitude to affect the persons at 
each end of the circuit, and if the loss becomes 
equal to or less than the gain, the circuit will sing. 

If the transmission to and fro in a circuit could 
be accomplished instantaneously and the unbal¬ 
ance did not vary with frequency, the waves con¬ 
stituting the echoes would occur simultaneously 
with the waves of the direct transmission and 
would tend either to re-enforce or weaken the 
direct transmission, depending upon the poling 
around the unbalance path. The net results of the 
echo currents would then be merely to increase or 
decrease the transmission equivalent between the 
east and west terminals and to introduce more or 
less side-tone at both terminals. 

However, as shown in Table X, the velocity of 
propagation of the various types of facilities most 
commonly employed for voice-frequency cable cir¬ 
cuits is actually less than 20,000 miles per second, 
and an appreciable time is therefore required for 
propagation over the longer circuits. Each suc¬ 
cessive echo accordingly arrives after a definite 
time interval, depending upon the length of the 
circuit and the velocity of propagation. The inter¬ 
fering effect depends on both the volume of the 
echo and the time-delay. A given volume of echo 
produces a greater disturbing effect as the time¬ 
delay increases and vice versa. 

While the 4-wire circuit offers only one round¬ 
trip path for echo currents, a 2-wire circuit in¬ 
volves a large number of such paths. If the sec¬ 
tions of line between repeaters were perfectly 
constructed, if the impedance of the repeaters 
were such as to form perfect terminations for the 
sections of line, and if the networks balanced 
these perfect lines perfectly, transmission could 
take place from one end of the circuit to the other 
without setting up any unbalance currents ex¬ 
cept those reflected from the terminals. Such an 
ideal circuit would give the same performance as 
a 4-wire circuit with equal terminal unbalances. 

In practice, however, there is more or less un¬ 
balance on each side of each repeater so that, as 
the direct transmission passes through each suc¬ 

cessive repeater, an unbalance current is set up 
which travels back toward the talker, giving an 
echo current for each repeater in the circuit. 
Each of these first echo currents in turn sets up 
an echo current traveling toward the listener at 
every repeater that it encounters, and each of 
these echo currents sets up another echo current 
at each repeater it encounters. This process con¬ 
tinues indefinitely but the successive echo cur¬ 
rents are attenuated rapidly to inappreciable mag¬ 
nitudes. The action, however, does give rise to a 
very large number of echo currents. The final 
effect upon the talker or listener naturally de¬ 
pends upon the resultant of all these currents. 

Fig. 28-9 Principle of Echo Suppressor 

These unbalance currents increase in volume as 
the overall net equivalent of a circuit is decreased, 
due to raising the repeater gains. For each cir¬ 
cuit, therefore, there will be a certain minimum 
permissible net overall equivalent because of the 
unbalances which are present in the circuit. Any 
further increase in the repeater gains will cause 
the unbalance currents to become too large to be 
tolerated. Furthermore, since each additional re¬ 
peater in the circuit increases the number of un¬ 
balance paths, the total echo effect tends to limit 
the total number of repeaters that can be oper¬ 
ated in tandem in a 2-wire circuit having a practi¬ 
cable overall net equivalent. 

On the other hand, in the case of 4-wire circuits 
the possible minimum net equivalent, in so far as 
echo effects are concerned, is limited only by the 
extent of the unbalance at the two terminals. If 
the minimum net equivalent is still too high, echo 
suppressors may be inserted in the circuit to break 
the echo paths and thus permit reducing the over¬ 
all equivalent to the desired value. 



The principle of operation of the echo-suppres¬ 
sor may be understood by referring to the simpli¬ 
fied schematic of Figure 28-9. As there indicated, 
hybrid coils are inserted in each side of a 4-wire 
circuit or in each side of one of the repeaters of 
a 2-wire circuit. The bridge points of the hybrid 
coils are connected to separate amplifiers, the out¬ 
puts of which connect to a common rectifier cir¬ 
cuit. The rectifier output is fed in series through 
the windings of relays B and A, as shown. The 
rectifier circuit is designed to act differentially. 
When there is no energy, or only low levels of 
speech or noise in both sides of the 4-wire cir¬ 
cuit, the d-c rectifier output current will be at its 
normal value which lies between 3.9 ma, the 
minimum operating current for relay A and 1.48 
ma, the maximum release current of relay B. 
Relatively high speech energy in the even side of 
the circuit will cause the rectified current to in¬ 

crease above normal value; and high speech en¬ 
ergy in the odd side causes the rectified current 
to decrease below normal. In the first case, relay 
A operates while B is unaffected and in the sec¬ 
ond case, relay B releases while A is unaffected. 
Operation of relay A removes the ground connec¬ 
tion which had been short-circuiting the resist¬ 
ance capacitance network connected to the series 
winding of the odd hybrid coil. The impedance of 
this network balances, in the voice-frequency 
range, the input impedance of the amplifier 
bridged across the hybrid coil. When the short-
circuit is removed from the network, accordingly, 
the now balanced hybrid coil inserts a large loss 
in the odd path, thus effectively suppressing en¬ 
ergy transmission over that side of the line. Simi¬ 
larly, when the B relay releases as a result of high 
energy in the odd path, the ground connection is 
removed from the even network and transmission 
over that side of the line is suppressed. 
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CHAPTER 29 

CARRIER SYSTEMS 

29.1 Types of Carrier Systems 

The general principles of carrier operation were 
outlined in Chapter 27 and these principles apply 
alike to all of the several types of carrier systems 
used in the telephone plant. With respect to the 
frequency allocations employed, the systems in 
use range all the way from the voice-frequency 
carrier telegraph system, which operates entirely 
within voice range, up to systems applied to co¬ 
axial conductors where frequency bands millions 
of cycles in width may be involved. As has been 
previously noted, radio transmission systems have 
much in common with carrier systems in that 
both make use of the frequency-division principle 
for obtaining numbers of separate transmission 
paths over a single transmission medium. Radio 
systems as employed in telephone work, however, 
are discussed in other Chapters. In general, the 
term carrier system is here used only with refer¬ 
ence to frequency-division multiplex systems em¬ 
ploying as a transmission medium physical facili¬ 
ties such as open wires, cable pairs, or coaxial 
conductors. 

Figure 29-1 shows the overall frequency allo¬ 
cations for the types of telephone and telegraph 
carrier systems currently in use in the Bell Sys¬ 
tem. In most of the carrier systems applied to 
open wire conductors (Type-B telegraph and 
Types C, J and O telephone) several different sets 
of frequency allocations are used within the over¬ 
all range indicated in Figure 29-1. The purpose 
of this is to reduce the possibilities for inter¬ 
system crosstalk where a number of systems are 
operated on the same pole line. All but one 
(Type-G) of the open wire carrier systems use 
separate channels for transmission in opposite 
directions, thus in effect operating on a 4-wire 
basis. The Types K and N systems, which are de¬ 
signed for application to wire cable facilities, em¬ 
ploy the same channel frequencies for transmis¬ 
sion in both directions but use two pairs of 
conductors, one transmitting in each direction. 
This is also true of the voice-frequency telegraph 
system, which either operates on a 4-wire voice¬ 
frequency cable circuit or on the two one-way 
channels of an open wire or cable carrier tele¬ 

phone circuit. Type-L systems, which are applied 
to coaxial conductors, also operate on a 4-wire 
basis. 

Fig. 29-1 Overall Frequency Allocations of Standard 
Types of Carrier Systems 
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The principles of most of the major apparatus 
units and circuit arrangements that are employed 
to make up a carrier system such as filters, equal¬ 
izers, modulators, amplifiers, etc., have been dis¬ 
cussed in earlier Chapters. This and the following 
Chapter will be devoted to a brief survey of the 
general overall design of the types of systems 
most widely used in long distance telephone and 
telegraph work. It will include discussion of the 
carrier frequencies used to obtain the various 
channels, the modulation steps required, and the 
important regulating and equalizing procedures 
that must be employed for satisfactory overall 
transmission. 

29.2 Carrier Telegraph Systems 

As noted in Article 27.2, a simple method of 
carrier telegraph operation depends on transmit¬ 
ting spurts of alternating current of a particular 
frequency to represent marking signals and cut¬ 
ting off this current for spacing signals. Simul¬ 

taneous operation of a number of telegraph 
channels over a single facility is then effected by 
using a different a-c frequency for each channel. 
Since each channel is distinguished by its own 
single frequency, only relatively simple selecting 
circuits need be used at the terminals to secure 
effective channel separation. This is illustrated by 
Figure 29-2 which diagrams one of the earliest 
carrier telegraph systems that permitted up to 
ten two-way telegraph channels to be superim¬ 
posed on an open wire telephone circuit. As indi¬ 
cated, it employed twenty carrier frequencies in 
the range between 3330 and 10,000 cycles per 
second. The ten lower frequencies were used for 
transmission in one direction and the ten higher 
frequencies for transmission in the opposite di¬ 
rection. This permitted ready separation of the 
two directions of transmission at terminals and 
repeater points by means of a pair of simple di¬ 
rectional filters, one of which passed only fre¬ 
quencies above 6000 cycles and the other only 
frequencies below that value. 

D. C. Telegraph 

Fig. 29-2 High-frequency Carrier Telegraph System 
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Carrier telegraph systems of the type discussed 
above have very limited application in current 
long distance telegraph practice because the fre¬ 
quency space which they would occupy can usually 
be employed to better advantage for carrier tele¬ 
phone systems. They have been generally super¬ 
seded by the so-called voice-frequency systems 
which operate on a 4-wire cable circuit or on a 
voice channel of a carrier telephone system. The 
facility so used, however, cannot be simultaneously 
employed for telephone service because the tele¬ 
graph carriers are within the voice band. 

The original design of voice-frequency carrier 
telegraph system (40-Type) which is still exten¬ 
sively used, operates on essentially the same prin¬ 
ciples as the high-frequency system previously 
discussed. Marking and spacing telegraph signals 
are represented by the presence or absence of cur¬ 
rent. Since the transmission medium is either 
actually or effectively a 4-wire circuit, there is no 
problem in separating the transmitting and re¬ 
ceiving channels. The same carrier frequencies 
are used for transmission in both directions. 
These systems provide up to 18 two-way telegraph 
circuits. The carrier frequencies employed are 
odd multiples of 85 cycles beginning with channel 
1 at 425 cycles and extending at 170-cycle inter¬ 
vals through channel 17 at 3145 cycles. Channel 
18, when used, is placed below channel 1 at 255 
cycles. Because of the generally poor transmission 
characteristics of line facilities at that frequency, 
however, this channel is likely to be inferior to 
the higher frequency channels. 

The carrier sending and receiving apparatus is 

similar in principle to that of the older high-fre¬ 
quency system. Spurts of the carrier current are 
sent over the line as the transmitting amplifier 
(modulator) is shorted out by the telegraph im¬ 
pulses, and a rectifying device (demodulator) at 
the receiving end converts the spurts of carrier 
back again to ordinary d-c telegraph signals. The 
channel receiving circuit includes a two-stage am¬ 
plifier, a bridge-type varistor rectifier, an output 
and control tube, and a receiving telegraph relay, 
which is operated by the plate current of the con¬ 
trol tube and is normally biased to spacing by an 
auxiliary winding. The first stage of the amplifier 
is arranged to provide partial automatic gain con¬ 
trol. The gain of the tube in this stage is vari¬ 
able, and the circuit is designed so that the amount 
of gain varies in approximate inverse proportion 
to the amplitude of the incoming signal voltages. 
The voltages impressed on the rectifier, and the 
resultant rectified signal, are therefore nearly 
constant in magnitude regardless of the input 
level. The control tube acts effectively to amplify 
the rectified signals and to “square-up" the signal 
form. In other words, the tube circuit is so 
arranged that during spacing intervals, when 
there is no incoming rectified signal voltage, its 
control grid is biased well beyond the cutoff point 
and no current flows in the plate circuit or the 
winding of the receiving relay to which the plate 
is connected. During marking intervals, on the 
other hand, the rectified signal voltage overcomes 
the bias so that a large plate current flows and 
causes the relay to operate sharply to its marking 
contact. 

Fig. 29-3 V-F Carrier Generating Circuit 
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Fig. 29-4 Frequency-Shut Carrier Telegraph System 

The carrier supply voltages in recent designs of 
voice-frequency telegraph systems are provided 
by vacuum tube oscillators in the manner indi¬ 
cated schematically in Figure 29-3. As shown, a 
base frequency of 85 cycles is developed by a com¬ 
mon oscillator, amplified and passed or. to a har¬ 
monic generator circuit. This includes a non¬ 
linear coil, or saturable reactor, connected in an 
arrangement like that described in Article 26.5. 
As was there pointed out, the output of such a 
circuit arrangement is a sharply peaked wave 
form which contains all the odd harmonics of the 
applied sine wave. This wave is introduced into 
the grid circuits of all the channel-frequency os¬ 
cillators. Each channel oscillator tuned circuit 
then acts as a filter to select the particular har¬ 
monic to which it is tuned, and the channel oscil¬ 
lator falls into exact step with this frequency. 

More effective in many respects is a more recent 
design of voice-frequency carrier telegraph sys¬ 
tem, coded 43A1, which employs a frequency shift 
method for distinguishing between marking and 
spacing signals. In this system, the marks and 

spaces are made by shifting the frequency 35 
cycles up and down from the nominal channel 
carrier frequency. In contrast with the older sys¬ 
tems where mark signals are produced by trans¬ 
mission of the carrier current and space signals 
by no current, the frequency shift method permits 
a continuous How of current that does not change 
in value with the signal transitions. This makes 
for stable operation since the transmission condi¬ 
tions are the same at all times. 

The method of operation of the system may be 
followed with the aid of the simplified sketches of 
Figure 29-4, which show the essentials of the 
terminal transmitting and receiving circuits. The 
circuits in this illustration are connected for low-
frequency marking and high-frequency spacing. 
At the transmitting end, closing the sending loop 
for a marking signal impresses a positive voltage 
on the grid of vacuum tube VI. This makes the 
tube conducting so that the arm AD of the varistor 
bridge is effectively short-circuited. The potential 
at A is then lower than that at B and current flows 
through the four varistors in their forward di-
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rection. In this condition the impedance of the 
varistors is very low and points X and Y are ef¬ 
fectively shorted together. A circuit through ca¬ 
pacitor CG is thus closed, which effectively inserts 
its capacitance into the LC circuit of the oscillator. 
The values of L and C are such as to give the 
oscillator an output frequency somewhat higher 
(35 cycles) than the nominal carrier frequency 
of this particular channel. Addition of the CG 
capacitance shifts the output frequency to a like 
value below the carrier frequency. This output 
is then amplified in a single stage and passed to 
the sending filter where it is joined by the outputs 
of the other channels for transmission over the 
line. 

To transmit a spacing signal, the sending loop 
is opened and the grid of VI is driven negative as 
the positive voltage is removed. The tube is then 
non-conducting and the effective open circuit 
causes the potential at A to be positive with re¬ 
spect to B. The voltage applied to the varistors 
is now in the reverse direction which causes them 
to present very high impedances. The impedance 
across XY is accordingly so high as to constitute 
an effective open circuit. This removes the ca¬ 
pacitor CG from the tuning circuit of the oscilla¬ 
tor which causes its output frequency to shift to 
the value above the carrier frequency, as deter¬ 
mined by L and C alone. 
The arrangement for discriminating between 

the marking and spacing frequencies at the re¬ 

ceiving end of the line is indicated in the lower 
part of Figure 29-4. Here the input from the line 
goes first to a receiving filter where the several 
channels are separated by appropriate tuning ele¬ 
ments. Fach individual channel is then ted to a 
three-stage amplifier which is also designed to cut 
off any incidental current peaks that could affect 
the signal reception adversely. The a-c output of 
the amplifier flows in series through the two L( 
circuits designated L and H. The L circuit is 
sharply tuned for resonance at the low marking 
frequency while the H circuit is similarly tuned 
to the high spacing frequency. A received mark¬ 
ing signal, accordingly, will establish a relatively 
high voltage across the resonant L circuit while 
having little effect on the H circuit. The second¬ 
ary current resulting from the high voltage across 
L is rectified by the varistor CR1 so as to flow in 
only one direction through the resistance R,. This 
causes a substantial voltage drop across R,, which 
is positive at a and negative at b. The positive 
voltage applied to the grid of V2 makes the tube 
conducting, which closes the receiving loop circuit 
to battery for a marking signal. 

Similarly, a high frequency spacing signal from 
the line develops a high voltage across the reso¬ 
nant H circuit. This in turn produces a large IK 
drop across R2 which is positive at b and negative 
at a. The grid of V2 is accordingly negative, the 
tube is non-conducting, and the receiving loop is 
opened for a spacing signal. 

Fig. 29-5 Type-C Carrier Telephone Terminal 
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29.3 Type-C Carrier Telephone System 

The oldest of the carrier telephone systems still 
in general use is coded Type-C. It operates on 
open wire facilities and provides three telephone 
circuits additional to the normal voice-frequency 
circuit. The general layout of the Type-C carrier 
terminal is shown schematically in Figure 29-5. 
Transmission over each channel consists of a 
single side-band, the carrier frequency being sup¬ 
pressed in the modulator. Earlier designs of 
C-systems used vacuum tube modulators and de¬ 
modulators. Copper-oxide varistors are employed 
for both purposes in the more recent designs. 
The required carrier frequency at each end of 
each channel is supplied by individual vacuum 
tube oscillators whose stability is such as to main¬ 
tain satisfactory frequency synchronization at all 
times. 

The individual channel carrier frequencies used 
in Type-C systems are shown in Figure 29-6. It 
will be noted that a total of six different frequency 
allocations are used. All six allocations, however, 
cannot be used for any one C-system design. Al¬ 
locations coded CN, CT, CS and CU are suitable 

Type-C Carrier Terminal 

for the earlier designs of C-systems, while alloca¬ 
tions CS, CU, CA and CB can be used with the 
more recent design. In all cases, the separation 
between carriers is at least 3000 cycles, which per¬ 
mits transmission of a side-band about 2500 cycles 
in width. Separation between the transmission in 
the two directions at terminal and repeater points 
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CN 7.6 10.6 13.9 10 55 
CS 6.3 9.4 12.9 9.45 
CT 6.3 9.4 12.9 9.45 
CU 6.3 9.4 12.9 9.45 
CA 9 3 12.4 15.9 1135 
CB 9.3 12.4 15.9 12.35 

W-E 
2 1 3 Pilot 

CN 16.1 19.S 23.7 19.S5 
CS 20.7 24.4 2S.4 24.35 
CT 19S 23.7 27.7 23.75 
CU 177 21.4 25.4 21.45 
CA 22.5 26.20 30.2 26.15 
CB 19.5 23.2 27.2 23.25 

Fig. 29-6 Type-C Carrier Frequency Allocatiuns 

is obtained by directional filters. This permits the 
use of a single amplifier common to all three chan¬ 
nels transmitting in the same direction, at both 
terminal and repeater points. High-frequency 
signaling is employed, the ringing current being 
transmitted over the system in exactly the same 
way as the voice currents. C-systems require the 
use of repeaters at intervals of about 140 to 180 
miles, depending upon the transmission character¬ 
istics of the conductors. The repeater consists of 
two amplifiers, one transmitting in each direction, 
together with directional filters for obtaining the 
necessary separation. 

Regulation to compensate for changes in line at¬ 
tenuation due to weather and temperature changes 
is effected automatically by means of automatic 
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gain control circuits associated with the line am¬ 
plifiers at repeaters and with the receiving ampli¬ 
fiers at terminals. The regulating equipment is 
controlled by pilot channel frequencies, which 
are supplied by an oscillator at the transmitting 
terminal as indicated in Figure 29-5. The values 
of the pilot channel frequencies for each direction 
of each system frequency allocation are listed in 
Figure 29-6. The pilot frequencies in each case 
have values lying between the carrier frequency 
and the side-band of the middle channel. Since 
the pilot frequencies are transmitted along with 
the regular signal frequencies, they suffer essen¬ 
tially the same attenuation losses in passing over 
the line and are affected by any change in the line 
characteristics in the same way, and to the same 
extent, as the message currents in their several 
channels. By establishing normal values for the 
pilot frequency currents at each amplifier point, 
therefore, any change due to changing line con¬ 
ditions may be caused to register in such a way 
as automatically to produce a correcting adjust¬ 
ment. 

As shown in Figure 29-5, the pilot channel 
voltage is applied at the input of the terminal 
transmitting amplifier. At repeater points, this 
single-frequency voltage is tapped oft at the out¬ 
put of the line amplifier and fed back through a 
rectifier circuit to a pilot channel control circuit 
which controls the net gain of a regulating net¬ 
work and amplifier connected into the main trans¬ 
mission path in front of the line amplifier. The 
same general plan applies at the receiving ter¬ 
minal, except that here the pilot channel voltage 
is taken off at the output of the receiving ampli¬ 
fier. 

The regulating amplifier circuit consists essen¬ 
tially of a variable attenuator in series with a 
vacuum tube amplifier. The attenuator, known as 
the regulating network, is designed to have loss¬ 
frequency characteristics similar to those of the 
line and is divided into three units of equal loss. 
Its net loss to through transmission is varied by 
means of a capacitor whose movable plate is ro¬ 
tated under the control of the pilot channel volt¬ 
age. The rotor of the capacitor is connected to the 

Fig. 29-7 C-Carrier Automatic Gain Control Circuit 
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control grid of the amplifier tube so that the volt¬ 
age applied to the amplifier depends upon the 
position of the capacitor plate. When the capaci¬ 
tor rotor is at its extreme left position, the regu¬ 
lating network is effectively out of the transmis¬ 
sion path. At its extreme right position, on the 
other hand, the entire network is in the trans¬ 
mission path ; and at any other position, the loss 
inserted is some definite fraction of the total loss 
of the network. This arrangement provides a 
smooth control of the net gain of the regulating 
circuit and avoids the use of sliding contacts or 
relays in the transmission path. 

Figure 29-7 shows how the pilot channel voltage 
controls the position of the regulating capacitor. 
As may be seen, the incoming pilot channel volt¬ 
age is selected by a band filter, rectified, and led 
through the winding of a control relay. This lat¬ 
ter is a highly sensitive type of relay designed to 
act very positively by means of the attraction of 
magnetic material on its armature to a small mag¬ 
net on each of the fixed contacts. The relay is 
given a mechanical bias so that its armature is 
centered between the contacts when the rectified 
pilot current is at the normal level. Deviations 
from this normal level cause the armature to 
move sharply to one or the other of the contacts, 
where it will stay until released by the action of 
the second winding of the relay. 

The direction of movement of the armature de¬ 
pends upon whether the pilot level is increased 
or decreased. Thus, if the level should increase 
by .5 db or more, the armature would be moved 
to the right contact. This would cause the opera¬ 
tion of relay B which in closing connects 60-cycle 
voltage to the right winding of the “telechron” 
motor in the regulating amplifier circuit, causing 
it to rotate in such a direction as to increase the 
loss of the regulating network. The telechron 
motor will continue to operate until the control 
relay is released, correcting at the rate of approxi¬ 
mately 1/16 db every 4 seconds. Release is ef¬ 
fected by means of the “pulse” relay, the winding 
of which is connected to a second contact of relay 
B. The pulse relay is a special mercury delay type 
which does not operate until four seconds after 
the path through its winding is closed. When it 
does operate, a circuit is closed through the sec¬ 
ond winding of the control relay. This restores its 
armature to normal, thus releasing relay B and 
opening the circuit to the telechron motor. 

What happens, then, is that when the pilot 
channel current deviates from normal, the tele¬ 

chron motor operates for four seconds to counter¬ 
act the effects of this deviation, and then stops. 
If sufficient correction is not obtained in this time, 
the operation is repeated. For deviation in the 
minus direction, the same series of operations 
occur except that relay A now functions and the 
telechron motor is rotated in the opposite direc¬ 
tion. 

The remaining relays shown in Figure 29-7 are 
provided to take care of sudden large changes in 
the pilot channel level. Such changes either re¬ 
quire manual attention or are of such short dura¬ 
tion that a correction would be undesirable. The 
alarm relay, whose winding is in series with that 
of the control relay, is adjusted to operate only 
for large level changes of plus or minus several 
decibels, as indicated. If such a change occurs, 
both the alarm and control relays will operate, 
but the operation of the alarm relay closes a cir¬ 
cuit through the winding of the “hold” relay. The 
latter in turn causes the C relay to operate, which 
opens the circuit to the telechron motor and thus 
prevents any change in the regulating network 
circuit. At the end of four seconds, the operation 
of the pulse relay restores both the control and 
alarm relays to normal. The hold relay has a re¬ 
lease time of four seconds and if the level change 
still persists, no correction will be made because 
relay C remains operated. If the level change was 
temporary, however, relay C will release after 
four seconds and normal regulation will be re¬ 
sumed. If a level change of sufficient magnitude 
to operate the alarm relay persists for a consider¬ 
able time, the second contact on relay C will cause 
the “alarm delay” relay to operate after a period 
of 25 seconds, which will cause the operation of 
other relays to give visible and audible alarms 
that the circuit needs manual attention. 

29.4 Type-J Carrier Telephone System 

The Type-J carrier telephone system provides 
12 two-way telephone channels on an open wire 
pair using a frequency range from about 36 kc to 
143 kc. As in the Type-C system, operation is on 
an equivalent 4-wire basis with West to East 
transmission employing a frequency band lying 
between 36 and 84 kc, and East to West a band 
lying between 92 and 143 kc. Channel carriers 
are spaced at 4 kc intervals giving an effective 
channel bandwith of well over 3 kc. Four fre¬ 
quency allocations coded NA, NB, SA and SB are 
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available for use in limiting crosstalk where more 
than one J-system is applied to the same line. 
Since the lowest frequency on the line is 36 kc, 
it is possible for a pair of wires to carry both 
a voice-frequency telephone circuit and three 
Type-C carrier telephone channels in addition to 
a J-system, thus providing a total of 16 voice 
circuits. 

Figure 29-8 is a block schematic of the essential 
elements of a West (or South) J-system terminal. 
It will be noted that the principle of operation 
does not differ essentially from that employed in 
Type-C and other carrier systems. Perhaps the 
most striking new feature is the use of more than 
one stage of modulation and demodulation. The 
basic purpose of this is to permit the use of the 
most desirable group of frequencies for the initial 
channel modulation, while at the same time ap¬ 
plying to the line the desired bands of frequencies. 
The twelve carrier channel frequencies employed 
are 64, 68. 72, 76 and so on, up to 108 kc. The 
separation between carrier frequencies is thus 
4000 cycles. 

There are a number of reasons for the selection 
of this group of carrier frequencies for the basic 
“channel bank”. In the first place, it happens that 
high-grade crystal filters can be economically 
built for operation in this general range. Also im¬ 
portant is the fact that the range is high enough 
so that the lowest harmonic of the lowest fre¬ 
quency is above the highest frequency of the 
band. Thus, the second harmonic of 60 kc, which 
is the lowest frequency in the lower side-band of 
the 64 kc carrier, is 120 kc, which is well above 
the top frequency of 108 kc. This obviates the 
possibility of any harmonics that may be gener¬ 
ated in the channel modulators interfering with 
other channels. Finally, a general design and 
manufacturing economy is obtained by using this 
same channel bank for other carrier systems, in¬ 
cluding Types K, L, and N. 

Having modulated the twelve channel carriers 
with voice frequencies and eliminated everything 
but the lower side-bands by means of appropriate 
band filters, the entire group of frequencies—48 
kc in width—is translated by an additional modu¬ 
lation process to the band of frequencies that it 
is desired to transmit over the line. In the case 
of the Type-J system, the range of this final band 
depends upon the direction of transmission since 
transmission in both directions is over the same 
pair of wires. Thus, for the NA frequency allo¬ 
cation, transmission West to East occupies the 

band between 36 and 84 kc, and transmission East 
to West is in the range from 92 to 140 kc. 

Due to the fact that the two frequency bands 
transmitted over the line in the Type-J system 
both overlap the initial 60 to 108 kc band, a direct 
translation is not practicable. Instead, it is neces¬ 
sary to make the translation in two modulation 
stages as indicated in Figure 29-9. It may be ob¬ 
served that for transmission East to West the ini¬ 
tial 60-108 kc band is delivered to the first group 
modulator along with a carrier frequency of 340 
kc. The output of the modulator includes the up¬ 
per 400-448 kc side-band which is selected by the 
transmitting band filter and passed on. through 
the intermediate amplifier, to the second group 
modulator. The carrier frequency applied to this 
modulator is 308 kc and its output therefore in¬ 
cludes a lower side-band of 92-140 kc. The upper 
side-band and other frequencies above the 92-140 
kc band are eliminated by the transmitting low-
pass filter, so that the input currents applied to 
the transmitting amplifier, and thence to the line, 
are in this desired frequency band. The frequency 
translations occurring on the receiving side of 
the circuit are, of course, in the opposite direction 
and may be followed through in a like manner. 
For transmission West to East, the processes are 
exactly similar except that here the carrier fre¬ 
quency applied to the second group modulator in 
the transmitting circuit (and the first group de¬ 
modulator in the receiving circuit) is 484 kc in¬ 
stead of 308 kc. The resultant lower side-band of 
this is 84-36 kc, or, when turned over, the desired 
36-84 kc band which is applied to the line for 
transmission in this direction. 

The copper-oxide modulator and demodulator 
units employed are capable of handling only rela¬ 
tively small amounts of energy, so that the trans¬ 
mission levels at both their inputs and outputs 
are necessarily rather low. As may be seen by re¬ 
ferring to Figure 29-8, the input level to the chan¬ 
nel modulator is —13 db and the input levels at 
the first and second group modulators are consid¬ 
erably lower than this. As the transmitting level 
applied to the line is about +17 and the receiving 
level applied to the voice terminal is +4, this 
means that several amplifiers are required in both 
the transmitting and receiving legs of the circuit. 
All of these amplifiers are of the stabilized nega¬ 
tive feedback type, capable of giving substantial 
gains. The demodulator amplifier (single-stage) 
is adjustable through a plus or minus 5 db range 
by means of a potentiometer mounted in the voice-
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frequency jack panel. This permits convenient 
manual adjustment of the receiving levels when 
the circuits are lined up. 

Since the line losses at the frequencies em¬ 
ployed are relatively high, the Type-J system re¬ 
quires the use of repeaters at considerably closer 
spacings than does the Type-C. Just what this 
spacing must be depends upon the weather condi¬ 
tions prevailing in the territory through which 
the line extends. Sleet, frost, or ice forming on 
the line wires will greatly increase their attenua¬ 
tion, and the repeater spacing should be close 
enough so that there will be sufficient margin to 
take care of the most adverse conditions that may 
reasonably be anticipated. For most of the lines 
where these systems are applied, the average 
spacing is about 50 miles. At the repeater points, 
the transmission in the two directions is sepa¬ 
rated by directional filters and each repeater in¬ 
cludes two line amplifiers, one “pointed” in each 
direction. 

Automatic regulation to compensate for attenu¬ 
ation variations caused by temperature and 
weather changes is accomplished in the J-system 
by means of two pilot channels associated with 

each direction of transmission. One pilot channel 
provides for “flat gain” regulation and the other 
for “slope” regulation. The flat gain pilot chan¬ 
nel frequencies on the line are at 80 kc for W-E 
transmission, and 92 kc for E-W transmission. 
The corresponding slope pilots are at 40 and 143 
kc respectively. It may be noted in Figure 29-8 
that the pilot supply frequencies applied at the in¬ 
put of the first group modulator are indicated at 
64 and 104 kc for W-E transmission. The two sub¬ 
sequent frequency translations, however, change 
these values to 80 and 40 kc respectively when 
they reach the line. On the receiving side, the 
pilot channel voltages are picked-off at the output 
of the auxiliary amplifier, separated by pilot fil¬ 
ters, amplified and rectified. The rectified flat 
gain pilot voltage is fed to a flat control circuit 
of the same type as was shown in Figure 29-7. 
This circuit controls the position of a variable 
flat gain capacitor which in turn determines the 
gain of the flat regulating amplifier. Similarly, the 
rectified slope pilot voltage drives a slope control 
circuit which, through another variable capaci¬ 
tor, controls a slope network and an associated 
slope regulating amplifier. This slope network. 

Fig. 29-9 Frequency Translations in Type-J Carrier Systems 
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with its amplifier, is effectively a variable equal¬ 
izer. It should be noted that the diagram of Fig¬ 
ure 29-8 is for a West terminal and the incoming 
transmission is therefore in an E-W direction. 
The incoming pilot frequencies from the line are 
accordingly 92 kc (flat) and 143 kc (slope), which 
after the two demodulation stages take values of 
60 and 111 kc respectively. The regulating circuit 
arrangement at an East terminal, and the W-E 
amplifiers of repeaters are somewhat different in 
detail design but function according to the same 
general principles. 

For discussion purposes, we will consider only 
the West terminal and the corresponding E-W re¬ 
peater amplifiers where slope and flat gain regu¬ 
lation are controlled by line pilot frequencies of 
143 kc and 92 kc respectively. To understand the 
overall operation, we may assume weather condi¬ 
tions where the line is changing from dry to wet. 
The wet line loss will become higher at all fre¬ 
quencies, but the increase in loss will be greater 
at the higher than at the lower frequencies. The 
flat gain regulator will adjust automatically to 
compensate for the increased loss at 92 kc, but 
there will remain a deficiency of compensation for 
the higher frequencies. The slope regulating cir¬ 
cuit, which is controlled by the high 143 kc pilot 
frequency, will operate to compensate for this de¬ 
ficiency by increasing the gain at 143 kc, and at 

lower frequencies on a gradually decreasing (ap¬ 
proximately straight line) basis. Actually the two 
controls are independent and both actions may 
take place simultaneously, thus at the same time 
increasing the total flat gain of the amplifier and 
changing the slope of the gain-frequency charac¬ 
teristic to compensate for the changed loss-fre¬ 
quency characteristic of the line. 

29.5 Type-K Carrier Telephone System 

Type-K carrier systems provide 12 two-way 
telephone channels over two 19-gage non-loaded 
cable pairs. As shown in Figure 29-10, the termi¬ 
nal channel banks are identical in design with 
those of the Type-J system, spacing the 12 chan¬ 
nels in the 60 to 108 kc band with 4 kc intervals 
between carriers. For transmission over the line, 
however, the techniques employed in the two sys¬ 
tems are necessarily quite different. Because the 
attenuation of non-loaded cable conductors is high 
and of course increases with frequency, it is de¬ 
sirable to keep the maximum line frequency at the 
lowest practicable value. Accordingly, the band 
of frequencies selected for transmission on the 
cable line is that between 12 and 60 kc, which oc¬ 
cupies the comparatively straight-line portion of 
the attenuation-frequency curve just above the 
knee of the curve. By using pairs in separate 



Fig. 29-11 Twist Effect in 100-mile Aerial Cable 
Circuit 

cables for transmission in the two directions, only 
one 48 kc band is required. On this basis, the line 
losses are such as to require the insertion of high-
gain repeaters at intervals averaging about 17 
miles. 

At the system terminals, a single group modu¬ 
lator is used to translate the initial 60 to 108 kc 
band to the 12 to 60 kc band applied to the line. 
This is the inverted lower side-band of a 120 kc 
carrier supplied to the group modulator. After 
passing through the transmitting amplifier, the 
output level applied to the line is +9 db. In the 
same way on the receiving side, the group de¬ 
modulator translates the incoming 12-60 kc band 
back to the 60-108 kc band, which again is the in¬ 
verted lower side-band of the 120 kc carrier. 

Three basic types of amplifiers are used in 
K-systems for counteracting normal line attenua¬ 
tion, and for gain regulation to compensate for 
variations in line attenuation. Such variations in 
cable facilities are due entirely to temperature 
changes, since the insulation of the cable conduc¬ 
tors is not affected by weather conditions. The 
three types of amplifiers are known as terminal 
transmitting amplifiers, line amplifiers and twist 
amplifiers. The latter two types of amplifiers fur¬ 
nish automatic regulation as well as fiat gain. The 
terminal receiving amplifier is a twist amplifier. 

Variations in attenuation of cable facilities due 
to temperature changes may be considered as be¬ 
ing composed of two components. The first of 
these is a “flat loss” variation, which is independ¬ 
ent of frequency. In addition, changing tempera¬ 
tures cause attenuation variations which are not 
exactly the same at all frequencies in the trans¬ 
mitted range. In other words, the shape of the 
attenuation-frequency characteristic of cable facil¬ 
ities may be different at different temperatures. 
This effect is known as “twist”. The curves of 

Figure 29-11 indicate the general magnitude of 
the twist effect for a 100-mile aerial cable circuit 
over the Type-K frequency range, in terms of de¬ 
viations from the loss at 55 F. Compared in mag¬ 
nitude to the flat loss variation resulting from 
temperature changes, the twist variations may 
appear insignificant. Nevertheless, they are too 
large to be allowed to accumulate over a long cir¬ 
cuit. Automatic regulation is accordingly required 
in practice at intervals of about 100 miles in aerial 
cable, and 200 miles in underground cable, to take 
care of the twist effect. Flat gain regulation, in 
contrast, is required at every repeater point to 
take care of the flat loss variation of the adjacent 
17-mile cable section. 

In the original design of K-systems, both flat 
and twist regulation are provided by means of 
pilot wires extending through one repeater section 
for flat gain regulation, and through a twist section 
(several repeater sections) for twist regula¬ 
tion. The loss variations in these pilot wires con¬ 
trol mechanical devices associated with the regu¬ 
lating amplifiers, in a manner similar in principle 
to the voice-frequency regulating circuit discussed 
in Article 28.6. In more recent designs, regula¬ 
tion is secured through pilot channels employing 
frequencies of 12, 28, 56, and 60 kc on the line. 
The 60 kc channel controls the flat gain of the line 
amplifiers while the other three channels control 
the twist amplifiers. Changes in the regulating 
amplifier gains are effected in all cases through 
the use in the feedback circuits of thermistors 
whose resistance is varied by the pilot channel 
currents. 

The thermistor is a circuit element made of a 
number of semi-conducting metallic oxides, which 
have a large negative temperature coefficient. In 
contrast to the usual conducting metals, which 
have small positive temperature coefficients, the 
resistance of a typical thermistor decreases in the 
order of 2.5% per degree Fahrenheit so that its 
resistance is halved for about every 27 F increase 
in its temperature. Several types of thermistors 
are used in K-carrier systems. Physically, these 
take the form of a tiny “bead” of semi-conducting 
material not much larger than a pin-head, or of 
a “disc” of like material about the size of a 5-cent 
coin. The disc type is used as a thermostatic con¬ 
trol device whose resistance is determined by the 
ambient temperature. The bead thermistor may 
be either directly or indirectly heated, but in 
either case is surrounded by a tiny coil of ni¬ 
chrome wire, which is insulated from the bead 
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itself and may be used to vary the temperature 
of the bead and thus change its resistance. Where 
slow action of the thermistor is desired, the bead 
is enclosed in glass to increase the thermal ca¬ 
pacity, and a thin film of gold is deposited on the 
outside of the glass to reduce heat loss by radia¬ 
tion. 

In the line amplifiers of K-systems, a directly 
heated thermistor bead is inserted in series with 
the amplifier negative feedback path as indicated 
in Figure 29-12. A portion of the amplifier out¬ 
put current, whose total value is controlled by the 
60 kc pilot channel, is fed back through this therm¬ 
istor into the amplifier input. If the amplifier 
output tends to decrease below its normal value 
as a result of increased attenuation in the preced¬ 
ing line section, the current through the thermis¬ 
tor will tend to decrease accordingly. This causes 
the thermistor resistance to increase, which re¬ 
duces the total current fed back into the amplifier 
input and thus increases the amplifier gain in 
amount sufficient to compensate for the increased 
line attenuation. 

Figure 29-13 shows how the thermistor resist¬ 
ance varies with the current flowing through it. 
It will be noted that the normal operating range 
of this thermistor is between 1100 and 20,000 
ohms, which corresponds to current values of 1.7 
and .15 ma. In order that the thermistor opera¬ 
tion be uniform and within this operating range, 
the thermistor bead is maintained at a constant 

Fig. 29-13 Characteristic of Flat Gain Regulating 
Thermistor in Line Amplifier 

reference temperature of 160°F by means of an 
auxiliary current through its heater winding. 
This current is supplied from an 8-volt filament 
supply tap, as indicated by Figure 29-12. To avoid 
changes in the bead’s tem]>erature as a result of 
ambient temperature changes, a disc-type therm¬ 
istor is bridged across the heater winding sup-

Fig. 29-12 Type-K Line Amplifier-Regulating 
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ply. The disc is mounted close to and in the same 
container as the bead, but because of its size, its 
temperature is controlled by the surrounding am¬ 
bient temperature and not affected by the temper¬ 
ature of the bead itself. Accordingly, if the am¬ 
bient temperature should increase, the resistance 
of the disc will decrease thus reducing the heater 
current by its increased shunting effect. The 
thermistor circuit is arranged to be relatively slow 
acting (10 to 15 minutes) to correspond to the 
normally slow variation of the line attenuation. 

The design objective of the regulating line am¬ 
plifier is to maintain practically constant total 
output power at each amplifier, regardless of pos¬ 
sible substantial variations in input power. To 
accomplish this objective, it is necessary that the 
same constant power value be supplied to the line 
by the terminal transmitting amplifier. This total 
power output consists of the power of the 60 kc 
pilot channel plus the combined power of the sig¬ 
nal channels. Its value in the K-system is +15 
dbm (15 decibels above 1 milliwatt). The trans¬ 
mitting amplifier accomplishes the double purpose 
of raising the signal currents to a proper level 
for transmission over the line, and of generating 
the 60 kc pilot channel power. The arrangement 
is such that when no signals are being trans¬ 
mitted, the 60 kc output power alone will total 
+ 15 dbm. When signal currents are present, the 
amplitude of the 60 kc oscillations automatically 
decreases to whatever extent is necessary to still 
maintain the total output power at +15 dbm. 
This means that the output of the transmitting 

Type-K Carrier Repeaters at Auxiliary Station 

amplifier, and the gains of the succeeding line 
amplifiers, do not depend upon whether any or all 
of the 12 signal channels are in use. 

The design of this transmitting amplifier-oscil¬ 
lator is shown in simplified form in Figure 29-14. 
It will be noted that there are two distinct feed¬ 
back paths. One of these is a standard negative 
feedback which includes a gain adjusting pad by 
which the amplifier gain may be set at its desired 

Fig. 29-14 Type-K Transmitting Amplifier 
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Fig. 29-15 Schematic of Twist Amplifier 
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value. The other feedback path, which includes a 
resistance lamp having a negative temperature co¬ 
efficient and an oscillator coil, is positive. Oscilla¬ 
tions set up in the 60 kc tuned tank circuit will in¬ 

crease in magnitude until the current flowing in 
the resistance lamp reduces its resistance to a 
point where the loss in the positive feedback path 
is just equal to the amplifier gain. Currents flow-



CHAPTER 30 

C A RRIER SY ST E MS— ( Contin tied ) 

30.1 Type-L Carrier Systems 

Type-L carrier telephone systems are designed 
for application to coaxial conductors. The tele¬ 
phone terminal equipment may also be used on 
microwave radio systems or other mediums capa¬ 
ble of handling an extremely wide range of fre¬ 
quencies. The original system, coded LI, was 
designed to provide 480 two-way telephone chan¬ 
nels over a pair of coaxial conductors, using the 
frequency range between 68 and 2044 kc. Later 
development added 120 more channels for rela¬ 
tively short distance transmission, thus extending 
the frequency range utilized up to 2788 kc. The 
600 voice channels, each 4 kc wide, are placed in 
their line frequency allocations by means of three 
modulation steps in the manner indicated in 
Figure 30-1. The first modulation step places 12 
voice channels in the 60 to 108 kc range to form a 
channel bank identical with the channel banks 
used in the J and K systems, as previously dis¬ 
cussed. In a second step of modulation, five chan¬ 
nel banks are translated to the frequency band 
between 312 and 552 kc. This constitutes a basic 
supergroup of 60 voice channels. The final modu¬ 
lation step translates the supergroups to appro¬ 
priate line frequency positions as shown in Figure 
30-1, which also indicates the carrier frequencies 
used in the group and supergroup modulators. It 
may be noted that supergroup No. 2 does not re¬ 
quire modulation but is placed directly on the line 
in the 312-552 kc position. In practice, of course, 
any number of supergroups up to the total of 10 
may be used, depending upon the total circuit 
requirements. 

Figure 30-2 shows diagrammatically the essen¬ 
tial elements of the Ll terminal. The group and 
supergroup modulators and demodulators employ 
copper-oxide disc varistors in a bridge arrange¬ 
ment. Intermediate amplifiers are included as re¬ 
quired to compensate for the losses caused by the 
filters and hybrid coils, which form a necessary 
part of the total circuit. A group pilot of 92 kc is 
applied at the input of the modulator for each 
group, as indicated in Figure 30-2. On the receiv¬ 
ing end, this pilot frequency is picked off at the 
output of the auxiliary amplifier following the 

group demodulator to provide a rapid means of 
trouble location. It may also be used as a means 
of system lineup and as a convenient check on 
transmission. 
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Transmission over the high frequency line of 
the wide band of frequencies to which the 600 
voice channels of the LI system are translated 
requires the use of many amplifiers and associated 
regulating and equalizing equipment. The general 
arrangement for transmission in one direction is 
shown in block schematic by Figure 30-3. The 
line section illustrated is designated as a “switch¬ 
ing section”. Circuit dropping or branching can¬ 
not occur within a switching section. These sec¬ 
tions, therefore, may extend from one terminal to 
a distant terminal ; or to an intermediate point 
which may or may not be arranged for terminat¬ 
ing some part of the carrier channels, or for con¬ 
necting some or all of them to other transmission 
paths. In the case of .375 coaxial, amplifiers must 
be located along the line at intervals of approxi¬ 
mately 8 miles. Most of these are “auxiliary re¬ 
peaters” which consist only of amplifiers, basic 
equalizers, and associated regulating equipment. 

At intervals usually in the order of about 100 
miles but in no case greater than 165 miles, “main 

repeaters” which include adjustable equalizers as 
well as amplifying, regulating and power supply 
equipment, are provided. These main repeaters 
may be of the switching or non-switching type 
depending on maintenance and overall circuit lay¬ 
out requirements. 

Sixty-cycle a-c power for the operation of aux¬ 
iliary repeaters is fed from terminal and main 
repeater points over a series loop made up of the 
two center conductors of the pair of coaxials used 
for the two directions of transmission. The 60-
cycle currents are separated from the high fre¬ 
quency transmission currents by means of power 
separation filters. Since as many as eleven aux¬ 
iliary repeaters and a terminal or half a main 
repeater must sometimes be so supplied in series, 
the voltage applied at the source may be quite 
high (up to 2000 or more volts) in order to over¬ 
come the resistance drops along the line, and the 
drops in the heater elements of the vacuum tubes 
of the repeaters served. 

As indicated in Figure 30-3, the output of the 

Fig. 30 3 Block Schematic of Ll Carrier Switching Section 
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transmitting terminal is supplied to the terminal 
repeater at a level of — 50 db. It is transmitted to 
both the working line and a spare line by means 
of a hybrid coil. The spare line circuit is not 
shown in the diagram but is identical with that of 
the working line. At the transmitting end of a 
repeater section, a transmitting amplifier of the 
type described in Article 25.2 raises the level to 
— 10 db and applies it to the coaxial line. Aux¬ 
iliary amplifiers along the line counteract the 
losses in each preceding 8-mile section of line, 
bringing the levels up again to 10 db at their 
outputs. At the receiving end of a section, switch¬ 
ing main and terminal repeaters include a basic 
equalizer and receiving amplifier, which serves the 
same purpose as the auxiliary amplifiers, adjust¬ 
able equalizers and one or more fiat gain amplifi¬ 
ers. Non-switching main repeaters are similar 
except that fiat gain amplifiers are not normally 
required. 

At the transmitting hybrid coil, pilot voltages 
are supplied at the four frequencies of 64, 556, 
2064 and 3096 kc. The 2064 kc pilot is used to 
vary the gains of the auxiliary and receiving am¬ 
plifiers to compensate for line attenuation changes 
caused by temperature variations. The regulators 
are of the dynamic type, acting to hold the 2064 
kc pilot power at the output of each regulated 
amplifier at a practically constant value. Their 
design is similar to that of the regulator shown 
in Figure 29-15. The 2064 kc pilot is picked off 
at the output of the amplifier by a selective filter, 
amplified and rectified (in this case by means of 
a vacuum tube). The rectifier output is applied to 
the grid of a 2000-cycle vacuum tube oscillator 
whose output in turn drives the heater element of 
an indirectly heated thermistor inserted in the 
feedback circuit of the amplifier. As in the case 
of regulating circuits previously discussed, the 
design is such that a small change in the pilot in¬ 
put causes a relatively large change in the therm¬ 
istor heating current and, consequently, in the 
amplifier gain. 

Where coaxials are in underground or buried 
cable, it is the general practice to use automatic 
regulation only at every other auxiliary repeater. 
Alternate repeaters are then arranged for man¬ 
ual regulation. Such regulation is also effected by 
means of the thermistor in the amplifier feedback, 
which is indirectly heated by current supplied 
through a manually adjusted potentiometer. In 

effect of ambient temperature changes. 
Because of the very wide band of frequencies 

employed, it is evident that equalization in Type-L 
systems presents a larger problem than in other 
carrier systems. Major equalization is effected, as 
in all other transmission systems, by means of 
fixed equalizers which are inserted at appropriate 
points, although not shown in Figure 30-3. To 
take care of variations in line and apparatus 
transmission characteristics that are functions of 
temperature or frequency, special equalizers, des¬ 
ignated equalizer A in Figure 30-3, are employed 
at main and terminal repeater points, and at 
“equalizing auxiliary stations”. These latter are 
similar to the non-switching main station shown 
in Figure 30-3 except that power supply arrange¬ 
ments are omitted. The equalizers are actually a 
series of networks, each designed to modify the 
shape of the transmission characteristic over a 
partial range of the total frequency band. Some 
of them are manually adjustable and others are 
adjusted automatically under the control of the 
64, 556 and 3096 kc pilots. In the latter cases, 
dynamic regulating circuits similar to that used 
by the 2064 kc pilot, control the resistance of 
thermistors which form a part of the equalizing 
networks. Pilot regulators are omitted at equal¬ 
izing auxiliary stations and manual adjustment of 
the A equalizer at these points is necessary. 

The same kinds of coaxial conductors that are 
used for Type LI carrier transmission are also 
a satisfactory transmission medium for Type L3 
carrier, which operates over a much broader fre¬ 
quency band than LI. The L3 system is capable 
of providing as many as 1860 two-way telephone 
channels in the frequency range between 312 and 
8284 kc. The general method of accomplishing 
this is indicated in Figure 30-4. Ten 60 channel 
supergroups, formed in the same manner as in 
the LI system, are modulated with appropriate 
carriers to form a master group of 600 voice chan¬ 
nels. The first such master group is placed in the 
frequency range between 564 and 3084 kc. A sec¬ 
ond master group of 600 channels, formed in the 
same way, is placed between 3164 and 5684 kc, 
and a third group between 5764 and 8284 kc. In 
addition, a single supergroup may be transmitted 
below master group 1 in the basic supergroup 
range between 312 and 552 kc. 

For application on .375 inch coaxials, the L3 
system requires repeater spacing at 4-mile inter-

this case, a disc-type thermistor is associated with 
the gain control thermistor to compensate for the 

vals instead of the 8-mile intervals of the LI sys¬ 
tem in order to maintain the high-frequency 



energy along the line at workable levels. The 
amplifier design must also be different because of 
the extremely broad frequency band transmitted. 
Each amplifier employs three vacuum tube tet¬ 
rodes and two triodes, all having very high trans¬ 
conductance. These are connected in two separate 
units (input and output), each being a two-stage 
amplifier with its own feedback circuit. The two 
units are connected in tandem through a regulat¬ 
ing network to form the complete amplifier. 

Power for the operation of the many auxiliary 
repeaters in each switching section is supplied 
from main repeater stations in the same way as 
in the LI system. Since the number of interme¬ 
diate repeaters is doubled, however, the maximum 

voltage between the two coaxial center conductors 
may be considerably higher than in the LI system. 

Regulation in L3 systems employs six pilot fre¬ 
quencies at 308, 55G, 2064, 3096, 7266 and 8320 kc. 
The 7266 kc pilot controls amplifier gains compen¬ 
sating for line attenuation changes due to temper¬ 
ature variations. The other five pilots control ad¬ 
justable equalizers at main and terminal repeater 
points. Dynamic regulation under the control of 
the 7266 kc pilot is used, in general, at every other 
auxiliary repeater. The alternate repeaters em¬ 
ploy a method known as thermometer control 
regulation, in which a thermistor, mounted in a 
waterproof container, is buried near the under¬ 
ground coaxial cable to sense variations in ground 
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temperature. This thermistor in turn controls a 
thermistor inserted in the amplifier feedback cir¬ 
cuit. 

30.2 Television Transmission 

Type-L carrier system facilities are used for the 
transmission of television signals as well as for 
multiple channel voice transmission. Transmis¬ 
sion of a television signal necessarily requires the 
employment of a very wide band of frequencies. 
This results from the fact that, television de¬ 
pends upon the repetitive detailed scanning of a 
scene at extremely rapid intervals. Standard 
practice in the United States for black and white 
television calls for 525 horizontal lines for each 
complete scanning of the scene and for 30 com¬ 
plete scans per second, with the reproduced image 
having a width to height ratio of 4 to 3. In prac¬ 
tice, a single complete scan or “frame” is accom¬ 
plished in two steps. In the first step, the scene 
is scanned over the odd-numbered 262-U lines to 
form one “field” : and in the second step, it is 
again scanned over the even 262-1-J lines. This 
procedure, known as interlaced scanning, affects 
the eye of the viewer of the image as if the total 
scene were being reproduced 60 times per second 
instead of 30, and thus minimizes “flicker". 

The scanning sequence is shown in Figure 30-5. 
For each line, the electron beam in the television 
camera and in the cathode-ray receiving tube 
moves horizontally across the image. At the same 
time it moves vertically downward a distance cor¬ 
responding to two lines, under the contrai of the 
sweep circuit voltages applied to the deflecting 

Fig. 30-5 TV Scanning Sequence 

plates or coils of the tubes. The scanning beam is 
blanked out at the completion of each horizontal 
line and returned quickly to the starting point of 
the next line, as indicated by the dotted lines in 
the Figure. The process is repeated until the 
bottom of the image is reached. The beam is then 
blanked out for a longer interval while it is re¬ 

turned to the top of the image for the start of the 
next scanning sequence. The duration of each 
scanning line is 54 microseconds and 9.5 micro¬ 
seconds are allowed for the horizontal retrace of 
the beam. The image is scanned at the rate of 
15,750 lines per second. 

To maintain the exact synchronization between 
the camera and the receiver that is obviously 
necessary, synchronizing pulses generated at the 
image pickup point are applied to the camera tube 
and transmitted to the receiver along with the 
image signals. The synchronizing pulses are su¬ 
perimposed on the signal blanking pulses in such a 
way that they can be “clipped” from the image 
signal and applied to the saw-tooth generators 
which control the deflections of the scanning 
beam. As previously noted, the horizontal syn¬ 
chronizing pulses must recur at the rate of 15,750 
per second and the vertical pulses, which return 
the beam from the bottom to the top of the image, 
must recur at the rate of 60 times per second. 

Figure 30-6 (A) indicates graphically the form 

of the TV signal at the receiver for two scanning 
lines covering a total time of 127.0 microseconds. 
The image signal, which is applied to the control 
electrode (grid) of the picture tube, may vary 
between zero amplitude for “white” and an am¬ 
plitude which effectively blocks the electron beam 
to produce “black” in the image. The synchro-

[ 301 ] 



nizing signals, it may be noted, rise above the black 
level to a region sometimes called “blacker than 
black”. Figure 30-6 (B) illustrates the form of 
the longer vertical synchronizing pulse, which 
extends over a period of 190.5 microseconds. Ver¬ 
tical and horizontal synchronizing pulses are sepa¬ 
rated for application to their proper respective 
deflecting coils by means of a simple RC timing 
circuit which recognizes the large difference in 
their time duration. The vertical pulse is “ser¬ 
rated” as shown so that the horizontal pulses will 
continue during the vertical deflection period to 
avoid the possibility of their falling out of step. 
A series of “equalizing” pulses is included before 
and after the vertical synchronizing pulse to take 
care of the time factors introduced by the fact 
that the first scanning field is completed in the 
middle of a line, and the second at the end of a 
line. 

Considering the transmission of the total tele¬ 
vision signal, it is evident that the indispensable 
synchronizing pulses alone make the signal rather 
complex. The part of the signal carrying the 
image must be much more complex if satisfactory 
image detail (resolution) is to be obtained. Thus 
if a scene is to be analyzed as the horizontal beam 
crosses it in the same detail as is provided by the 
525 line dissection of the image vertically, the 
signal might take 4/3 x 525 or 700 different values 
for each horizontal trace. This would correspond 

white, such as a black and white checkerboard 
pattern, the image signal would tend to take the 
form of a square wave. Accurate transmission in 
sucha case would theoretically involve frequencies 
extending toward infinity. Actually, practical ex¬ 
perience indicates that entirely satisfactory reso¬ 
lution for black and white images is obtained from 
a video signal including frequencies up to a maxi¬ 
mum of about 3 million cycles, although the stand¬ 
ard broadcast TV signal is normally considered 
as 4 million cycles in width. In any event, it is to 
be noted that the lower frequencies are indispen¬ 
sable. Included here are the vital synchronizing 
pulses as well as the major values in the image 
structure. The higher frequencies become increas¬ 
ingly less important as they approach values 
which tend to enhance the detailed accuracy of 
the picture beyond the practical limit of percep¬ 
tion of the normal eye. As might be expected 
also, the major energy content of the signal tends 
to be concentrated in the lower frequencies. 

For transmission over the Type-Ll carrier sys¬ 
tem, the frequency range on the line between 
about 200 and 3100 kc is employed. The lower 
frequency is limited by equalization difficulties and 
the upper by the characteristics of the line re¬ 
peaters. Since the standard video signal begins at 
about 30 cycles and may be considered as extend¬ 
ing upward, in this case, to about 2800 kc, it is 
necessary to translate it by modulation procedures 
to place it in the proper position for transmission 
over the line. This is accomplished by two stages 

to a variation at the rate of 350 cycles per line 
which would mean 350 x 525 x 30 or approxi¬ 
mately 5-1/2 million cycles per second. Further¬ 
more, if the scene being televised was one in which 
there were many transitions between black and 

of modulation, as indicated in Figure 30-7. The 
carrier frequency of the first modulation stage is 
7944.72 kc. A band-pass filter permits the pas-
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Fig. 30-8 Block Schematic of Television Terminal 

sage of the lower side-band, extending from about 
5100 kc up to the carrier frequency, plus a small 
part of the upper side-band, extending from the 
carrier frequency up to about 8100 kc. This latter 
is known as a “vestigial sideband” and is included 
in the passed band to insure first, that there is no 
clipping of the lower side-band ; and second, to re¬ 
inforce the lower frequencies of the signal which, 
as has already been noted, are of vital importance. 
The second modulation stage employs a carrier of 
8256 kc to translate the foregoing main and ves¬ 
tigial sidebands to the range between about 200 
and 3100 kc, with the carrier frequency now ap¬ 
pearing at 311.27 kc. 

A block schematic of the transmitting and re¬ 
ceiving television terminals is given in Figure 
30-8. The first modulator employs a balanced 
vacuum tube circuit to which the 7944.72 kc car¬ 
rier is supplied by a crystal oscillator. The modu¬ 
lator is preceded by a two-stage balanced vacuum 
tube video amplifier, the second stage of which is 
a cathode-follower. The second modulator employs 
balanced vacuum tubes with input and output 
transformers. To maintain transmission flat and 
without delay distortion over the wide frequency 
range, both attenuation and phase equalizing net¬ 
works are required at the transmitting and re¬ 
ceiving terminals. The phase equalizing networks 
are needed principally to compensate for delay 
contributed by the band-pass filters. 

The transmitting terminal also includes a spe¬ 
cial network known as a pre-distorter. As shown 
in Figure 30-9 (A) this inserts a loss in the im¬ 

mediate neighborhood of the carrier frequency 
(311.27 kc) having a maximum value of about 18 
db. The purpose is to reduce the relatively large 
energy values of the low frequencies and thus to 

Fig. 30-9 Characteristics of Predistortfr and Restorer 
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distribute the energy of the television signal ap¬ 
plied to the line more evenly over the entire fre¬ 
quency range. At the receiving terminal, the 
signal is restored to its original form by a restorer 
network whose complementary characteristic is 
shown in Figure 30-9 (B). A three-stage line fre¬ 
quency amplifier raises the signal level to the 
proper value for application to the high-frequency 
line. 

The first apparatus unit in the receiving ter¬ 
minal is a pilot elimination filter which removes 
the 556, 2064 and 3096 kc pilot frequencies used 
for regulation in the Type-Ll carrier system. 
These would naturally cause distortion of the re¬ 
ceived image if permitted to pass through to the 
demodulator. A demodulator, employing a carrier 
frequency of 8256 kc translates the incoming sig¬ 
nal to the frequency range between about 5100 
and 8100 kc. Its output, after passing through a 
band-pass filter, is amplified by a three-stage high-
frequency amplifier having a nominal gain of 
about 31 db and transmitted to a detector-ampli-

Thermistor Assembly Used for Gain Regulation of 
Repeater and Group Amplifier 

Fig. 30-10 Block Schematic of Detector-Amplifier 

fier circuit which reproduces the original video 
signal. The employment of linear detection in¬ 
stead of a second stage of demodulation eliminates 
the difficult problem of supplying a local carrier 
frequency that would have the same frequency 
and the same phase as the carrier at the trans¬ 
mitting terminal. 

As indicated by the block schematic of Figure 
30-10, the detector-amplifier includes an input 
transformer, a germanium varistor bridge detec¬ 
tor, a filter to eliminate the second harmonic of 
the transmitted carrier, and a clamper-amplifier. 
The amplifier proper is of three stages, with the 
third stage including four triodes connected for 
parallel operation. The clamper circuit, which is 
bridged around the amplifier, is a “d-c restorer”. 
The TV signal at the output of the camera con¬ 
sists of a varying direct current which may be 
considered as an alternating current superimposed 
on a single-valued direct current. In passing 
through amplifiers and over the line, the direct-
current component is naturally eliminated. At 
the TV receiver, however, the original varying 
direct current is needed. The clamper circuit re¬ 
stores the d-c component by effectively ground¬ 
ing the grid of the tube of the first stage of the 
amplifier during the horizontal synchronizing 
pulses of the signal. This automatically refers the 
entire signal to a reference base corresponding 
to the maximum synchronizing pulse amplitude. 
In other words, the output signal is held entirely 
above this base line instead of varying above and 
below a central reference. The clamping circuit 
employs two triodes connected as diodes, which 
become conducting during the synchronizing 
pulses that are picked off at the output of the 
amplifier. 

The color television currently standard in the 
United States employs a video signal extending 
from a few cycles to about 4.2 megacycles. This 
is necessary because the color or chrominance in¬ 
formation of the signal is modulated on a subcar¬ 
rier whose frequency is 3.579545 megacycles. 
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Such a frequency band is too broad for transmis¬ 
sion over ordinary LI facilities. Color transmis¬ 
sion in this case requires the use of an additional 
modulation step which effectively shifts the color 
subcarrier down to a value of 2.612 me. This re¬ 
sults in some degradation of the “luminance” or 
black-and-white part of the signal which, how¬ 
ever, has little visible effect in a color picture. 
When a purely black-and-white signal is sent over 
the same line, an automatic switch changes the 
filters so as to permit the signal to occupy the full 
frequency band. 

Transmission of an unmodified color signal is 
well within the capacity of L3 systems. Here, the 
0-4.2 me color signal is modulated with a 4139 kc 
carrier so that it appears on the L3 line as an 
upper sideband extending between the carrier fre¬ 
quency and about 8340 kc. A vestigial lower side¬ 
band extending downward to approximately 3640 
kc is also transmitted. This still leaves room for 
one master group of 600 telephone circuits in the 
564 to 3084 kc band. At the receiving end the 
video signal is restored to its original 0-4200 kc 
band by modulation with the same carrier fre¬ 
quency of 4139 kc. The demodulating carrier is 
generated locally but is controlled by synchroniz¬ 
ing pulses transmitted along with the video signal. 

30.3 Type-N Carrier System 

The Type-N carrier system is designed to 
provide 12 two-way telephone channels on two 
non-loaded pairs of toll or exchange cables over 
distances from as little as 15 or 20 miles up to a 
nominal maximum of 200 miles. It operates on 
a 4-wire basis, and uses different frequency 
ranges on the line for transmission in the two 
directions, thus making possible the use of two 
pairs in the same cable. In order that carrier 
transmission over such short distances might be 
economically feasible, a number of interesting in¬ 
novations have been introduced to keep the cost 
of terminal equipment at a minimum. 

The system employs throughout miniaturized 
equipment components mounted compactly in 
lightweight plug-in unit assemblies providing for 
maximum flexibility and ease of maintenance. 
Devices known as “compandors” are employed in 
the channel units to compress the range of speech 
volume on the line and thus obtain a better signal 
to noise and crosstalk ratio. This eliminates the 
need for special crosstalk balancing and noise 
treatment of the cable pairs. The system uses 

double side-band transmission about carriers 
spaced at 8 kc intervals to give channel band¬ 
widths of about 250 to 3100 cycles. Double side¬ 
band transmission permits the use of relatively 
simple receiving channel band filters, and elimi¬ 
nates the need for transmitting channel band 
filters altogether. The channel carriers are trans¬ 
mitted on the line and serve to control the regula¬ 
tion of repeaters, thus obviating the need of a 
pilot for regulating purposes. A technique known 
as “frequency frogging” is employed whereby the 
frequency groups in each direction of transmis¬ 
sion are transposed and reversed at each repeater 
so that all repeater outputs are always in one fre¬ 
quency band, and all repeater inputs in the other. 
This minimizes the possibility of “interaction 
crosstalk” around the repeaters through parallel¬ 
ing voice-frequency cable pairs. The reversal of 
the channel groups at each repeater provides auto¬ 
matic self-equalization. The N-system also in¬ 
cludes an arrangement for the transmission of 
dial pulses and supervisory signals, in which the 
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Schematic of Type-N Carrier System Fig. 30-12 Block 

signaling equipment is built-in as a component 
part of the terminal channel unit. 

The channel frequency allocations used are in¬ 
dicated in Figure 30-11. The channel modulators 
and demodulators at the terminals use only the 

1 306 

high group of carriers between 168 and 256 kc. 
But either this high group or the low group may 
be placed on the line, depending on the number 
of repeater sections and other factors. It is ac¬ 
cordingly necessary to arrange each group ter-



minai so that it can transmit or receive either 
high-group or low-group frequency bands. The 
four necessary group units are designated HGT, 
LGT, HGR and LGR. A high group transmitting 
unit always works in conjunction with a low 
group receiving unit and vice versa. 

The general layout of the overall system is 
shown in block schematic in Figure 30-12. Here 
at terminal A, the high group is transmitted, and 
the HGT unit consists only of an amplifier and, 
when required, a controlled source of noise which 
may be introduced to over-ride crosstalk that 
might otherwise be heard on unusually quiet cir¬ 
cuits. The incoming transmission at this terminal 
will be in the low group band. The LGR unit must 
therefore include a group modulator employing a 
304 kc carrier to translate the incoming transmis¬ 
sion to the 164-260 kc band before it is amplified 
and transmitted to the 12 channel units. At ter¬ 
minal B, on the other hand, the incoming recep¬ 
tion in this case is in the high-frequency band and 
the receiving unit (HGR) consists only of an am¬ 
plifier. The transmitting unit (LGT) here, how¬ 
ever, includes a group modulator to translate the 
high-frequency band to the 44-140 kc band. 

Repeaters along the carrier line alternate be¬ 
tween “high-low” and “low-high”. Each repeater 
includes two group modulators for making the 
necessary translations from high group to low 
group and vice versa. Each such translation also 
reverses the location of the channels in the group 
bands, as indicated in Figure 30-13. There re¬ 
versals automatically balance out the slope char¬ 

acteristic of two adjacent line sections to give a 
very nearly constant net loss across the 12-chan-
nel group. When there are an even number of line 
repeater sections, equalization is therefore practi¬ 
cally complete. When the total number of sections 
is odd, equalization for the odd section may be 
taken care of by an appropriate equalizer at one 
terminal. The frequency reversals also reduce the 
maximum repeater gain to that required at the 
mean frequency instead of the highest frequency, 
and permit the use of two-stage rather than three-
stage amplifiers. 

With frequency frogging, the repeater spacings 
required for opposite directions of transmission 
are identical, which permits wider spacing than 
would be possible if transmission were in the 
high frequency group over the entire line. Nor¬ 
mal repeater spacing for N-systems on 19-gage 
conductors is about 8 miles but must of course be 
less than that when smaller conductors are used. 
Power for the operation of repeaters can be sup¬ 
plied from a repeater office to an adjacent re¬ 
peater on either side by a simplex connection over 
the line. Such repeaters may be arranged for 
pole mounting in cabinets. All amplifiers used 
in the system employ two stages with stabilized 
feedback. A thermistor is inserted in the feed¬ 
back of the repeater amplifiers and the group 
receiving amplifiers to provide automatic regula¬ 
tion against line temperature variations. The re¬ 
sistance of these thermistors is controlled by 
the total value of the 12 channel carriers, whose 
power is at a much higher level than that of 

the voice currents. All 

Type-N Carrier Unit Subassemblies. Compressor at Leit; Expandor and 
Signaling at Center; Carrier at Right 

thermistors are guarded 
against changes in the 
local ambient tempera¬ 
ture by associated disc¬ 
type thermistors. The 
group modulators are of 
the double-balanced type 
employing copper-oxide 
disc varistors. 

In addition to the com¬ 
pandor and signaling cir¬ 
cuits, which are discussed 
later, the channel units 
include channel modula¬ 
tors and their associated 
oscillators on the trans¬ 
mitting side, and a chan¬ 
nel band filter, regulator, 
and demodulator on the 
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receiving side. The channel modulator is a bridge 
type arrangement of point-contact germanium 
varistors with its carrier supplied from a crystal 
controlled electron-coupled oscillator. In the re¬ 
ceiving side of the circuit, the regulator is a two-
stage amplifier arranged to provide delayed auto¬ 
matic volume control by the application to the 
grid of the input tube of rectified carrier picked 
off at the output of the demodulator. The demodu¬ 
lator is a lattice arrangement of germanium 
varistors, which operates as a linear detector. 

As Figure 30-12 indicates, the compandor con¬ 
sists of two separate devices—a compressor and 
an expandor. Devices of this type have sometimes 
been used for noise reduction in long distance 
radio circuits and in Type-J carrier circuits, but 
are incorporated as an integral part of a system 
for the first time in Type-N carrier. The com¬ 
pressor provides a variable gain, the value of 
which depends upon the strength of the incoming 
voice signal, and the expandor provides a variable 
loss which depends upon the same factor. The 
overall action of the two devices is illustrated in 
Figure 30-14 in terms of the signal levels. From 
this, it may be noted that a signal of +5 dbm is 
applied to the line without modification by the 
compressor. A signal input of —50 dbm, how¬ 
ever, receives 27.5 db gain in the compressor and 

Fig. 30-13 Frequency Translations at Repeaters 

is applied to the line at —22.5 dbm. The expandor 
in turn introduces a loss of 27.5 db to return the 
signal to its original level. At intermediate values 
of input, the compression and expansion is pro¬ 
portionately smaller. For each signal input 

Fig. 30-14 Compandor Action on Signal Levels 
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weaker by 2 db than -}-5 dbm, the compressor in¬ 
troduces 1 db more of gain and the expandor 1 db 
more of loss. In other words, the compression 
ratio is 2 to 1. 

Schematics of the compressor and expandor cir¬ 
cuits are shown in Figure 30-15. The overall gain 
of the compressor circuit is determined by the 
variolosser which precedes the two-stage amplifier. 
This is effectively a resistance pad having two 
shunt arms whose resistance values vary in ac¬ 
cordance with the value of direct current flowing 
through the germanium varistors of which they 
are composed. The direct current is obtained from 
the control circuit, which rectifies a portion of the 
amplifier output voltage. Thus, if the amplifier 
output rises, the direct current in the variolosser 
varistors increases, which increases its attenua¬ 
tion so that the input to the amplifier decreases. 
The design is such that a 2 db change in the vario¬ 
losser input results in only 1 db change in the 
variolosser output. The control circuit contains a 
filter, whose time constants are such that the 
direct current varies in accordance with the syl¬ 
labic envelope of the speech in the amplifier out¬ 
put. The expandor circuit operates on the same 
general principles as the compressor. Its control 
circuit, however, is operated by the input speech 
signal rather than by the output signal. 

The built-in signaling circuits of the N-system 
are designed primarily to handle dial pulse and 
supervisory signals. Ringdown signals at 1000 
cycles and multi-frequency key pulsing signals 
are passed directly over the voice channel. Dial 
pulses and supervisory signals are transmitted by 
turning on and off a 3700 cycle signaling tone 
which is injected at the transmitting terminal 
following the compressor, and removed at the re¬ 
ceiving end before reaching the expandor. The 
3700 cycle tones after modulation appear on the 
line as side frequencies 3700 cycles above and be¬ 
low the channel carrier frequencies. They are 
kept separated from the voice channels, which ex¬ 
tend only up to 3100 cycles, by appropriate low’-
pass and high-pass filters (not shown in Figure 
30-12). 

Figure 30-16 is a schematic of the signaling 
keyer circuit, which is included in each transmit¬ 
ting branch of each channel unit. It includes two 
germanium varistors which act to transmit, or to 
block, the 3700-cycle oscillator output. Thus for 
supervisory signaling, when ground is connected 
to the “M” lead from the trunk, positive potential 
causes current to flow in the varistors in such a 

direction as to make their resistance low’ and 
permit the transmission of signal tone to the chan¬ 
nel modulator. In the off-hook condition, on the 
other hand, the negative potential from the —48 
volt battery is controlling. This causes the varis¬ 
tors to have high resistance, blocking the trans¬ 
mission of the signal tone. 

On the receiving side, the 3700-cycle tone is 
picked off after the channel demodulator and ap¬ 
plied to the signaling receiver circuit shown 

Type-N Channel Units—Front View 
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Fig. 30-15 Compandor Schematics 

schematically in Figure 30-17. After selection by 
the band-pass filter, the 3700-cycle signal is am¬ 
plified and applied to a limiter-multivibrator that 
transforms the sine wave signal, which may vary 
somewhat in amplitude, into a square wave signal 
of constant amplitude. This reshaping of the sig¬ 
nal wave prevents the time-delay circuit, which 

follows, from introducing pulse width distortion 
that might cause erroneous registration of dial 
pulses. The output of the limiter-multivibrator 
is fed through an impedance-matching cathode¬ 
follower to a voltage-doubling rectifier whose out¬ 
put is connected through a delay network to the 
grid of a “d-c amplifier”. The time constant of 
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the delay network is such as to make the overall 
response time of the circuit 15 to 20 milliseconds, 
which prevents short noise bursts or other tran¬ 
sients from causing false operation. The plate 
circuit of the d-c amplifier is connected to the 
operating winding of a mercury-contact polarized 
relay, which in operating disconnects ground from 
the “E” lead to the switchboard trunk. When no 
3700-cycle tone is being received, the d-c amplifier 
tube is biased by —40 volts, no plate current 
flows, and the pulse-relay is held in its non-oper-
ated position by the current in its biasing wind¬ 
ing. When 3700-cycle tone is present, the rectifier 
output voltage overcomes the tube bias permitting 
the flow of a large plate current. This operates 
the pulse-relay and removes ground from the “E” 
lead. 

30.4 Types O and ON Carrier Systems 

The Type-0 carrier system was designed to pro¬ 
vide relatively short-haul carrier channels over 
open wire conductors. It makes use of miniatur¬ 
ized equipment and many of the other features of 
the Type-N system including compandors, fre¬ 
quency-frogging and built-in 3700 cycle signaling. 
The system is capable of providing a maximum 

Transmitting 
or Receiving 

Low Group Unit Keyer 
Transformer 

+ On Hook 

- Off Hook 

+ 130 V 

Manual or 
Dial Trunk 

Fig. 30-10 Signaling Keyer Circuit 

of 16 two-way voice channels on one pair of wires, 
occupying a frequency range extending from 2 to 
156 kilocycles. Actually, the channels are ar¬ 
ranged in four 4-channel groups designated OA, 
OB, OC, and 01). Any one or more of these groups 
may be separately employed to obtain additional 
circuits as required in integer multiples of four 

"E"Lead 
to Switchboard 

Fig. 3017 Signaling Receiver Circuit 
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Fig. 30-18 Type-OBI Carrier Frequency Translations 

up to the maximum of 16. The line frequencies 
employed are as follows : 

Type Low Group 

OA 2-18 kc 
OB 40-56 
OC 80-96 
OD 120-136 

High Group 

20-36 kc 
60-76 

100-116 
140-156 

As in the N-system, terminals are arranged to 
transmit either a low or high group of frequencies, 
and to receive the corresponding opposites. Re¬ 

peaters, which are spaced at intervals of 40 to 50 
db, are also arranged alternately for low-high or 
high-low transmission. Unlike the N-system, how¬ 
ever, single side-band transmission is used in 
order to conserve frequency space. Here one voice 
channel and a carrier are supplied to a modulator 
from whose output everything but one sideband 
is filtered out. At the same time, another channel 
is modulated on the same carrier frequency and 
only the opposite sideband is retained. The car¬ 
rier frequency is thus suppressed entirely but it 
is separately reinserted at a predetermined am¬ 
plitude for transmission over the line along with 
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the two sidebands. In this way, only two carriers, 
spaced 8 kc apart, are required for four voice 
channels. The same two carriers, 192 and 184 kc, 
serve for the initial modulation of all of the four-
channel groups (i.e., OA, OB, etc.). For trans¬ 
mission over the line, a further modulation step 
is required to place each voice channel in its ap¬ 
propriate frequency allocation. Thus. Figure 
30-18 shows the frequency translations employed 
in the terminal channel and group modulators and 
at the repeaters for OB transmission. Different 
carrier frequencies must of course be used in the 
group modulators and repeaters of the other four-
channel groups to obtain the respective line fre¬ 
quencies given in the table above. 

In all cases, the two carriers of each system are 
transmitted over the line, where their combined 
power is used for regulation of the amplifiers at 
repeaters and group receiving stations to correct 
for line attenuation variations. Regulation is ac¬ 
complished by means of a type of automatic vol¬ 

ume control in which a part of the output of the 
line amplifier following the modulator is picked 
off and amplified in a “control amplifier’’, rectified 
and fed back to the input of a regulating amplifier 
that precedes the modulator. A block schematic of 
the arrangement of a repeater is given in Figure 
30-19. Other units employed in the O-system are 
practically identical with their counterparts in 
the N-system. which have already been discussed. 

There are many situations in practice where it 
is desirable to operate over open wire and cable 
facilities in tandem. For this purpose, a system 
known as Type-ON carrier was developed. This 
system provides for converting Type-0 channel 
groups in such a way that they may be transmitted 
over an N line. Any five 4-channel O groups trans¬ 
mitting in one direction are converted to five ON 
groups and applied to the N cable pair transmit¬ 
ting in that direction. Each of the five O groups 
may be from an OA, OB, OC, or 01) system, either 
high group or low group. The corresponding five 

Fig. 30-19 Block Schematic of Type-OBI Repeater 
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groups transmitting in the opposite direction are 
likewise converted to ON groups and connected 
to an N cable pair transmitting in the reverse 
direction. To accomplish this, each of the ten 0 
groups is first translated to the basic ON 4-chan-
nel group frequency of 180-196 kc, and then by a 
second modulation placed in its allotted frequency 
space on the N line. The five groups transmitting 
in one direction are thus stacked in the band be¬ 
tween 36 and 132 kc while the opposite groups 

occupy the range between 172 and 268 kc. 
Although the ON system was designed pri¬ 

marily to permit direct interconnection between 
0 and N systems, it may also be applied to cable 
facilities alone in place of N-carrier. Because it 
employs single instead of double side-band trans¬ 
mission, it permits the derivation of 24 circuits 
within the same total frequency band that pro¬ 
vides 12 circuits in the N-system. 
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CHAPTER 31 

RADIO SYSTEMS 

31.1 Types of Radio Systems 

The essential elements of any radio system are 
(1) a transmitter for modulating a high-frequency 
carrier wave with the signal, (2) a transmit¬ 
ting antenna that will radiate a maximum amount 
of the energy of the modulated carrier wave, (3) 
a receiving antenna that will intercept a maxi-

Fa;. 31-1 Radio Frequency Spectrum 

mum amount of the radiated energy after its 
transmission through space, and (4) a receiver 
to select the carrier wave and detect or separate 
the signal from the carrier. Although the basic 
principles are the same in all cases, there are 
many different designs of radio systems. These 
differences depend upon the types of signal to be 
transmitted, the distances involved, and various 
other factors, including particularly the part of 
the frequency spectrum in which transmission is 
to be effected. 

Figure 31-1 is a chart of the radio spectrum 
indicating at the left the commonly accepted clas¬ 
sification of radio frequency ranges; and showing 
at the right the more important frequency ranges 
of special interest in current telephone practice. 
It will be noted that telephone practice makes use 
of some part of nearly all of the major frequency 
ranges. It must accordingly employ a correspond¬ 
ing variety of types of radio facility. It is not 
practicable or desirable to attempt to describe all 
of these in this book, and what follows will there¬ 
fore be limited to a brief general discussion of 
principles applicable to all radio systems, with a 
few examples of specific facilities. 

Fig. 31-2 AM Radio Transmitter-High-level 
Modulation 

31.2 Radio Transmitters 

The principal components of a typical ampli¬ 
tude-modulated radio transmitter, such as might 
be used in radio broadcasting or for relatively 
low-powered point-to-poini transmission, are in¬ 
dicated in the block diagram of Figure 31-2. Here 
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the amplified input signal plate-modulates the 
carrier in the output circuit of a Class ( power 
amplifier which represents the final stage in a 
chain of amplifiers that increases the power of the 

Fig. 31-3 AM Radio Transmitter-Low-level Modulation 

carrier to an appropriate value for application to 
the antenna. 

Another common design of transmitter tor rela¬ 
tively low power work applies the signal to the 
plate circuit of an intermediate modulating am¬ 
plifier, as indicated in Figure 31-3. As compared 
with the arrangement of Figure 31-2, this has 
the advantage of requiring less amplification of 
the audio signal to secure full modulation. On the 
other hand, it necessitates the use of a linear 
amplifier in the final power stage instead of the 
more efficient Class C amplifier that may be used 
when the modulating signal is applied to the final 
power stage as in Figure 31-2. 

For very long distance point-to-point radio tele¬ 
phone circuits, such as those used in transoceanic 
service, transmitter design is naturally somewhat 
more elaborate. Figure 31-4 is a block schematic 
showing the major components of a transmitter 
(coded LD-T2) used in the Bell System for multi¬ 
channel single-sideband transmission in the 4 to 
28 megacycle range. As may be seen, this trans¬ 
mitter employs a triple modulation system fol¬ 
lowed by a six-stage linear amplifier. It is ar¬ 
ranged to accept two independent voice-frequency 
bands, each extending from 100 to 6000 cycles. 
These bands are broad enough to permit super-
imposing two separate voice channels on each by 
appropriate carrier methods. The two band 
groups are transmitted as the upper and lower 
side-bands of a single carrier frequency, thus pro¬ 
viding a total of four telephone circuits on one 
radio channel. The carrier itself is also trans¬ 
mitted at reduced volume for automatic frequency 
control and automatic volume control at the re¬ 
ceiver. 

As Figure 31-4 indicates, the two voice-fre¬ 
quency bands are applied separately to two low-
frequency modulators, together with a 100 kc 
carrier. Band-pass filters following the LF modu¬ 
lators select two side-bands, the upper of which 
extends from 100.1 to 106 kc, and the lower from 
99.9 to 94 kc. The carrier is at this point elimi¬ 
nated. The two side-bands are combined in a hy¬ 
brid and applied to a two-stage amplifier at the 
output of which the 100 kc carrier is re-supplied 

Fig. 31-4 LD-T2 Radio Transmitter 
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The final frequency conversion takes 
place in the high-frequency modulator 
where the signal centered about 2800 kc 
modulates a conversion frequency, which 
may have any one of a number of values 
ranging between 6.8 and 20.2 mega¬ 
cycles. These frequencies are supplied 
by an oscillator circuit whose output 
frequency is determined by the control¬ 
ling crystal that is connected into the 
circuit. The transmitter is equipped 
with a set of crystals which provide ten 
different frequencies. After final mod¬ 
ulation, the signal wave is applied to a 
six-stage linear amplifier which is capa¬ 
ble of delivering a peak power of 4 kw. 
The first four stages of the amplifier 
employ pentodes, the fifth stage tet¬ 
rodes, and the final stage a 2.5 kw air¬ 
cooled triode operating with grounded 
grid. 

As was pointed out earlier, there are 
a number of different types of circuits 
in use for frequency modulating a radio 
carrier wave. Figure 31-5 indicates in 
block schematic the arrangement of an 
F M transmitter in which modulation is 

LD-T2 Radio Transmitter (Front View) 

at reduced volume. A second, medium-frequency 
modulator stage translates the total signal to an 
intermediate frequency range extending from 
2794 to 2806 kc, which is the upper side-band of a 
2700 kc conversion frequency. The original 100 
kc carrier is now at 2800 kc. Precision of signal 
range is secured by a series of four 2794 to 2806 
kc band-pass filters working in tandem with three 
medium-frequency amplifiers. 

effected by means of a reactance tube 
circuit. Because FM radio (voice) 
transmission is generally in the very 

high-frequency range, it is necessary to use fre¬ 
quency multiplying circuits to bring the basic 
frequency generated by the master oscillator up 
to the desired value. The oscillator usually oper¬ 
ates in the neighborhood of 5 me, and its output 
frequency must be multiplied by factors in the 
order of 10 to 20 to reach the frequencies pre¬ 
scribed for FM transmission. Two or three fre¬ 
quency-multiplication stages are usually employed 

Fig. 31-5 FM Transmitter Using Reactance Tube 
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Fig. 31-6 TRF Radio Receiver 

for this purpose. 
In order to maintain the carrier frequency at 

a fixed value, the reactance tube type of transmit¬ 
ter requires the use of an automatic frequency 
control arrangement as shown in the lower part of 
Figure 31-5. This includes a crystal-controlled 
oscillator of highly stable frequency. A portion of 
the modulated carrier is picked off and compared 
in a mixer (modulator) circuit with the output 
of the crystal oscillator. The difference between 
the two frequencies, if any, is fed to a discrimina¬ 
tor, the output of which, after rectification, is 
applied to the grid of the reactance tube. The 
polarity of this rectified output will be such as to 
hold the mean frequency of the master oscillator 
effectively constant under the control of the crys¬ 
tal oscillator. 

31.3 Radio Receivers 

The radio signals that are picked up by the an¬ 
tenna of a radio receiver are usually very weak so 
that the receiver circuit must ordinarily include 
one or more amplifiers. Figure 31-6 is a block 
schematic of a tuned radio-frequency (TRF) re¬ 
ceiver for amplitude-modulated signals. With this 
arrangement, the r-f signal taken from the an¬ 
tenna passes through from one to three or more 
stages of amplification before reaching the detec¬ 
tor. Associated with the input of each amplifier 

(Front) (Rear) 

LD-R1 Radio Receiver 

is a tank circuit which can be tuned by a variable 
capacitor to the frequency of the desired incom¬ 
ing signal. After detection, one or more stages of 

audio amplification are employed to bring the de¬ 
tected signal up to the strength required to oper¬ 

ate the loud-speaker or 
other sound-reproducing 

Fig. 31-7 Superheterodyne Radio Receiver 

device. TRF receivers, 
while once in general use, 
are used at the present 
time only on a limited 
basis, chiefly because of 
the difficulty of securing 
sufficiently sharp selec¬ 
tivity with respect to ad¬ 
jacent channels. 
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The vast majority of modern receivers are of 
the “superheterodyne” type illustrated in block 
schematic in Figure 31-7. Here, before detection, 
the r-f signal is converted by a modulation process 
to a fixed intermediate frequency value in which 
most of the required amplification takes place. 
The incoming signal is selected by a variable tuned 
circuit, which in some cases may include one am¬ 
plification stage. A local oscillator, which supplies 
the mixer or demodulator (also sometimes called 
a converter or first detector), is tuned simultane¬ 
ously with the signal selecting tuner so that the 
frequency of the mixer output, which is the dif¬ 
ference between the frequencies of the oscillator 
and the incoming carrier, is always the same. The 
intermediate frequency amplifier circuits, accord¬ 
ingly, require no adjustment and may employ 
coupled circuits double-tuned to a single constant 
frequency. Radio broadcast receivers are usually 
designed for an intermediate frequency value of 
about 450 kc. Figure 31-7 indicates a local oscil¬ 
lator separate from the mixer circuit, but in most 
broadcast receivers a single multi-grid tube known 
as a “pentagrid converter” performs both the 
oscillator and mixer functions. 

The superheterodyne receiver, although its ad¬ 
vantages are sufficient to warrant its general use, 
has some inherent capacity to produce spurious 
responses under certain conditions. One of the 
major sources of such undesired responses is the 
possible presence at the antenna of a signal whose 

Single Sideband Overseas Radio Receivers 

value is the “image frequency” of the tuned-in sig¬ 
nal. The frequency of the image signal is greater 
than the frequency to which the receiver is tuned 
by twice the value of the intermediate frequency 

Audio 

Fig. 31-8 LD-R1 Single Sideband Radio Receiver 
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Fig. 31-9 Frequency-Modulation Receiver 

if, as is normally the case, the local oscillator is 
operating at a higher frequency than that of the 
desired signal. Such an image signal will mix 
with the oscillator frequency to produce a differ¬ 
ence frequency that is exactly equal to the inter¬ 
mediate frequency. Thus, both signals would be 
amplified in the IF section and appear simul¬ 
taneously in the receiver output. 

Receiver response to image signals can only be 
avoided by blocking the image in the selecting 
circuits that precede the mixer. This is facilitated 
by the use of an intermediate frequency which 
will cause the image of the desired signal fre¬ 
quency to lie at a considerable distance in the 
frequency band from the desired frequency. For 
example, if the intermediate frequency is 450 kc, 

and the receiver is tuned to a signal carrier at 
800 kc, the oscillator frequency must be 1250 kc. 
With this oscillator frequency, the image signal 
that would produce a 450 kc intermediate fre¬ 
quency would be 1250 kc plus 450 kc or 1700 kc. 
This is sufficiently removed from the 800 kc signal 
so that little, if any, is likely to pass through the 
tuned selecting circuit to reach the mixer. 

For reception of long distance point-to-point 
signals, as in transoceanic service, a more elabo¬ 
rate receiver employing two intermediate frequen¬ 
cies is often used. This arrangement is sometimes 
known as a triple-detection receiver. The first 
intermediate frequency has a relatively high value 
to permit maximum image suppression, and the 
second intermediate frequency is comparatively 

low to provide high ad¬ 
jacent channel selectiv¬ 
ity-

The Bell System sin¬ 
gle-sideband receiver 
coded LD-R1, which is 
shown in block sche¬ 
matic in Figure 31-8, is 
of this general type. 
This receiver operates 
in the frequency range 
from 4 to 28 me. After 
the first demodulation, 
the signal is centered 
around an IF of 2800 
kc, a frequency high 
enough to give good 
suppression of the im¬ 
age 5600 kc away from 
the desired signal. The 
band-pass filters on each 
side of the amplifier 
have high rejection 
characteristics for fre-

Overseas HF1 Radio Transmitters quencies 200 kc below 
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2800 kc in order to avoid the possible transmis¬ 
sion of a second image frequency into the 100 kc 
section of the circuit. 

The second demodulator, which is supplied from 
a 2700 kc oscillator, translates the signal into the 
100 kc range, a band-pass filter selecting frequen¬ 
cies between 94 and 106 kc. The main four-stage 
amplifier delivers the signal through a hybrid to 
two band-pass filters which select the upper and 
lower side-bands of the 100 kc carrier. Each side¬ 
band group is then converted to voice frequencies 
by a balanced copper-oxide demodulator supplied 
with 100 kc from a local oscillator. Each group 
is sufficiently wide to provide for two telephone 
channels, as in the case of the comparable trans¬ 
mitter previously discussed. 

The pre-detection stages of receivers for FM 
signals are generally the same as those of AM 
receivers. As shown in Figure 31-9, however, de¬ 
tection in this case is effected by means of limit¬ 
ing and discriminating circuits. For best results, 
IF amplification should be great enough to raise 
all peaks of the signal above the cut-off point of 
the limiter. This will automatically eliminate any 
amplitude variations that may be present so that 
the signal at the output of the limiter will have a 
uniform fixed amplitude and will vary only in fre¬ 
quency. By eliminating amplitude variations, 
noise and unwanted energy which are the chief 
causes of such variations are minimized. The dis¬ 
criminator converts the constant amplitude fre¬ 
quency-variations into an audio-frequency signal, 
as described in Article 26.3, which is then ampli¬ 
fied in the usual manner. 

31.4 Antennas 

The effectiveness of a transmitting antenna is 
measured by its ability to convert a maximum 
amount of the power developed by a radio trans¬ 
mitter into radiant energy in the form of electro¬ 
magnetic waves, which will be transmitted in such 
a direction as to produce maximum field strength 
at the receiver. In point-to-point transmission, 
and to some extent in broadcast transmission, the 
factor of major importance is usually the degree 
of directivity or antenna gain (Article 17.4) that 
can be secured. Transmitting and receiving an¬ 
tennas are sometimes alike but there are many 
situations where economic considerations and 
other factors require quite different designs for 
the two conditions. 

There are many different antenna designs and 

arrangements in practical use in radio work. The 
various designs may be grouped into a limited 
number of major types, however, in which the 
controlling design factors are the frequency range 
in which the antenna is to operate and the degree 
of directivity desired. In general, antenna effec¬ 
tiveness can be more economically increased as 
the frequency of the radio wave is increased. 

Fig. 31-10 Radiation Pattern of Half-wave Vertical 
Antenna 

Transmitting antennas for medium radio fre¬ 
quencies quite commonly employ a simple vertical 
radiator which may consist of a single wire or a 
slender steel tower. Such radiators are tuned to 
resonance for the carrier frequency to be trans¬ 
mitted by making their total height equal to an 
appropriate fraction of the carrier wavelength; 
or, if the wavelength is too long to make this 
practicable, by adding lumped reactance in series 
with the radiator at its top (capacitive) or base 
(inductive). In either case, the antenna when 
energized at its resonant frequency, behaves like 
a resonant transmission line with a standing wave 
of current extending along the conductor. 

The typical radio broadcast antenna is a steel 
tower slightly more than one-half wavelength in 
height and effectively grounded at its base where 
the energy is applied. The vertical radiation pat¬ 
tern of such an antenna is shown in Figure 31-10, 
where the lobes indicate the relative field strengths 
radiated in various directions. The Figure of 
course represents the pattern of a single vertical 
plane through the antenna and the total pattern 
would be represented by rotating this plane 
through 360° about the antenna. This antenna, 
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accordingly, radiates with equal strength in all 
horizontal directions but concentrates the field 
along the horizontal, with relatively low radiation 
upward at high angles. Both of these features are 
generally desirable for ordinary broadcasting 
purposes. Where, as may be the case even in 
broadcasting work, some directivity in azimuth 
(horizontal) is desired, one or more additional 
radiators may be employed. The geometrical ar¬ 
rangement and spacing of the additional radiators 
and the phase relationships of the currents with 
which they are driven will determine the direction 
of maximum radiation. 

Tn the high-frequency range (3 to 30 me) ex¬ 
tensive use is made of “long-wire” antennas for 
point-to-point transmission. A single horizontal 
conductor mounted a half-wavelength or more 
above the ground is directional along the axis of 
the wire when the wire is several wavelengths 
long. Thus, Figure 31-11 shows the radiation pat¬ 
tern of an isolated resonant wire of length 5X. 
While the pattern includes numerous minor 
“spurious” lobes, the axes of the major lobes are 
at relatively small angles to the antenna, and 

Fig. 31-11 Radiation Pattern of Long-wire Antenna 
of Length 5a 

these angles decrease with increasing antenna 
length. If the antenna is open at both ends and 
resonant, the net directional pattern extends 
equally in both directions. Where maximum ra¬ 
diation in only one direction is desired, the long-
wire antenna may be terminated at one end in its 
characteristic impedance so as to be non-resonant. 
The radiation will then be largely concentrated in 
one direction, as indicated in Figure 31-12, where 
the driven end of the antenna is at the left and 
the terminated end at the right. 

Combinations of long wires in appropriate geo¬ 
metrical arrangements are commonly used in long 
distance point-to-point practice for both transmit¬ 
ting and receiving antennas. One of the most ef¬ 
fective such arrangements is the rhombic antenna 
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Fig. 31-12 Radiation Pattern of Non-Resonant 
Long-wire Antenna 

illustrated in Figure 31-13. This, as shown, con¬ 
sists of four wires arranged in a diamond or 
rhomboid pattern terminated in a resistance R 
which makes the system non-resonant. Each of 
the four wires is from two to four wavelengths 
long, and each sets up an individual radiation 
pattern, as indicated in the drawing. When the 
“tilt-angle” </> is properly chosen, four of the major 
radiation lobes point in the direction of the main 
axis of the rhombus while the other four major 
lobes tend in part to cancel each other out. The 
rhombic antenna operates satisfactorily over a 
wide frequency range because its impedance has 
a constant resistive value. This is of great im¬ 
portance in short-wave radio transmission over 
long distances where it is frequently necessary to 
change the frequency to obtain satisfactory trans¬ 
mission under changing radio propagation condi¬ 
tions. Rhombic antennas of identical design are 
used for both transmitting and receiving. A num¬ 
ber of separate rhombics may be used, however, 
for “diversity reception” in which the energy re¬ 
ceived from several appropriately located anten¬ 
nas is combined to drive a single receiver. 

For radio transmission in the very high and 
ultrahigh-frequency ranges, the basic form of an¬ 
tenna is a half-wavelength resonant wire com¬ 
monly known as a half-wave dipole. The radiation 
pattern for this simple antenna, when isolated in 

Fig. 31-13 Rhombic Antenna Showing Radiation 
Patterns 



space, is indicated in Figure 31-14. If the antenna 
is placed vertically, radiation strength is maxi¬ 
mum along the horizontal and is equal in all direc¬ 
tions. If the radiator is parallel to the ground, on 
the other hand, the field varies with azimuth and 
is zero in the direction of the wire axis. The 
vertical pattern is largely determined by the 
height of the antenna above the ground. 

Increased directivity can be obtained by the use 
of arrays of half-wave antennas properly spaced 
and phased. One relatively simple arrangement 
employs one or more “parasitic antennas” in con¬ 
junction with a driven half-wave radiator. If 
maximum radiation in a particular direction is 
desired, a wire of such length as to be resonant at 
a frequency somewhat lower than the transmitted 
frequency, placed parallel to and at a distance 

radio applications, a vertical half-wave radiator 
may be employed to develop vertically polarized 
waves. This is the so called “flag-pole” type of 
antenna. Horizontally polarized omnidirectional 

Fig. 31-14 Radiation Pattern of Isolated Half-wave 
Antenna 

about 1/10 wavelength away from the driven an¬ 
tenna on the side opposite to the preferred direc¬ 
tion of radiation, will act as a reflector. This 
parasitic reflector is not directly driven but the 
currents induced in it by the driven antenna set 
up a radiated field which combines with that of 
the driven antenna to produce a net field in the 
desired forward direction. Directivity may be 
further enhanced by using one or more additional 
parasitic wires in front of the driven antenna and 
spaced in tandem in the direction of transmission 
at separations of about .IX. These wires are made 
of such length as to be resonant at a frequency 
higher than the transmitted frequency and act as 
“directors” to further concentrate the field in the 
desired direction. 

When no directivity in the horizontal direction 
is desired, as in most broadcasting and mobile 

waves are usually produced by antennas employ¬ 
ing the “turnstile” principle. As indicated in Fig¬ 
ure 31-15, the basic turnstile antenna consists 
simply of two half-wave resonant wire radiators 
placed crosswise at right angles to each other in 
the same plane. When the two radiators are ex¬ 
cited by equal currents 90° out of phase with each 
other, the directional radiation pattern in the 
horizontal plane is roughly circular. Antennas of 
this type are advantageous in that they can be 
stacked vertically at half-wavelength intervals 
to increase horizontal radiation. They are used 
extensively with TV broadcast transmitters. The 
TV signal, however, is a very broad one (6 me) 
and it is necessary that the antenna be able to 
operate over this broad frequency range. The 
broad-banding effect required is obtained by mak¬ 
ing the antenna itself thick so as to increase the 
effective diameter of the radiator. This may be 
accomplished by employing for the arms of the 
dipoles such structures as hollow cylinders, cones 
or cigar-shaped spheroids. 

Radiation of electomagnetic energy in the 
superhigh-frequency range involves principles and 
methods that are analogous to, if not identical 
with, those of light transmission. Antennas used 
at these frequencies may be grouped under the 
general designation of aperture radiators. Their 
basic function is to transform the spherical wave¬ 
front, which is normally developed from a point 
source of radiation, to a plane wavefront. To the 
extent that this is accomplished, the radiated en¬ 
ergy may be projected in a very narrow beam in 
the desired direction. In microwave practice, an-
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tenna gains in the order of 30 to 40 db are com¬ 
monly obtained. 

One method of obtaining a directive plane wave¬ 
front employs the optical technique of a parabolic 
reflector comparable to that of the ordinary 
searchlight. The geometrical characteristics of 
the parabola are such that waves emanating from 
a point source at the focus will be reflected in 
parallel straight lines that wdl all reach the plane 
of the mouth of the parabola at the same time. It, 
as illustrated in Figure 31-16, an auxiliary reflect¬ 
ing surface is placed in front of the energy source 
to prevent any direct radiation, all of the energy 
will be reflected from the paraboloid and will ap¬ 
pear as a plane wave across its mouth. Since, as 
has already been pointed out, electromagnetic en¬ 
ergy can escape directly from the open end of a 
waveguide, the same effect can be produced by 
means of a waveguide leading to the focal point 
of the parabola with its open end turned back to 
direct escaping energy toward the reflecting sur¬ 
face, as illustrated in Figure 31-17. 

A plane wavefront across an aperture may also 
be attained by simply flaring out the end of a 
waveguide to form a long horn in which the fields 
in the guide can expand gradually to produce a 

uniform field across the mouth of the horn. To 
accomplish this result, however, the flare angle of 
the horn must be small and an aperture compara¬ 
ble in size to that of the parabolic reflector could 
only be reached with a horn that would be too 
long to be practicable. One method of overcoming 
this difficulty, which has been applied extensively 
in the Bell System's TD-2 radio relay systems 
operating in the 4000 me range, is the delay lens 
antenna. This consists of a comparatively short 
horn having a high flareangle but with a “lens” 
across its mouth that acts like an optical lens to 
produce a plane wavefront. This device is illus¬ 
trated in Figure 31-18. As indicated there, the 
lens cross-section is of plano-convex form and is 

placed at the mouth of a pyramid-shaped horn 
in a housing 10 feet square and 3 feet deep. The 
effect of the lens is much the same as that of a 
plano-convex lens on the transmission of light. 
Superhigh-frequency radio waves coming from 
the waveguide connected to the rear of the horn 
diverge, as indicated by the arrowed broken lines, 
to form a spherical wavefront. When they reach 
the lens, however, the velocity of the rays near the 
center is decreased enough by the thicker lens 
structure at that point to cause delay equal to the 
time required for the outer rays to traverse their 
geometrically longer path. All of the rays accord¬ 
ingly reach the front of the lens at the same time 
and proceed in the parallel paths of a plane wave-
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front. The entire lens is tilted back slightly, as 
shown in the Figure. This is done to prevent any 
energy that might be reflected from the face of 
the lens from being focused back to the wave¬ 
guide outlet. Although its behavior is very similar 
to that of a glass lens with respect to light waves, 
this lens is made up of a large number of thin 
aluminum strips, each cut in the proper shape to 
form the overall plano-convex contour indicated 
in the drawing. The strips, which are mounted in 
slabs of foamed polystyrene, are parallel to each 
other and separated at a uniform, specified dis¬ 
tance. The separation distance must have a cer¬ 
tain relationship to the radio wavelength for the 
antenna to function, which means that a given 
design of this antenna is effective only over a 
limited frequency range. Also to be noted is the 
fact that the antenna will transmit only waves 

Radio Relay Station Equipped with both Horn-reflec¬ 
tor and Delay-lens Antennas 

Fig. 31-19 Horn-Reflector Antenna 

that are polarized in the same direction as the 
parallel metal strips. Within these limitations, 
however, it has a gain of up to 45 db. 

Somewhat more versatile is the horn-reflector 
antenna illustrated in Figure 31-19 and the ac¬ 
companying photograph. This combines the vir¬ 
tues of the horn and the parabolic reflector. In 
this case, however, the reflecting surface, abed, is 
only a small section of an imaginary parabolic 
“dish” some forty feet in diameter. The apex of 
the horn is at the focal point of this imaginary 
dish. Waves emanating from the circular wave¬ 
guide connected at that point are confined within 
the straight walls of the horn. The parabolic, re¬ 
flecting surface, which must be accurately shaped 
to one-sixteenth of the shortest wavelength, is so 
placed as to turn the direction of transmission 
through an angle of 90°. It also converts the 
spherical wave fronts coming up the horn into 
plane wave fronts at the 64.5 square foot aper-

F M Transmitting Terminal Microwave Transmitter Trans 

Through 
Patching 
Circuits 

Trans Antenna 

[] Indicates Waveguide 

Fig. 31-20 TD-2 Transmitting Terminal 
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ture, which results in a beam concentrated within 
about 2°. This antenna has a gain of about 40 db 
at TD-2 frequencies (4000 me) and somewhat 
higher gains at shorter wavelengths. It also trans¬ 
mits with equal facility waves polarized in any 
direction. 

31.5 Microwave Radio Relay Systems 

A number of types of radio relay systems em¬ 
ploying frequencies in the SHF range are in use 
in long distance telephone work. Most extensively 
used over long-haul routes up to the present time 
is the system coded TD-2, which operates in the 
frequency range between 3700 and 4200 me. In 
the usual application, the 500 me band is divided 
into 12 channels, each with a bandwidth of 20 me 
and separated from adjacent channels by 40 me. 
Each 20 me channel can handle one one-way tele¬ 
vision signal or one direction of transmission of 
the many voice channels of a Type-L telephone 
carrier system. All transmitting channels are 
served by one antenna, and all receiving channels 
are served by a second antenna of identical de¬ 
sign. The system therefore requires only two an¬ 
tennas at terminals and four at relay points. In 
practice, two 20-mc channels are used for each 
of six two-way channels numbered as indicated 
below : 

Channel No. Frequencies 
1 3720-3740 me and 3760-3780 me 
2 3800-3820 me and 3840-3860 me 
3 3880-3900 me and 3920-3940 me 
4 3960-3980 me and 4000-4020 me 
5 4040-4060 me and 4080-4100 me 
6 4120-4140 me and 4160-4180 me 

of 8 volts peak-to-peak. When multiplex tele¬ 
phone signals are being transmitted, the output 
of the video amplifier is applied directly to the 
FM modulator. For television, a clamping circuit 
is included between the amplifier and modulator. 
This adds a d-c component to the signal to clamp 
it to the amplitude value of the tips of the horizon¬ 
tal synchronizing pulses as a base line. 

Frequency modulation is obtained in a com¬ 
paratively simple manner by applying the signal 
directly to the repeller electrode of a reflex-klys¬ 
tron oscillator, which is tuned to a nominal fre¬ 
quency of 4280 me. A signal level of 8 volts 
peak-to-peak at the repeller produces ±4 me fre¬ 
quency modulation. The frequency-modulated 
carrier is then applied to a converter, whose active 
component is a point-contact varistor, where it is 
mixed with the output of a 4210-mc beating oscil¬ 
lator. The resultant converter output is an inter¬ 
mediate frequency normally centered about 70 me 
and ranging between 74 and 66 me. This of 
course represents the difference between the two 
frequencies applied to the converter. The four-
stage IF amplifier raises the level of the modu¬ 
lated IF signal to +13 dbm. A small portion of 
the amplifier output is picked off and applied to 
a slow acting automatic frequency control cir¬ 
cuit, which, in the case of telephone transmission, 
measures the average frequency at the amplifier 
output and adjusts the beating oscillator so that 
this average frequency remains constant at 70 
me. For video transmission, the AFC circuit 
measures the amplifier output frequency only dur¬ 
ing the horizontal synchronizing pulses and ad¬ 
justs the beating oscillator frequency to hold this 
frequency constant at 74 me. 

At each relay or repeater station, the 
channel frequencies are interchanged so 
that the outgoing signal is always 40 
me removed from the incoming signal. 
This shifting of the channel frequencies 
avoids possible difficulties that might be 
caused by local feedback between trans¬ 
mitting and receiving antennas. 

Figure 31-20 is a simplified block 
schematic of the TD-2 transmitting ter¬ 
minal. As there indicated, the input 
signal, which may cover all or part of 
a band between 30 cycles and about 4 
megacycles, is first amplified by a video 
amplifier, which increases the ampli¬ 
tude of the signal waves to a maximum Microwave Tr-ansmitter-Modulator 
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Fig. 31-21 TD-2 Receiving Terminal 

All the components discussed above comprise 
what is generally known as the FM transmitting 
terminal. The modulated signal output of this 
terminal, after passing through appropriate 
switching or patching circuits, is applied to the 
microwave transmitter itself. The transmitter 
modulator translates the IF signal to the desired 
microwave frequency. The modulator employs a 
416 type tube, and is supplied with the proper 
beat-frequency from a microwave generator 
whose output frequency is 70 me removed from 
the desired microwave channel frequency. The 
basic unit of the microwave generator is a very 
stable crystal-controlled oscillator operating in the 
frequency range from 17.5 to 19.0 me, depending 
on the frequency of the crystal employed. The 
basic oscillator is followed by a series of fre¬ 
quency-multiplying stages providing a total mul¬ 
tiplication factor of 216. The modulated output 
is led through a band-pass waveguide filter, which 
selects the upper side-band. The microwave trans¬ 
mitter amplifier, which was described in Article 
25.3, is capable of producing an output of -{-27 
dbm (slightly more than 1 ó watt). This output 
is fed through a channel filter where it is joined 
by the outputs of five other transmitting chan¬ 
nels and applied collectively to the transmitting 
antenna. 

At the receiving terminal of a microwave chan¬ 
nel, the incoming channels are separated by chan¬ 
nel filters, as indicated in Figure 31-21. The in¬ 
coming energy for each channel then passes 
through an image rejection filter. This is a band¬ 
pass filter designed to have particularly high sup¬ 
pression characteristics in the neighborhood of 
the image frequency 140 me away from the signal 
frequency. The receiver converter is a demodu¬ 
lator employing point-contact varistors, in which 

the SHF signal is mixed with the output of a mi¬ 
crowave generator to again produce the 70 me IF. 
This is passed through an IF pre-amplifier having 
a gain of about 12 db to an 8-stage main IF am¬ 
plifier having a maximum overall gain of about 
60 db. Associated with this amplifier is an auto¬ 
matic volume control circuit which compensates 
for differing input levels due to fading and holds 
the output power constant at approximately +9 
dbm. The FM receiving terminal includes limit¬ 
ing and discriminating circuits which convert the 
frequency-modulated 70 me signal back to its orig¬ 
inal amplitude-varying form in the frequency 
range between 30 cycles and 4 megacycles. This 
signal is applied to a video amplifier whose push-
pull output voltage is about 2.0 peak-1 o-peak. 

Repeater stations, which are located at inter¬ 
vals of about 25 miles along the radio relay routes, 
are of two types—main and auxiliary. Main sta¬ 
tions include switching and branching circuits, 
while auxiliary stations are arranged only to re¬ 
ceive, amplify and re-transmit the radio signal. 
The layout of the main repeater station may be 
represented by connecting together, through 
patching circuits, a microwave receiver as shown 
schematically at the left of Figure 31-21 and a 
microwave transmitter as shown at the right of 
Figure 31-20. The 40-mc frequency shift that is 
made at ail repeaters is obtained by using conver¬ 
sion frequencies that differ by 40 me. In the aux¬ 
iliary repeater arrangement which is shown in 
block schematic in Figure 31-22, a single micro¬ 
wave generator is used to supply both the receiver 
converter and the transmitter modulator. The 
40-mc shift is secured by the use of a “shifter con¬ 
verter” which mixes the microwave generator out¬ 
put with the output of a separate 40-mc oscillator 
to provide a supply for the receiver converter 
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that differs by 40 me from the microwave genera¬ 
tor frequency. 

It will have been noted that the general operat¬ 
ing principles of this microwave system have 
much in common with the more usual radio and 
carrier systems. Because of the extremely high 
frequencies employed, however, most of the ap¬ 
paratus units differ radically in design from those 
of relatively low-frequency systems. One of the 

Portion of TD-2 Transmitter-Receiver Bay Showing 
Waveguide Elements and Connections 

most interesting examples of such design differ¬ 
ence is found in the channel filters of the TD-2 
system. The key component of these filters is a 
device known as a waveguide hybrid, one form of 
which is illustrated in Figure 31-23 together with 
its circuit analog. When the impedances of the 
four waveguide arms are properly matched, en¬ 

ergy entering arm C will divide equally between 
arms A and B and none will reach arm D. Simi¬ 
larly, energy applied at D will divide equally be¬ 
tween arms A and B with no output to C. How¬ 
ever, when the input is to arm C, the outputs of 
arms A and B are in phase opposition, while with 
the input at D, the outputs at A and B are in 
phase. This may be understood by referring to 
the circuit analog. It follows that when equal and 
in-phase voltages are applied across arms .4 and B 
there will be no output to arm D and full output 
to arm C. On the other hand, if the equal inputs 
of arms A and B are 180° out of phase, there will 
be no output at C and full output at D. 
The arrangement for employing these wave¬ 

guide hybrids to obtain filter action is illustrated 
schematically in Figure 31-24. The total micro¬ 
wave energy coming from the antenna enters the 
upper hybrid at arm C and divides equally be¬ 
tween A and B with no transmission at D. In¬ 
serted in series with both arms A and B are iden¬ 
tical band-reflection filters (Fig. 20-22) tuned to 
reflect the frequency band of one particular mi¬ 
crowave channel but to pass all other frequencies. 
The frequencies of the reflected channel band 
travel back to the hybrid and are applied to arms 
A and B. Because one of the band-reflection filters 
is located one-quarter wavelength farther away 
from the hybrid than the other, the energy re¬ 
flected by one has to travel a half-wavelength 
farther than that traveled by the other in going 
from the hybrid to the reflection filter and back. 
The reflected waves are therefore 180° out of 
phase when they reach the hybrid and the total 
reflected energy is therefore transmitted to arm 
I) and thence to the channel receiver. 

The energy that was not reflected by the filters 
passes on to arms A and B of the second hybrid 
in phase and is accordingly transmitted to arm C. 
This is connected to another arrangement iden¬ 
tical to that of Figure 31-24 except that its filters 
are tuned to reflect a different channel band ; and 
so on until all channels have been dropped off to 
their respective channel receiving circuits. 

The TD-2 system, as discussed above, provides 
a separation of 40 me between adjacent 20 me 
channels in order to minimize the possibility of 
interference between channels. By employing 
horn-reflector antennas and polarizing adjacent 
channels alternately in vertical and horizontal di¬ 
rections, it is possible on most routes to add an 
additional channel in the space between each two 
original channels and thus increase the total num-
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Fig. 31-22 TD-2 Auxiliary Repeater 

ber of 20 me channels on the route to 24. This 
reduces the separation between adjacent channels 
from 40 to 20 me but interference between chan¬ 
nels is avoided by the cross-polarization and by the 
addition of special filters in the IF circuits of all 
channels at both terminal and repeater points. 

Another microwave radio system, coded TH in 
the Bell System, is designed to operate over the 
same routes as the TD-2 systems and to share the 
same horn reflector antennas and circular wave¬ 
guides. The TH system operates in a 500 me band 
extending between 5925 and 6425 me and provides 
a maximum of eight broadband channels in each 
direction. Each such channel accommodates a 10 
me baseband signal which can carry a maximum 
of 1860 telephone message channels, or a 4.5 me 
TV signal plus as many as 420 voice channels. 

The broadband channels are divided into two 
groups with eight transmitting channels occupy¬ 
ing one side of the 10 me baseband and eight re¬ 
ceiving channels the other side. Within each 
group, the channels are spaced 29.65 me apart. A 
guard band is left between the two groups so that 
there is always a 250 me difference between the 
transmitting and receiving sides of each two-way 
channel. In each group, too, the channels are al¬ 
ternately polarized vertically and horizontally so 
that the minimum separation between channels 
with the same polarization is 59.3 me. 

When a TH channel is employed exclusively for 
telephone message circuits, three 600 voice-chan¬ 
nel master groups and one 60 channel supergroup 
are allocated to the 10 me baseband in the same 
frequency ranges as used in L3 coaxial cable sys¬ 
tems. For combined TV and telephone message 
operation, the 4.5 me TV signal is applied to the 
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lower part of the 10 me baseband. The 420 mes¬ 
sage channels are included in the range of master 
group 3 between 5.764 and 8.284 me. It is neces¬ 
sary in this case, however, to leave an unused gap 
about 800 kc wide in the neighborhood of 7.2 me 
in order to avoid possible interference from the 
second harmonic of the 3.58 me television color 
subcarrier signal. 

As might naturally be expected, the basic radio 
circuit elements of the TH system are similar in 
principle to those of the TD-2 system. There are, 
however, a number of important differences in 
the circuitry and in the kinds of equipment used. 
As in the case of the TD-2 transmitting terminal 
shown in Figure 31-20, each TH channel employs 
an FM terminal and a microwave radio transmit¬ 
ter at the sending end. The 10 me baseband sig¬ 
nal, after amplification in an appropriate video 
amplifier, is applied to the repeller electrode of a 

Fig. 31-23 Waveguide Hybrid and Circuit Analog 



One Form of Waveguide Hybrid 

reflex-klystron oscillating at a nominal frequency 
of 6000 me. The frequency-modulated output is 
fed to a converter along with the output of a 
separate klystron beating oscillator whose fre¬ 
quency is maintained at a difference of 74.1 me 
from that of the modulating oscillator by means 
of an automatic frequency control circuit. The 
output of the converter is thus a 74.1 me frequency-
modulated IF carrier. This is amplified and sup¬ 
plied, through appropriate patching connections, 
to the microwave radio transmitter. 

The major elements of the radio transmitter 
circuit are indicated in the block diagram of Fig¬ 
ure 31-25. The frequency-modulated IF signal is 
first passed through a three-stage limiting circuit 
which removes any amplitude modulation that 
may be present and also adds some amplification. 
The IF signal is then mixed in the transmitter 
modulator with the appropriate carrier frequency 
to produce the desired microwave signal for the 
particular channel. As shown in the drawing, the 
carrier frequency is obtained from a carrier sup¬ 
ply modulator in which either of two microwave 
frequencies may be mixed with either of two VHF 
frequencies. These four basic frequencies—29.65, 
59.3, 6049, and 6301 me—are developed in a mi¬ 
crowave carrier supply circuit, common to the 
whole office, in which the output of a stabilized 
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oscillator operating at 14.826 me is multiplied by 
2,4,408 and 425, respectively. Proper combina¬ 
tions of these basic frequencies in the carrier sup¬ 
ply modulator will produce beat frequencies which 
will develop any one of the desired 16 channel 
frequencies at the output of the transmitter modu¬ 
lator. The channel frequency of 6034.2 me, for ex¬ 
ample, is obtained by combining 6049 and 59.3 in 
the carrier supply modulator to get the sum out¬ 
put of 6108.3 me. This beating frequency is then 
combined with 74.1 me in the transmitter modula¬ 
tor to produce the desired 6034.2 me as the differ¬ 
ence frequency. The output of both modulators 
of course includes both sum and difference fre¬ 
quencies but the band pass filter which follows 
the modulator in each case permits transmission 
of only the desired sideband. 

The carrier frequency supplied by the carrier 
supply modulator and its associated band-pass 
filter is amplified to the high level required for 
proper operation of the transmitter modulator by 
a traveling-wave tube amplifier. Its output is 
passed through another filter and a ferrite isola¬ 
tor in order to suppress respectively any har¬ 
monics that might be generated in the traveling¬ 
wave tube and any reflections that might be 
returned from the transmitter modulator. The 
band-pass filter following the transmitter modu¬ 
lator passes the desired sideband of the frequency-
modulated microwave signal and reflects the other 
sideband back to the ferrite isolator where it is 
absorbed. The signal is then amplified by the 

Fig. 31-24 Channel Branching Filter Principle 
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following TWT amplifier to a level of +37 dbm 
(5 watts) and transmitted to the channel filter 
network where it is combined with other TH chan¬ 
nels and carried by circular waveguide to the 
transmitting antenna. Another ferrite isolator is 
inserted between the amplifier and the channel 
filters to suppress any reflections from the imme¬ 
diately following system combining networks or 
the antenna waveguide. 

The TH receiving terminal circuits are funda¬ 
mentally the same as those of the TD-2 system 
illustrated in Figure 31-21. The microwave beat¬ 
ing frequencies supplied to the receiver converter 
or modulator are obtained from a carrier supply 
modulator in the same way as described above for 
the transmitting terminal except that no ampli¬ 
fier is required in this case. Ferrite isolators are 
inserted in front of the converter in both the car¬ 
rier supply circuit and the main channel circuit 
to absorb any reflections from the modulator. As 
in the TD-2 system, the IF signal at the output 
of the modulator is passed through a low-noise 
pre-amplifier and a main amplifier with automatic 
gain control, and hence through appropriate 
patching circuits to the FM receiving terminal. 
This includes an amplifier-limiter, discriminator 
and video amplifier as in Figure 31-21. 

A third microwave radio system, coded TJ, is 
used in the Bell System for relatively short-haul 
applications not exceeding about 300 miles. This 
operates in the frequency range between 10,700 
ami 11,700 me and provides a maximum of six 
two-way broadband channels. The total range of 
1000 me is divided into twenty-four channels, each 
about 40 me wide. Twelve of these channels are 
used in the section or “hop” on one side of a re¬ 

peater and the alternate twelve channels for the 
hop on the other side of the repeater. The spacing 
between adjacent channels in any repeater section 
is thus 80 me. The twelve channels for each sec¬ 
tion are divided into two groups of six, with the 
higher group transmitting and the lower group 
receiving at one repeater station and vice versa 
at the next station. Channels are polarized alter¬ 
nately between vertical and horizontal so that 
there is a minimum separation of 160 me between 
channels of like polarization. 

The relatively simple circuit arrangement at 
terminal and repeater stations is shown schemati¬ 
cally m Figure 31-26. For transmitting, the base¬ 
band signal, after amplification, is applied to the 
repeller electrode of a reflex-klystron whose basic 
frequency is automatically controlled by means ot 
a microwave discriminator circuit. The frequency-
modulated output of the oscillator, at a power 
level of about 0.5 watt, is supplied directly to the 
channel combining filter without further amplifi¬ 
cation. A ferrite isolator is included in its path, 
however, to suppress microwave reflections from 
the filters or antenna. For receiving, the selected 
microwave channel band is shifted to a 70 me IF 
signal in a conventional converter circuit by 
heterodyning with a controlled beating frequency 
supplied by a klystron oscillator. The IF signal, 
after amplification, is demodulated to baseband by 
a limiter-discriminator circuit, as indicated. In 
the TJ system, the microwave signals are con¬ 
verted to baseband at intermediate repeater 
points as well as at the terminals. This is in con¬ 
trast with the TD-2 and TH systems where the 
signals may be transmitted through intermediate 
repeaters without frequency demodulation. 



Where routes coincide, TJ system signals may 
be transmitted and received simultaneously with 
TD-2 and TH signals through the same circular 
waveguides and horn-reflector antennas. Where, 
as may most commonly be the case, a TJ route is 
not shared with other systems, it is generally 
more economical to employ a “periscope” type ar¬ 
rangement. In this a small paraboloidal dish¬ 
type antenna is mounted horizontally on the roof 
of the building in which the terminal or repeater 
equipment is housed. This directs a narrow beam 
vertically up to the top of a tower on which a 
plane or curved reflector is mounted in such a 
position as to redirect the radio beam horizon¬ 
tally in the desired direction. Such an arrange¬ 
ment minimizes waveguide losses while still pro¬ 
viding good antenna gain. 

In all three of the microwave radio systems 
discussed above, the channel combining and select¬ 
ing filters employ waveguide hybrids and band 
reflection filters operating in the manner de¬ 
scribed in connection with Figure 31-24. When 
more than one system, or more than one polariza¬ 
tion, is operated on the same antenna, it is neces¬ 
sary to provide additional filtering devices to 
combine or separate the several systems and 
polarizations. An assembly of waveguide com¬ 
ponents, known collectively as a “systems combin¬ 
ing network” is employed for this purpose. 

If all three systems are used, and each employs 
two polarizations, there are six classes of signals 
to be separated one from the other. The 2.81 inch 
(inside diameter) circular waveguide which con¬ 
nects the radio equip¬ 
ment to the horn-reflec-

that the guide must run straight down the tower 
and that the systems combining network must 
be placed in the same vertical run at the foot 
of the tower. In the manufacturing process, every 
effort is made to insure that the guides are truly 
circular in cross-section at all points. However, 
all but very short guides are installed with a 
tuning section, known as an “axial ratio compen¬ 
sator” at the lower end. This is a twelve inch 
section of circular guide which has been purposely 
deformed to be somewhat out-of-round. At the 
time of installation, it may be rotated into a po¬ 
sition that tends to counteract the effects of slight 
amounts of ellipticity in the guide proper. 

The first component of the systems combining 
network, which is connected below the guide 
tuner, is a transducer which tapers the circular 
guide down to a 1.79 inch square guide, a size 
sufficient to support transmission of all of the fre¬ 
quencies concerned. The transducer is followed 
by two coupling networks in tandem, one for each 
of two 4000 me polarizations. Following these, 
another transducer tapers the 1.79 inch square 
guide down to a 1.27 inch square guide. The lat¬ 
ter supports transmission in the 6000 and 11,000 
me ranges but rejects 4000 me. The coupling net¬ 
work mentioned above consists of a section of 
rectangular waveguide, of the proper dimensions 
to support the 4000 me dominant mode, running 
parallel to and with its narrow face adjacent to 
the 1.79 inch square guide. A longitudinal slot 
cut in the common wall couples to one polarization 
of the 4000 me signal. The rectangular guide is 

tor antenna is capable 
of simultaneously car¬ 
rying all of these sig¬ 
nals in their dominant 
TEn modes. Such a cir¬ 
cular waveguide, how¬ 
ever, is also capable of 
supporting a number of 
other modes in each of 
the three frequency 
ranges. In order to 
avoid energy losses and 
reflections due to mode 
conversions, therefore, 
it is necessary that the 
guide be free from any 
irregularities or discon¬ 
tinuities. This means Channel Separation Network 
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Fig. 31-26 T.J Radio Terminai. 

then extended to the appropriate channel filter 
network. Since this guide can transmit only the 
desired dominant mode, it may include such rea¬ 
sonable bends or twists as may be necessary to 
lead it into the building housing the channel 
equipment. The second coupling network is ex¬ 
actly the same except that the rectangular guide 
section is rotated 90° with respect to the square 
section to couple to the other 4000 me polarization. 

Two similar coupling networks are connected 
below the 1.79 to 1.27 inch transducer to extract 
the two 6000 me polarizations. These are followed 
by another transducer which tapers from 1.27 
inch square to .75 inch circular guide. The latter 
supports 11,000 me waves but rejects the lower 
frequencies. One 11,000 me polarization is taken 

off in a longitudinal coupler as above. The other 
polarization is extracted at the lower end of this 
coupling section through another transducer 
which tapers the .75 inch circular guide to a rec¬ 
tangular guide of proper dimensions for handling 
the dominant mode at 11,000 me. 

When all three frequency ranges in both polari¬ 
zations are involved, the complete systems com¬ 
bining network, as described above has a total 
length of about fifteen and one-half feet. In many 
installations, however, not all of the six possible 
signal classes are involved. Certain components 
of the combining network may then be omitted 
accordingly, with a consequent reduction in its 
overall length. 
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CHAPTER 32 

NOISE AND CROSSTALK 

32.1 Induced Effects in Telephone Circuits 

One of the factors upon which the intelligibility 
of a telephone conversation depends is the absence 
of excessive noise and crosstalk. If each telephone 
circuit was completely isolated from all other 
telephone circuits or other electric circuits of 
whatever kind, including earth currents and at¬ 
mospheric charges, we would not expect any po¬ 
tentials to exist in the telephone circuit other than 
those deliberately introduced for the purpose of 
the desired signal transmission. However, this is 
in fact a purely hypothetical situation as, in prac¬ 
tice, nearly every long telephone circuit is in close 
proximity to other telephone circuits, and some¬ 
times to other electric circuits such as power lines. 
It is necessary, therefore, that telephone circuits 
not only be efficient in transmitting electric energy 
without distortion and without too great a loss, 
but also that they be protected against induced 
voltages caused by adjacent telephone circuits or 
other electric circuits. 

As a matter of fact, any two long paralleling 
telephone circuits that are not “balanced” against 
each other by means of transpositions, or other¬ 
wise, will crosstalk to such a degree as seriously 
to interfere with their practical use. Further¬ 
more, because crosstalk is largely an inductive 
effect, its magnitude tends to increase with (1) 
the length of the paralleling circuits, (2) the 
strength (energy level) of the transmitted cur¬ 
rents, and (3) the frequency of the transmitted 
currents. It follows that the use of telephone re¬ 
peaters is likely to increase the crosstalk possi¬ 
bilities because these devices permit longer cir¬ 
cuits and at the same time increase the level of 
the energy at certain points along the line. Cross¬ 
talk possibilities are also increased by the use of 
carrier systems because of the higher frequencies 
employed. 

Of course, crosstalk can be caused by the direct 
leakage of current from a disturbing to a dis¬ 
turbed circuit. With properly maintained lines, 
however, insulation is usually sufficiently good to 
make this a negligible factor. The crosstalk 
coupling which presents the real problem in prac-
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tice is due to the electric and magnetic fields set 
up by the currents in the disturbing circuit. The 
effects of these two fields are not entirely alike, 
although their results are generally similar as far 
as crosstalk is concerned. 

32.2 Causes of Crosstalk 

As we know, the effect of the magnetic field of 
one circuit on a second paralleling circuit is called 
magnetic induction. Similarly, the effect on the 
second circuit of the electric field of the first cir¬ 
cuit is called electric or electrostatic induction. 
How magnetic induction causes crosstalk can be 
seen by referring to Figure 32-1. This shows the 
four wires of two telephone circuits running par¬ 
allel to each other in the usual flat configuration 
employed on standard open wire lines. If we 
assume that an alternating voltage is applied to 
the left end of the disturbing circuit, A, which is 
made up of wires 1 and 2, the magnetic field exist¬ 
ing about a short section S of this circuit may be 
represented by lines of magnetic induction as 
shown. 

At a particular instant in the alternating cycle, 
the current in wires 1 and 2 may be represented 

Picure 32-1 
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The summation of the circulating currents caused 
by the voltages induced in each small section of 
the line may result in an appreciable current 
through both terminals of the circuit, which is 
due entirely to magnetic induction. 

It should be noted that although the energy in 
the disturbing circuit was considered in the above 
as being transmitted from the left end to the right 
end of the circuit, the crosstalk current in the dis¬ 
turbed circuit appears at both ends of the circuit. 
The crosstalk appearing at the left end of the dis¬ 
turbed circuit is known as near-end crosstalk and 
that appearing at the right end is known as far-
end crosstalk. 

by the equal and opposite vectors designated 
As /„ increases or decreases in value, the asso¬ 
ciated lines of magnetic induction will cut wires 
3 and 4 of the paralleling telephone circuit, B. 
But with the relative spacing of the wires shown 
in the diagram, more lines will cut wire 3 than 
cut wire 4. Accordingly, the voltage induced by 
the magnetic field in wire 3 will be somewhat 
greater than that induced in wire 4. The voltages 
induced in both wires are in the same direction at 
any given instant, so that they tend to make cur¬ 
rents circulate in circuit B in opposite directions. 
If they were equal, therefore, their net effect 
would be zero. But in so far as the induced volt¬ 
age e3 exceeds the induced voltage e4, there is an 
unbalance voltage, e3 - e4, tending to make a 
current circulate in circuit B. If the circuit is 
terminated at both ends in its characterist.c im¬ 
pedance, Z„, the current resulting from this unbal¬ 
ance voltage induced in a short section of the cir¬ 
cuit may be written as— 

^3 — 

2Z„ 

Now turning our attention to electric induction. 
Figure 32-1 may also be used to show the equi¬ 
potential lines of the electric field established 
about circuit A under the same conditions as in 
the previous example. This electric field will set 
up potentials on the surfaces of wires 3 and 4 and, 
with the configuration and spacing of the wires 
shown in the drawing, these potentials will not be 
equal. The resultant difference in potential be¬ 
tween wires 3 and 4 will tend to cause crosstalk 
currents to flow to both ends of circuit B. 

The crosstalk effect of electric induction may 
also be analyzed by consideration of the capacitive 
relationships between the wires of the disturbing 
and disturbed circuits. Thus, referring to Figure 
32-2, we know that in any unit length of the two 
circuits there is a definite capacitance between 
wire 1 and wire 2 and between wire 3 and wire 4. 
Moreover, if the wires are equally spaced as 
shown, the separation between wires 2-3 is the 
same as that between wires 1—2 or 3—4, and there 
is therefore the same capacitance between wires 
2 -3 as between the wires of either pair. This is 
represented in the Figure by the small capacitor 
designated C. Similarly, the capacitances between 
wire 1 and wire 3 and between wire 2 and wire 4 
are designated by capacitors, C. less in value than 
C because the separation between these wires is 
greater. There remains also the still smaller ca¬ 
pacitance between wire 1 and wire 4, which is 
indicated bj' C”. Now if we assume an alternating 
current flowing in circuit A, there will be a dif¬ 
ference of potential between wires 1 and 2, which 
will tend to cause small currents to flow through 
the several capacitances to the wires ot circuit B. 
The net effect can best be analyzed by redrawing 
the diagram of Figure 32-2 in the form of a 
Wheatstone bridge network as shown in Figure 
.32-3. A study of the capacitance values of the 
arms of this bridge shows that the impedances of 
the arms are not such as to give a balanced eon-
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Figure 32-4 

dition and, consequently, current flows through 
the impedances Z„. In other words, a current is 
set up in circuit B which will manifest itself as 
crosstalk at both ends of the circuit. 

As shown in Figure 32-4, the crosstalk due to 
electric induction may be thought of as being 
caused by a small generator G,, connected across 
the disturbed pair, while the crosstalk due to 
magnetic induction may be thought of as being 
caused by a generator G„, connected in series with 
the disturbed pair. Under these conditions, it will 
be noted that the currents established by the two 
generators flow in the same direction in the left 
portion of the line, but in opposite directions in 
the right portion. In other words, the crosstalk 
effects of magnetic and electric induction are ad¬ 
ditive in the case of near-end crosstalk, but op¬ 
posed to each other in the case of far-end cross¬ 
talk. 

32.3 Principles of Crosstalk Reduction 

There are a number of possible ways of elimi¬ 
nating, or at least substantially reducing, the cross¬ 
talk induction discussed in the preceding Article. 
One possibility is to arrange the paralleling wires 
in such a configuration that the effect of the field 
of one pair will be the same at both wires of the 

other pair, thus leaving no residual difference to 
cause currents in the second pair. Two possible 
ways to effect such a non-inductive configuration 
are shown in Figure 32-5. For a number of rea¬ 
sons, however, such wire configurations are not 
usually practicable. 

Another partial solution is to reduce the separa¬ 
tion between the wires of either or both disturb¬ 
ing and disturbed pairs and, if practicable, at the 
same time to increase the separation between the 
two pairs themselves. A glance at Figure 32-1 
will show that if the two wires of the disturbing 
pair are spaced closely together, the fields set up 
by the two wires will occupy approximately the 
same position and will therefore tend to neutralize 
each other. Similarly, if the two wires of the dis¬ 
turbed pair are close together, the effect of any 
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Figure 32-6 

field set up by the disturbing pair will be practi¬ 
cally the same on both wires of the disturbed pair, 
so that there will be no resultant unbalance volt¬ 
ages to produce crosstalk. However, it is possible 
to take advantage of these factors in practice to 
only a limited extent. In cable circuits, the two 
wires of each pair are close together, but so are 
the pairs themselves; in open wire circuits, there 
is considerable separation between pairs, but the 
two wires of a pair cannot be placed close to¬ 
gether. 

oi 

03 04 

O 2 

Ol 
03 04 

02 

Figure 32-5 

A third alternative is the use of transpositions. 
The principle involved here can be understood by 
referring to Figure 32-6, which shows the same 
four wires as were indicated in Figure 32-1. In 
this case, however, the relative pin positions of 
wires 1 and 2 are interchanged by means of a 
transposition in the middle of the short section, 
S. Under these conditions, it will be evident that 
when equal and opposite currents are flowing in 
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Figure 

the two wires of circuit A, the voltages induced in 
wires 3 and 4 will be in opposite directions on the 
two sides of the point where circuit A is trans¬ 
posed. Thus, as indicated in the Figure, while e 3 

is larger than e4 and e'3 is larger than e'4, e3 is ex¬ 
actly equal and opposite to e'3 and e4 is exactly 
equal and opposite to e\. There is therefore no net 
voltage induced in either wire 3 or wire 4 and, 
consequently, no crosstalk from circuit A. 

The same net effect would be obtained by insert¬ 
ing the transposition in the disturbed circuit H 
and leaving the wires of the disturbing circuit 
running straight through, as shown in Figure 
32-7. In this case, the voltage induced in the wire 
nearer wire number 2 is broken into two equal 
parts represented by the vectors e3 and e'3. Simi¬ 
larly, the voltage induced in the wire farther away 
from wire number 2 is broken into two parts, e4 

and e'4. But with the transposition as shown, volt¬ 
age e3 combines with voltage e'4 and voltage e4 

combines with voltage e'3. The induced or cross¬ 
talk current in the section, therefore, is— 

i = + e'^ ~ (32:2) 
2^o 

But with the transposition in the center of the 
section as shown, it is obvious that— 

e3 -f- eti = e4 + cz3
The numerator of equation (32:2) is therefore 
equal to zero and there is no resultant crosstalk. 

Either of the above discussed transpositions 
would be equally effective in reducing crosstalk 
due to either magnetic or electric induction. It 
may be noted, however, that a transposition at the 
same point in both circuits would have no such 
effect. 

While a single transposition as discussed above 
is effective in eliminating crosstalk in a short sec¬ 
tion S, it would not be sufficient to reduce cross¬ 

talk in the whole line. There are two principal 
reasons for this. First, because of attenuation, the 
current and voltage near the energized end of the 
disturbing circuit are many times as great as the 
current and voltage near the other end of the cir¬ 
cuit. It could not be expected, therefore, that the 
induced crosstalk on the energized side of the 
transposition would be neutralized by the weaker 
crosstalk induced on the other side of the trans¬ 
position. As a matter of fact, even in a short 
section, the transposition will not completely elimi¬ 
nate near-end crosstalk because the currents com¬ 
ing back from the far side of the transposition are 
necessarily attenuated somewhat more than the 
currents coming back from the near side of the 
transposition. On the other hand, the transposi¬ 
tion is completely effective in the case of far-end 
crosstalk because the slightly higher currents in¬ 
duced on the energized side of the transposition 
are attenuated more in reaching the far end of 
the circuit than are the currents induced on the 
far side of the transposition. 

The second reason why a single transposition is 
not effective in reducing crosstalk to the desired 
minimum is the phase change of the transmitted 
currents. In a long circuit, several wavelengths 
may be included in the propagation of a voice 



current from one end to the other. Since crosstalk 
is an induced effect, its instantaneous value in any 
small section S depends upon the position of S 
with respect to the cycle of current in the dis¬ 
turbing circuit. If S is so located that the current 
or voltage in it has a maximum value, either posi¬ 
tive or negative, we cannot expect the crosstalk 
induced here to be neutralized by the crosstalk in 
some other similar section, which is located at a 
point in the line where the voltage or current has 
a value nearly zero at the same instant. 

It is necessary, accordingly, that transpositions 
be installed at frequent intervals with respect to 
the wavelength of the propagated current. This 
is illustrated by Figure 32-8. Here if we assume 
the instantaneous current condition shown at A, 
it may be seen that in the section S the voltages 
induced in circuit ß on the two sides of the trans¬ 
position would be out of phase with each other by 
about 90 . The transposition would, therefore, 
not decrease the induced crosstalk. However, a 
number of transpositions within a single wave¬ 
length, as illustrated at B, will reduce the cross¬ 
talk to practical limits, although the crosstalk 
could be completely eliminated only by the use of 
an infinite number of transpositions. The dotted 
curve would then become identical with the solid 
curve. 

For voice-frequency transmission, where the 
frequencies are relatively low and the wavelengths 
correspondingly long, it is not difficult to obtain 
a sufficiently good approximation to this condi¬ 
tion. Where high-frequency carrier systems are 
used, on the other hand, the wavelengths are so 
short as to require closely spaced transpositions, 
in open wire lines, spacings as close as every 
second pole are used in practice where the wires 
are carrying frequencies up to 140 kc. The degree 
ot effectiveness of such closely spaced transposi¬ 
tions is of course dependent upon accurate spac¬ 
ing of the poles themselves, and is finally limited 
in practice by economic rather than theoretical 
factors. 

There is another fundamental consideration in 
connection with crosstalk that is of the first order 
of importance. In what has been said above re¬ 
garding transpositions, it has been tacitly assumed 
that the four wires which we were considering 
were of the same gage and material—and par¬ 
ticularly, that the two wires of each pair were 
electrically identical. The latter is of course ordi¬ 
narily the case in practice. However, there is 
always a possibility in op^n wire lines of the series 

resistance, or the insulation resistance, of one wire 
of a pair being slightly different from that of its 
mate due to imperfect joints, defective insulators, 
etc. When this occurs, the assumption made in 
connection with Figures 32-6 and 32-7 that the 
currents flowing in the two wires of the disturb¬ 
ing pair, or the induced voltages in the two wires 
of the disturbed pair, were exactly equal and op¬ 
posite is no longer true. 

Thus, an unbalanced series resistance in wire 1 
of Figure 32-6 would have the effect of reducing 
the current in wire 1 as compared to the current 
in wire 2 in an amount depending upon the value 
ot the resistance. Under these circumstances, it 
is clear that the opposing voltages induced in 
wires 3 and 4 would no longer be exactly equal, 
and there would therefore be some crosstalk de¬ 
spite the transposition. A resistance or leakage 
unbalance in the 3—4 pair would cause a similar 
result. In this case, any resistance unbalance 
would cause one of the induced voltages to be 
smaller than the other, with the result that some 
crosstalk current would flow through the terminal. 
It is extremely important, accordingly, that the 
two wires of every talking pair be so constructed 
and maintained as always to have identical elec¬ 
trical characteristics. 

Resistance unbalance is particularly important 
when two pairs are used to create a phantom cir¬ 
cuit. Here, under ¡deal conditions, exactly half of 
the phantom circuit current flows in each of the 
four wires, as shown in Figure 32-9. The phan¬ 
tom currents in wires 1 and 2 are then equal and 
in the same direction, and they therefore cause 
no current to flow through the terminal stations 
connected to these wires. The same is true of the 
side circuit made up of wires 3 and 4. A bad 
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joint, or resistance unbalance of any other kind, 
in any one of the four wires will reduce the cur¬ 
rent in that wire somewhat. As a result, the phan¬ 
tom currents in the two wires of the pair con¬ 
cerned will no longer be equal and an unbalance 
current will flow through the side circuit terminal 
In other words, the phantom circuit will cross¬ 
talk into the side circuit, or vice versa. The effect 
of resistance unbalance in this situation is ordi¬ 
narily much more serious than its effect on cross¬ 
talk between two side circuits or two non-phan-
tomed circuits. 

32.4 Crosstalk Reduction Practices 

In considering practical methods for keeping 
the crosstalk in long toll circuits at a reasonable 
minimum, it is desirable first to consider the 
effects of certain basic design features of long 
circuits with respect to crosstalk. In general, 
these will apply equally to both open wire and 
cable facilities, and at either voice or carrier fre¬ 
quencies. One such important feature is the effect 
of the location of telephone repeaters on cross¬ 
talk. Thus, it is obvious that if two circuits are m 
close proximity at. a point near a repeater station, 
and one circuit is carrying the high current levels 
coming from the output of a repeater while the 
other circuit is carrying the low current levels 
approaching the input of a repeater, the tendency 
of the first circuit to interfere with the second 
circuit is very great. The very small percentage 
of the current in the first circuit which may be 
induced into the second circuit will be amplified 
by the repeater on that circuit along with, and to 
the same degree as, the normal transmission. The 
best practical remedy for this condition, of course, 
is to avoid such situations by keeping circuits car¬ 
rying high level energy away from low level cir¬ 
cuits as much as possible. Where such physical 
separation between circuits is not feasible, dif¬ 
ferences in energy level between adjacent cir¬ 
cuits can frequently be minimized by proper 
adjustment of repeater gains when the circuit is 
designed. 

Another basic element of circuit design is that 
in most of the longer voice-frequency cable cir¬ 
cuits and in all carrier circuits, the effect of near¬ 
end crosstalk is minimized by the use of separate 
paths for transmission in the two directions. In 
cable circuits, the wires carrying the transmission 
in the two directions are physically separated as 
much as possible by placing them in different 

layers or segments of the cable; or, in the case of 
Type-K carrier circuits, in different cables. A 
comparable separation is obtained in open wire 
carrier circuits by using entirely different bands 
of frequencies for transmission in the two direc¬ 
tions. 

Furthermore, any near-end crosstalk occurring 
in spite of these physical separations is returned 
on the disturbed circuit to the output of an ampli¬ 
fier. Since the amplifier is a one-way device, the 
crosstalk can proceed no farther and does not 
reach the terminal of the circuit. Near-end cross¬ 
talk in such circuits is therefore of little impor¬ 
tance, except in so far as it may be converted into 
far-end crosstalk by reflection from an impedance 
irregularity. To avoid this latter effect, it is es¬ 
sential that all circuit impedances be so matched 
as to eliminate important reflection possibilities. 

Aside from the above techniques for avoiding 
crosstalk through circuit design methods, prac¬ 
tical procedures differ considerably depending 
upon the type of facility. It is desirable, accord¬ 
ingly, to analyze the problem separately for open 
wire and cable facilities. 

In the case of open wire lines, crosstalk reduc¬ 
tion depends upon three principal factors—namely, 
wire configuration on the poles, transpositions, 
and resistance balance. Resistance balance is pri¬ 
marily a question of maintenance and ordinarily 
presents no great difficulty. The use of high-fre¬ 
quency carrier systems, with their much greater 
crosstalk possibilities, has led to the development 
of new configurations of open wire lines in which 
the wires of individual pairs are spaced closer 
together and the pairs are spaced farther apart. 
One standard pole-head configuration of this kind 
is illustrated in Figure 18-4, where it may be 
noted that the separation of the wires of each 
pair is 6 inches and the horizontal separation on 
the crossarm between any two wires of different 
pairs is at least 28 inches. 

The basic principle of transpositions was out¬ 
lined in the preceding Article. It was noted there 
that a large number of transpositions was needed 
in any long section of line to reduce crosstalk to 
the desired extent. In the entire discussion, more¬ 
over, only two pairs were considered. In practice 
an open wire line usually carries many more wires 
than this, and obviously there are crosstalk possi¬ 
bilities between any two pairs on such a line. 
These possibilities are greater between the pairs 
that are adjacent to each other, but all of the 
other possibilities are sufficiently large that they 

I 339 J 



31 

30 

29 

28 

27 

26 

25 

24 

23 
22 

21 

20 

19 

18 

17 
16 

15 
14 

13 
12 

11 
10 
9 

8 

7 

6 

5 

4 

3 
2 

1 
0 

Fig. 32-10 Standard Transposition Code 

must be taken into consideration in designing a 
transposition system for the line. A practical 
system must also guard against crosstalk between 
side and phantom circuits and between the phan¬ 
toms themselves, when such circuits are used. 

There is still another extremely important fac¬ 
tor which has not been considered up to this time. 
I his is the possibility of crosstalk from one cir¬ 
cuit to another via a third circuit. In a line car¬ 
rying many circuits, there are a large number of 
these tertiary circuits via which crosstalk might 
be carried from any one pair to any other pair. 
Even the hypothetical line that we considered in 
the first place, carrying only four wires, has two 
such tertiary circuits. These are the phantom 
circuit, made up of the two wires of one pair 
transmitting in one direction and the two wires 
of the other pair transmitting in the opposite 
direction ; and the “ghost” circuit, made up of the 

four wires acting as one side of a circuit, with a 
ground return. (Note that these circuits exist as 
tertiary crosstalk paths regardless of whether a 
working phantom circuit is actually applied to the 
four wires.) Needless to say, the presence of these 
tertiary circuits in a line complicates the problem 
of designing effective transposition systems. So 
much so, indeed, that no attempt can be made here 
to analyze this problem in detail. 

Transposition systems for open wire lines are 
designed for unit lengths ranging from a few hun¬ 
dred feet to some eight miles. The purpose of the 
design is to approach as closely as possible to a 
complete crosstalk balance in each such unit sec¬ 
tion. Any number of sections can then be con¬ 
nected in tandem. The non-uniformity in the 
length of sections is the result of discontinuities 
in the line, such as junctions with other lines, 
wires dropped off or added, etc. It is naturally 

[ 340 I 



desirable that such points of discontinuity should 
coincide with junctions between transposition 
sections, where the crosstalk is balanced out. 

Figure 32-10 illustrates the fundamental trans¬ 
position designs used in a section with 32 or less 
transposition poles. These fundamental types are 
frequently extended to include 64, 128, or even as 
many as 256 transposition poles per section, on 
lines to which high-frequency carrier systems are 
applied. 

Physically, there are two standard methods for 
effecting transpositions between wires on pole 
lines. These, known as “point type” and “drop 
bracket” transpositions, are shown respectively in 
Figures 32-11 and 32-12. The former (point type) 
is widely used on lines carrying carrier systems 
because it does not change the configuration of the 
wires in the adjacent spans, as does the drop 
bracket type. Where very high frequencies are 
used, as in the Type-J carriel- system, this becomes 
extremely important. In fact, the sensitivity of 
these carrier systems to crosstalk is so great that 
every possible effort has to be made to avoid even 
slight deviations in the amount of sag of the wires 
in the spans between poles. 

Turning now to cable, the most striking feature 
of this type of facility with respect to crosstalk is 
that the conductors are crowded closely together. 
This is particularly true of the two wires of each 
circuit pair, which are separated by only thin 
coatings of paper insulation. As we have already 
seen, this close spacing of the two wires of a pair 

Fig. 32-11 Point-Type Transposition 

Fig. 32-12 Drop-Bracket Transposition 

in which equal and opposite currents are flowing 
tends to minimize the external effect of the elec¬ 
tromagnetic field of the pair. Moreover, in the 
process of manufacture, the cable conductors are 
very thoroughly transposed by twisting the two 
wires of each pair together, by twisting the two 
pairs of each group of four wires together to form 
quads, and by spiralling the quads in opposite 

directions about the cable 

Figure 32-13 

core. Cables are also so 
manufactured and in¬ 
stalled that their conduc¬ 
tors are practically free 
from series resistance 
unbalances or insulation 
leakages. On the other 
hand, the close spacing of 
many circuits within the 
cable sheath, as well as 
their proximity to the 
sheath itself, offsets the 

above advantages to a considerable extent. 
At voice frequencies, magnetic induction (in¬ 

ductive coupling) between circuits in a cable is 
normally so small as to be of relatively little im¬ 
portance in causing crosstalk. The same cannot 
be said of electric induction (capacitive coupling). 
Despite the most careful manufacturing methods, 
the capacitance unbalances between cable conduc¬ 
tors usually remain large enough to cause objec¬ 
tionable crosstalk in long circuits. This crosstalk 
is guarded against in practice by the use of addi¬ 
tional balancing techniques when a toll cable is 
installed. 

Voice-frequency crosstalk between circuits in 
different quads of a cable can be reduced to a 
satisfactory minimum at that time by splicing the 
successive lengths of cable in a more or less ran-
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dom manner such that no two quads are adjacent 
for more than a small part of their total length. 
This technique of course has no effect upon the 
crosstalk between circuits in the same quad. To 
reduce this crosstalk, it is necessary to measure 
the capacitance unbalances of each quad at the 
time of installation and then to correct such un¬ 
balances as are found large enough to be likely to 
cause serious crosstalk. 

There are two principal methods of effecting 
this latter correction. One depends upon measur¬ 
ing the unbalances at several equally spaced splic¬ 
ing points within each loading section, and then 
splicing the quads together in such a way that a 
given unbalance in one section is counteracted by 
an equal and opposite unbalance in the adjacent 
section. This will perhaps be made clearer by re¬ 
ferring to Figure 32-13 where the four wires of 
a quad are shown in cross-section, with the ca¬ 
pacitances between the wires indicated by small 
capacitors. The wires marked 1 and 2 form 
one pair of the quad, and the wires marked 3 and 4 
the other. (The capacitances between the pairs 
themselves are not shown because they have no 
effect on crosstalk.) The ideal condition in such a 
quad is that the values of all four capacitances 
A, B, C, and I) shall be equal, and that capacitance 
E shall equal capacitance F and capacitance G 
shall equal capacitance H. In this case there is no 
unbalance within the quad and no crosstalk. How¬ 
ever, if it is found, for example, that capacitance 
A in a certain quad of one section of the cable is 
too low, this quad can be spliced to a quad in an 
adjacent section of equal length in which capaci¬ 
tance A is too high by an approximately equal 
amount. The net unbalance of the connected quad 
over the two sections will thus be made to ap¬ 
proach zero. 

In the second method, the unbalances are coun¬ 
teracted in part by connecting small balanc¬ 
ing capacitors into the circuits at one or two 
points in each loading section. This, combined 
with a limited number of “test splices” as above, 
effects the net result desired with greater accu¬ 
racy, and reduces the number of capacitance un¬ 
balance tests that have to be made when a cable 
is installed. These balancing capacitors consist of 
short lengths of two parallel insulated fine-gage 
wires wound helically around a non-conducting 
core. Two terminals of this tiny capacitor are 
connected across the two line conductors whose 
capacitance it is desired to increase, and the other 
ends of the wires can be cut off at whatever point 

is necessary to give the capacitor the precise value 
required. A large number of these capacitors can 
be included within the sleeve at a splicing point. 
In certain cases where the cable conductors are to 
be used for 4-wire circuits, it is practicable to 
balance the capacitances for a whole repeater sec¬ 
tion by adding capacitors of this type at one end. 

The capacitance balancing methods outlined 
above have been found adequate in practice for 
keeping crosstalk to a tolerable minimum in 
voice-frequency cable circuits. When carrier sys¬ 
tems are applied to cable circuits, the crosstalk 
problem becomes more severe. In this case, while 
capacitive coupling is still of consequence, induc¬ 
tive coupling becomes much more important as a 
cause of crosstalk. In fact, at the highest fre¬ 
quencies of the Type-K carrier systems, it pre¬ 
dominates over capacitive coupling as a cause of 
crosstalk in the ratio of about 3 to 1. Accordingly, 
additional crosstalk reduction measures must be 
applied to cable conductors used for such carrier 
systems. 

The crosstalk possibilities at these high fre¬ 
quencies are so great, in fact, that a number of 
basic changes in circuit design are required. In 
the first place, the carrier pairs are used for 
carrier transmission only. Next, the transmitting 
paths in the two directions are kept entirely sep¬ 
arated by using separate cables for transmission 
East to West and West to East. The circuits in 
the two directions are likewise kept separated 
within the terminal offices and repeater stations, 
and shielded office wiring is used in all cases. This 
means that the energy levels of the carrier cur¬ 
rents are approximately the same in all physically 
adjacent conductors, and that near-end crosstalk 
possibilities are completely eliminated (assuming 
that reflection effects have been properly guarded 
against). 

Far-end crosstalk between carrier pairs is mini¬ 
mized by balancing out the capacitive and induc¬ 
tive couplings. In addition, special precautions 
are taken to prevent interaction crosstalk between 
carrier pairs via the voice-frequency pairs in the 
cable. Most effective in accomplishing this latter, 
is the complete transposition of the entire group 
of carrier pairs between the two cables at each 
repeater station. As may be seen from Figure 
32-14, this automatically eliminates crosstalk via 
the voice-frequency pairs from the outputs of the 
amplifiers in the carrier pairs to the inputs of 
amplifiers in other carrier pairs. Carrier filters 
or noise suppression coils are also inserted in the 
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Fig. 32-14 Arrangements for Reducing Noise and Crosstalk in Type-K Carrier Systems 

voice-frequency pairs at voice-frequency repeater 
stations, and certain other points, to discourage 
the transmission of induced carrier frequency 
currents over the voice-frequency conductors. 

The methods of balancing out capacitive coup¬ 
ling between the carrier pairs themselves are 
essentially the same as were discussed above in 
connection with voice-frequency transmission. In 
balancing out crosstalk due to inductive coupling, 
different methods must be used. The fundamental 
problem is to balance every carrier pair against 
every other carrier pair in the same cable, in each 
repeater section. The method used depends in 
effect upon counteracting the crosstalk currents 
with equal currents flowing in the opposite direc¬ 
tion. Thus, if in a given disturbed circuit a cross¬ 
talk current is flowing in a clockwise direction, it 
is desired to set up an equal current in the circuit 
flowing in a counterclockwise direction. 

This result can be effected by means of tiny 
t ransformers connected between each carrier pair 
and every other carrier pair. However, since it is 
necessary to control the magnitude of the arti¬ 
ficially induced currents and also to cause them 

to flow in either direction, depending upon the 
direction of the crosstalk current, the transform¬ 
ers must be designed so that the coupling between 
circuits can be adjusted and so that they can be 
poled in either direction. The method used to ob¬ 
tain this result is indicated schematically in Fig¬ 
ure 32-15. Here, it may be noted that there are 
really two separate transformers, one having a 
reversed winding in the disturbing circuit so that 
a current, I, flowing in the disturbing circuit will 
induce oppositely poled voltages in the disturbed 
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Fig. 32-15 Principle of Crosstalk Balancing Coil 

I 343 ] 



19-20 18-20 1618 1416 1214 1012 810 6-8 4-6 2-4 1-2 

Fig. 32-16 Method of Connecting Crosstalk 
Balancing Coils 

tion becomes rather large since one coil is required 
for every possible combination of pairs. In prac¬ 
tice, also, an additional coil is used for each quad 
to provide sufficient margin for balancing out side-
to-side crosstalk. Thus, 20 pairs require a total of 
200 coils, 40 pairs require 800 coils, and the maxi¬ 
mum of 100 pairs requires 5000 coils. The coils 
are installed in unit panels arranged for balanc¬ 
ing 20 pairs, and additional intergroup panels are 
added as successive 20 pair carrier groups are put 
into service. A special crisscross wiring arrange¬ 
ment, such as is indicated in Figure 32-16, is em¬ 
ployed. This is necessary in order that the currents 
in any two pairs shall flow through the same num¬ 
ber of coils before reaching the coil that balances 
these two pairs, thus insuring that the phase shift 
up to the balancing coil will be approximately the 
same on both pairs. 

32.5 Noise 

circuit. If the cores of the two transformers are 
centered as shown in the drawing, the induced 
voltages will be exactly equal and the net effect on 
the disturbed circuit will be nil. By moving the 
two cores as a unit in either direction, however, 
one or the other of the induced voltages can be 
made to predominate. Thus, if the cores are 
moved to the left, voltage Ci will be increased 
while voltage e2 will be decreased by a like 
amount. The result will be a current flowing in 
a counterclockwise direction in the disturbed cir¬ 
cuit. On the other hand, moving the cores to the 
right will cause a clockwise current in the dis¬ 
turbed circuit, the value of which will depend 
upon the extent of the movement of the cores. 

In practice, the balancing coils are designed to 
have a mutual inductance ranging from approxi¬ 
mately + 1.6 to —1.6 microhenrys for the two 
limiting positions of the cores. The coils are 
mounted in cylindrical containers arranged for 
rack mounting. The position of the coil cores is 
controlled by a screw by means of which the core 
can be moved through its maximum travel of 
inch in about 16 complete turns. 

In using these coils to balance out crosstalk, 
measurements of the inductive coupling between 
each pair of conductors must be made and each 
coil adjusted to counteract this coupling. In a 
cable containing a large number of carrier pairs, 
the number of coils required at each repeater sta-
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Voltages within the voice-frequency range, in¬ 
duced in a telephone circuit by electric power 
circuits, are manifested to a listener on the tele-

Cable Balancing Capacitances—Older Type Shielded 
Twisted Pair at Left—Newer Type Spirally Wound 

Pair at Right—Unit Used at End of Repeater 
Section in Center 



Frequency 

Fu;. 32-17 Relative Interfering Effect of Noise at 
Different Frequencies 

phone circuit as noise. In many cases, crosstalk 
currents may also appear merely as noise. This 
is particularly true in the case of cable circuits 
where any crosstalk heard is likely to come simul¬ 
taneously from a considerable number of other 
circuits, and appears to the listener on the dis¬ 
turbed circuit as a special form of noise, called 
“babble”. In other words, it is just an unintel¬ 
ligible conglomeration of speech sounds coming 
from a large number of sources. 

The disturbing effect of noise to a listener de¬ 
pends first, of course, upon its volume. It also 
depends upon the frequency of the noise currents. 
Figure 32-17 shows the results of tests that have 
been made to determine the relative disturbing 
effects of various noise frequencies. It will be 
noted that the disturbing effect peaks up rather 
sharply in the neighborhood of 1100 cycles. Where 
noise is of appreciable volume—particularly in 
the more sensitive frequency range—it it natur¬ 
ally annoying to the telephone user and may seri¬ 
ously reduce the intelligibility of conversation. It 
is accordingly necessary to keep the noise in work¬ 
ing telephone circuits below those limits where its 
interfering effect on conversation will be impor¬ 
tant. 

Since noise is essentially an induced effect like 
crosstalk, similar measures are used to counteract 
it. Careful resistance balancing of the telephone 

conductors, the use of transposition systems, and 
other measures taken to avoid crosstalk, are like¬ 
wise effective in reducing noise. However, such 
measures alone may be inadequate to keep noise 
within the desired limits. This is a result of the 
fact that paralleling power lines are the principal 
source of noise, and the power carried over such 
lines is greater by tremendous percentages than 
that carried over any telephone circuit. 

Of course, the usual fundamental frequency of 
power transmission is 60 cycles and this frequency 
is too low to interfere appreciably with telephone 
transmission. Unfortunately, however, the cur¬ 
rents transmitted over the power line usually in¬ 
clude several harmonics of the fundamental fre¬ 
quency, and these may lie well within the range 
of telephone frequencies. In high tension power 
lines, such harmonics may have energy values as 
high as 10,000 watts and when this is compared 
with the energy in the telephone circuit, which 
may be as low as .00001 watt, it will be evident 
that, even for a considerable physical separation 
between the power and telephone conductors, the 
danger of serious interference is great. 

The ideal way of eliminating such interference 
is to avoid any parallels of small separation and 
appreciable length between power and telephone 
lines. This is done whenever practicable. In many 
cases, however, parallels with fairly close separa¬ 
tion, such as lines on the opposite sides of a high¬ 
way, cannot be avoided. In these cases, it is. fre¬ 
quently necessary to make use of certain measures 
additional to balancing and transposing the tele¬ 
phone conductors. These usually require the co¬ 
operation of the power companies. The particular 
techniques to be used vary somewhat with each 
situation but include such measures as rearrange-

CONSTRUCTION OF CROSSTALK BALANCING COIL 
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Crosstalk Units -CU 

Fig. 32-18 Relations Between Crosstalk 
Measuring Units 

ments of the transformer connections in the power 
circuits, or the insertion of filters to reduce har¬ 
monics. Other methods frequently employed in¬ 
clude changes in the configuration of the power 
wires on their poles to make for better electrical 
balance, and transpositions of the power wires. 
Such power line transpositions have essentially 
the same effect in balancing out the magnetic fields 
as do transpositions in a disturbing telephone 
circuit. 

32.6 Crosstalk and Noise Measuring Units 

The ideal objective of the various methods dis¬ 
cussed above for counteracting crosstalk and noise 
induction in telephone circuits is, of course, to 
eliminate their effects altogether. In practice this 
ideal is rarely attained. But certain practical 
limits are established, and every reasonable effort 
is made to keep the crosstalk and noise below these 
limits. In designing and maintaining circuits, 
therefore, it is desirable to be able to make defi¬ 
nite quantitative measurements of both crosstalk 
and noise. As in any other kind of measurement, 
this requires the establishment of definite units. 

The measure of either crosstalk or noise that 
would be of major significance as a practical mat¬ 
ter is the extent of the interference or annoyance 
to which a listener on a disturbed circuit is sub¬ 
jected. Since such a measure is obviously affected 
by numerous subjective factors, it is clear that 
completely objective quantitative measurements 
of crosstalk and noise effects are practically im¬ 
possible. It is possible, however, to make precise 
quantitative measurements of the crosstalk coup¬ 

ling between a given sending point on a disturbing 
circuit and a given receiving point on a disturbed 
circuit. Essentially this is simply the measure¬ 
ment of the transmission loss between the two 
points, and like any other transmission measure¬ 
ment it may be made at one or more frequencies 
as desired. Such a measurement gives a value of 
what is known as “crosstalk coupling loss” in db. 
A more commonly used measure of crosstalk coup¬ 
ling employs a unit designated dbx, which ex¬ 
presses the coupling in db above “reference coup¬ 
ling”. Reference coupling is equivalent, broadly 
speaking, to a crosstalk coupling loss of 90 db and 
is formally defined as “the coupling which would 
be required to give a reading of zero dba on a 2-
type noise measuring set connected to the dis¬ 
turbed circuit when a test tone of 90 dba (using 
the same weighting as that used on the disturbed 
circuit) is impressed on the disturbing circuit”. 
Another unit is sometimes used for measuring 
crosstalk coupling. This is the “crosstalk unit” 
abbreviated CU. The number of crosstalk units 
representing any given coupling is 10“ times the 
ratio of the current or voltage in the disturbed 
circuit to the current or voltage in the disturbing 
circuit at the two points under consideration; or, 
if the circuit impedances are not the same, 10G 

times the square root of the power ratio. The re¬ 
lationships between the three measures of cross¬ 
talk coupling are shown graphically in Figure 
32-18. 

For measuring noise, a basic reference point 
has been selected, which is equal to 10 12 watts of 
1000-cycle power. This corresponds to 90 db be¬ 
low 1 milliwatt ( 90 dbm). Noise may then be 
measured in terms of number of decibels above 
this reference point. However, the interfering 
effect of noise on a listener varies with both the 
power level and the frequency; and the relative 
importance of the components of noise at the dif¬ 
ferent frequencies must be taken into considera¬ 
tion in determining the total amount of interfer¬ 
ence. The interfering effect also varies according 
to the sensitivity of the receiving device that con¬ 
verts the noise currents into audible sound. For 
these reasons, in measuring noise, it is desirable 
to employ “weighting networks” which act to in¬ 
tegrate the noise power over the voice-frequency 
range by giving each small band of frequencies a 
weighting proportional to its contribution to the 
total interfering effect. Different weighting net¬ 
works may be used with different receiving de¬ 
vices. Even so, equal values of db reading will not 
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necessarily indicate equal interfering effects with¬ 
out some adjustment of the calibration constants. 
In practice, an adjusted unit designated dba is 
employed, which measures the acoustic interfer¬ 

ing effect of the frequency-weighted noise energy. 
Equal values of dba measured across any receiv¬ 
ing device, with proper weighting used, should 
indicate approximately equal interfering effects. 
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CHAPTER 33 
ALTERNATING-CURRENT MEASUREMENTS 

33.1 Alternating-Current Meters 

Meters of the galvanometer type, in which the 
current to be measured flows through the wind¬ 
ings of a movable coil suspended in the field of a 
permanent magnet, are commonly used for the 
measurement of direct currents. Such meters are 
not suitable for measuring alternating currents 
because they would tend to indicate the instan¬ 
taneous values of the rapidly changing current, 
both positive and negative. 

For the measurement of alternating currents of 
relatively low frequency (up to a few hundred 
cycles), direct-reading meters employing the dy¬ 
namometer principle are frequently used. These 
are similar in external appearance to the usual d-c 
meters, but the permanent magnet of the galvan¬ 
ometer type meter is replaced by a stationary coil 
through whose windings the current to be meas¬ 
ured flows in series with the windings of the mov¬ 
able coil. Current reversals thus occur simul¬ 
taneously in both coils and the interaction be¬ 
tween their magnetic fields is such as to cause the 
movable coil to rotate in only one direction regard¬ 
less of the direction of the current in the wind¬ 
ings. The deflection of the movable coil is propor¬ 
tional to the effective value of the current through 
its winding. Within the frequency limits indi¬ 
cated, this type of instrument may be used to 
measure alternating current, voltage or power 
provided that the values are of sufficient magni¬ 
tude to register. For power measurement, how¬ 
ever, one of the coils must be connected in series 
so that the current in it varies as the line current, 
while the other coil is connected across the circuit 
so that the current in it is proportional to the 
voltage. This automatically takes care of any 
phase difference between current and voltage, 
permitting the meter to register in watts. 

The direct-reading a-c meter is ordinarily not 
adequate for measuring current, voltage and 
power at the higher frequencies generally em¬ 
ployed in communications work because of the 
extremely small values of the quantities involved 
and other difficulties inherent in the design of a-c 
meters at high frequencies. Since it is possible to 
build d-c meters with a much higher degree of 
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sensitivity, the great majority of a-c measure¬ 
ments in communications work are made indi¬ 
rectly by rectifying the alternating current and 
then measuring the rectified current with a d-c 
meter. If the a-c quantities are still too small to 
register on a meter, an appropriate amplifier may 
be inserted in front of the rectifying device. 
Where it is not necessary to use an amplifier, the 
conversion of small alternating currents to pro¬ 
portional direct currents is usually effected by a 
thermocouple. The arrangement is illustrated 
schematically in Figure 33-1 where the alternat¬ 
ing current to be measured, flowing through the 
wire ab, heats the junction H of two dissimilar 
metal conductors. Due to thermo-electric effect, 
this produces a difference of potential between the 
two dissimilar conductors, which causes a direct 
current to flow through the d-c meter. When the 
meter is properly calibrated by means of the po¬ 
tentiometer P, this current is exactly equal to the 
effective value of the applied alternating current. 
Where the a-c quantities are so small as to require 
the use of an amplifier for their measurement, 
rectification is usually effected by means of either 
disc or point-contact rectifiers. 

For most purposes, a-c measurements in com¬ 
munications work are not made in terms of volts 
or amperes but in logarithmic units such as the 
db or dbm. Many of the meters used are accord¬ 
ingly designed with scales reading in these units. 
The ordinary d-c ammeter is designed to have 
equal spacing on its scale for equal increments of 
current. Since the movable coil rotates in an air¬ 
gap of uniform flux density, the torque on the 
coil is directly proportional to the current. If such 
a meter is calibrated to read in decibels, the points 
on the scale for successive units above or below 

Fig. 33-1 Thermocouple A-C Meter 



Fig. 33-2 Decibel Meter 

zero will be spaced increasingly close together, as 
shown in Figure 33-2 (A), because the decibel is a 
logarithmic unit. To obtain the even spacing on 
the db or dbm scale that is generally desirable, an 
ammeter may be made as shown in Figure 33-2 
(B), with the pole-pieces of the permanent mag¬ 
net cut in an eccentric pattern so that the flux 
across the air-gap increases logarithmically as the 
needle moves away from the zero position. The 
advantages of such a design are somewhat offset 
by the fact that this meter requires a higher oper¬ 
ating current because of the lower flux at the zero 
position. 

It should be noted that the zero of a db or dbm 
scale does not have the same significance as that 
of an ordinary linear scale because the decibel by 
definition is the logarithm of a ratio, and zero is 
the logarithm of 1. When an ordinary ammeter 
reads zero, it means that no current is flowing in 
its winding. When a db meter reads zero, it means 
only that the ratio between the power being meas¬ 
ured and some reference power is 1. This refer¬ 
ence power, as we know, is 1 milliwatt for meas¬ 
urements in dbm. Under other conditions, the 
relationship between meter reading and reference 
power may be complicated. 

Although not explicitly stated, it has been as¬ 
sumed in the foregoing that the alternating cur¬ 
rents and voltages dealt with were in the form 
of sine waves. When this is not the case, measure¬ 
ments in terms of the units discussed above may 
have little meaning. Speech waves, for example, 
vary with time in a complex manner and it is not 
possible to measure their precise values in terms 
of watts or decibels except on an instantaneous 
basis. It is frequently desirable, however, to know 
the overall average strength of transmitted speech 
or music waves. A device known as a volume indi¬ 
cator may be used for this purpose. This is essen¬ 

tially a high impedance voltmeter made up of an 
attenuator, a copper-oxide rectifier, and a d-c mil¬ 
liammeter having specified dynamic characteris¬ 
tics, which may be bridged across a line without 
appreciable effect on normal transmission. The 
meter is calibrated in terms of VU. This is a 
logarithmic unit that measures strength or volume 
above or below a specified reference level. In gen¬ 
eral, this reference level, designated 0 VU, indi¬ 
cates no precise electrical quantity, but the volume 
indicator is calibrated to read 0 VU on 1 milli¬ 
watt of 1000-cycle power dissipated in a 600-ohm 
resistance. The VU represents the same power 
ratio as the db and the volume indicator may 
therefore be used to measure transmission losses 
or gains when the current being measured is a 
1000-cycle sine wave, although its primary pur¬ 
pose is to measure the volume of complex waves. 

Another example of measurements where the 
ordinary electrical units cannot be practicably 
applied is presented by the video signal of tele¬ 
vision program transmission. This signal is not 
only non-sinusoidal, but its positive and negative 
peaks are usually unequally displaced from the 
zero axis. Under these conditions, a measurement 
of the signal amplitude in ordinary power terms 
is meaningless. As has been indicated earlier in 
this book, video signal amplitude is commonly 
defined in terms of peak-to-peak voltage—that 
is, the voltage difference between the maximum 
swing of the signal in one direction and that in 
the other direction. For general measurements of 
video signal strength, it is convenient to use a unit 
known as the dbv. This expresses the ratio in db 
of the peak-to-peak voltage at any point to a ref¬ 
erence voltage of 1 volt peak-to-peak. The 1 volt 
peak-to-peak reference voltage is zero dbv and for 
a sine wave its value is equivalent to an effective 
value of 0.354 volts. 

33.2 The Cathode-Ray Oscilloscope 

The cathode-ray oscilloscope is fundamentally a 
voltage measuring device that is particularly use¬ 
ful for observing and measuring a-c voltages of 
non-sinusoidal waveshape. Its basic element is an 
electrostatic cathode-ray tube, which, because of 
the almost negligible inertia of its electron beam, 
makes possible the visual observation of the char¬ 
acteristics of extremely' rapid voltage changes, 
provided that they recur with sufficient frequency 
to produce a persistent light pattern on the screen 
of the tube. 
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be read directly from the picture. 
For most of the purposes for which it is used in 

communications work, the oscilloscope is operated 
with a time scale applied to the X axis. It is pos¬ 
sible, however, to apply an independent external 
voltage to the X plates as well as to the I plates. 
Such a procedure is employed when the oscillo¬ 
scope is used for measuring frequencies, as dis¬ 
cussed briefly in the following Article. 

Fig. 33-3 Block Diagram of Cathode-Ray Oscilloscope 

Figure 33-3 shows in block diagram the essen¬ 
tial circuit elements that are ordinarily associated 
with the cathode-ray tube to make up an oscillo¬ 
scope that is adaptable for the observation and 
measurement of signals of many types. For most 
observations, the voltage under test is applied to 
the vertical or Y deflecting plates of the tube while 
a linear sweep voltage of the same frequency as 
the voltage under observation is applied to the 
horizontal or X deflecting plates. The amplifiers 
designated Y and X are used to bring the deflect¬ 
ing plate voltages up to the values necessary to 
cause the desired swings of the electron beam. 
There are two sweep generators, both usually of 
the multivibrator type. One is free-running to 
give a continuous saw-tooth wave output; the 
other is of the start-stop type, which stops at the 
end of each saw-tooth cycle until started by a 
“triggering” signal. The latter makes it possible 
to obtain a steady trace of a signal whose recur¬ 
rence is not uniform with time. Switches are 
provided as shown in the diagram for connecting 
either generator into the circuit. Both sweep gen¬ 
erators are arranged with appropriate controls 
for adjusting their frequencies over a wide range. 

In order to hold the sweep circuits in the exact 
synchronism that is necessary to produce a sta¬ 
tionary pattern on the tube screen, synchronizing 
pulses are applied to the multivibrators through 
a SYNC amplifier, as indicated. These pulses are 
ordinarily obtained internally from the output of 
the Y amplifier, but provision is made for pick¬ 
ing them up from an external source by operating 
the switch to the EXT SYNC position. When 
a linear time scale is applied to the X plates of 
the tube, as discussed above, the screen gives a 
direct picture of the shape of the wave under 
investigation. By placing an appropriately cali¬ 
brated grid scale on the face of the tube, reason¬ 
ably accurate quantitative measurements may also 
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33.3 Frequency Measurements 

Methods for measuring the frequency of sine 
wave alternating currents depend upon the fre¬ 
quency range under investigation and the de¬ 
gree of accuracy required. At frequencies in the 
“power” range, up to about 200 cycles, direct¬ 
reading meters employing the principle of me¬ 
chanical resonance are commonly used. Such 
meters have a comb-like arrangement of metal 
reeds of differing lengths, each of which has a 
different natural period of mechanical resonance. 
The comb is mounted in the gap of an electro¬ 
magnet to the windings of which the voltage to 
be measured is connected. A scale above the ends 
of the reeds is calibrated in cycles to show the 
frequency of the reed which vibrates with maxi¬ 
mum intensity. At higher frequencies, the prin¬ 
ciple of electrical resonance is quite generally em¬ 
ployed in frequency measurements. Any resonant 
circuit with adjustable capacitance or inductance 
values can be used for determining frequency. 
One illustration of such an application is the wave 
meter shown in Figure 33-4. In circuit A, if an 
inductance L and a capacitance C are so adjusted 
as to give resonance, the meter M will give a 
maximum reading. Similarly, circuit B will be 
resonant when maximum sound is heard in the 
telephone receivers which are connected in series 
with a rectifying device, D. To know the fre¬ 
quency at the resonant point, it is of course neces¬ 
sary that the variable capacitor be previously 
calibrated in such terms. 



Wave meters of such comparatively simple de¬ 
sign are widely used in connection with radio 
circuits where frequency determination of precise 
accuracy is rarely necessary. There are many 
situations in the voice and carrier frequency 
ranges where frequency measurements accurate 
to a few cycles, or even to one cycle, are desirable. 
One device employed for measuring frequencies 
in these ranges is the bridge circuit shown sche¬ 
matically in Figure 33-5. This also makes use of 
the principle of electrical resonance but employs 
a null method of measurement. The bridge arms 
A and B are of equal resistance and when the 
variable capacitor C and the variable resistor R 
are adjusted so that the meter registers no cur¬ 
rent, the LC arm of the bridge is in resonance 
with the input frequency. The scales of R and C 
are factory calibrated and a table is supplied with 
the bridge from which the frequency values cor¬ 
responding to their settings may be read. The 
accuracy of this device of course depends upon 
the original accuracy, and the permanency, of this 
calibration. 

Where greater precision is necessary, a meter 
employing a cathode-ray oscilloscope may oe used. 
The essential elements of this device are shown 
in the block diagram of Figure 33-6. Its principle 
depends upon comparing the voltage under test 
with the output of a precisely calibrated variable 
oscillator by applying the two voltages respec¬ 
tively to the vertical and horizontal plates of a 
cathode-ray tube. When the two voltages have 
precisely the same frequency, a stationary pattern 
will appear on the screen of the tube. As was 
pointed out in Article 22.3, the form of the sta¬ 
tionary pattern will depend upon the phase rela¬ 
tionship of the two voltages, being a straight di¬ 
agonal line when the voltages are in phase or 
180° out of phase; a circle when the voltages are 
90° out of phase; and elliptical at other phase 
angles. When such a stationary 1-to-l frequency 
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pattern is obtained on the oscilloscope screen, the 
frequency adjusting dials of the variable oscilla¬ 
tor will read the frequency directly to 1 cycle. 

The stability of the bridge-type variable oscilla¬ 
tor is very high. Nevertheless, it is necessary to 
calibrate it each time the meter is placed in opera¬ 
tion and at intervals of about an hour during 
operation, if maximum precision is required. For 
this purpose, the meter includes a crystal stand¬ 
ard whose known single frequency may be com¬ 
pared in the oscilloscope with several key fre¬ 
quencies in the variable oscillator’s range, that are 
related to the fixed standard frequency by integral 
units. In these calibrating comparisons, the oscil¬ 
lator circuit constants are adjusted by “trimmer” 

Fig. 33-6 Oscilloscope Circuit for Frequency 
Measurements 

resistors, if necessary, until a stationary pattern 
is obtained on the screen. Since there is only one 
crystal standard frequency, these stationary pat¬ 
terns will not represent 1-to-l ratios but other 
integral relationships. Figure 33-7, for example, 
shows the patterns for a 10-to-l and a 4-to-l re¬ 
lationship, which correspond to oscillator frequen¬ 
cies of 400 and 1000 cycles respectively when the 
crystal standard is 4000 cycles. 



Fig. 33-8 Search Oscilloscope Patterns 

33.4 Impedance Measurements 

Many times throughout this text, attention has 
been called to the necessity for matching imped¬ 
ances at junction points of communication cir¬ 
cuits in order to eliminate unnecessary transmis¬ 
sion losses or other undesirable effects. This 
makes it necessary, for practical maintenance 
purposes, to have available a device by means of 
which impedances can be accurately measured. 

Figure 33-9 indicates the principle of a simple 
bridge circuit widely used in the telephone plant 
for measuring impedances in the voice-frequency 
range between 100 and 3000 cycles. As shown, 

When the frequency of the voltage being meas¬ 
ured is not even approximately known, the meter 
circuit can be arranged to search for the unknown 
frequency by operating the switch to the contacts 
marked S. Operation of the search switch con¬ 
verts the oscillator to a tuned amplifier. The am¬ 
plifier output will then be negligible until and 
unless its tuning circuit is adjusted to a frequency 
that is close in value to the unknown input fre¬ 
quency. As long as the frequencies are far apart, 
only a straight vertical line will appear on the 
oscilloscope screen. When the tuning of the am¬ 
plifier approaches the unknown frequency, this 
vertical line will take the form of an ellipse that 
will bend over and approach closer and closer to 
a straight diagonal line, as shown in Figure 33-8. 
At this point, the switch may be thrown back to 
M and the exact frequency determined. 

Fig. 33-9 Simple Impedance Bridge 

Fig. 33-10 Circuit of a Line Impedance Bridge 

the unknown impedance is connected in one arm 
of the bridge and the balancing arm consists of a 
variable resistor and a variable inductor (induc¬ 
tometer) in series. Arms R„ and Rh are resistors of 
equal value. Measuring current is supplied from 
a variable oscillator capable of delivering satis¬ 
factory waveshape and output through the range 
of voice frequencies for which the bridge is de¬ 
signed. The values of R and L, when they are 
adjusted so that there is no current in the tele¬ 
phone receiver, will be equal to the corresponding 
values of the unknown impedance. The circuit as 
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Impedance Det 

Fig. 33-11 Hybrid-type Impedance Bridge 

shown in the diagram could measure only an in¬ 
ductive impedance. The practical circuit, how¬ 
ever, is arranged so that the variable inductor 
may be switched into the other arm of the bridge 
in series with the unknown impedance. When the 
bridge is balanced in this condition, the inductom¬ 
eter in effect gives a measure of negative induct¬ 
ance, which is equivalent to capacitance. The 
variable units are actually calibrated to read re¬ 
sistance in ohms and inductance in millihenries, 
but the readings may readily be converted into 
reactance and impedance values by the applica¬ 
tion of basic a-c equations. 

A detailed wiring diagram of the bridge is given 
in Figure 33-10, which shows a number of fea¬ 
tures not indicated in Figure 33-9 but necessary 
to the practical operation of the bridge. Thus, the 
fact that it is not possible to build an inductom¬ 
eter that may be adjusted to zero inductance re¬ 
quires the use of a second fixed inductor which 
also may be switched from one arm of the bridge 
to the other. Zero inductance may then be secured 
by switching the fix«! inductance to one arm of 
the bridge and the inductometer to the opposite 
arm so that the fixed inductor neutralizes its value 
on the scale of the inductometer. Since either in¬ 
ductor may be switched to either arm, the total 
reactance values that can be measured range from 
zero to ±2-/ (L„ — Lh), where Lo and Lh are the 
values of the two inductances. The diagram also 
shows two compensating resistors, whose values 
are equal to the resistances of the inductors. 
These are connected to the switch contacts in such 
a way as to be always in the opposite arm from 
the corresponding inductor, thus neutralizing the 
resistances of the inductors. 

Other bridge designs, operating on a basically 
similar principle, are used for impedance measure¬ 
ments at higher frequencies. One of these, which 
is satisfactory for measurements between 1800 
and 35,000 cycles, is shown schematically in Fig¬ 
ure 33-11. The bridge here is the familiar hybrid 
coil. When the unknown impedance connected to 
the “line” side of the coil is matched by the ad¬ 
justable impedance connected to the “net” side 
of the coil, voltage applied to the series winding 
from an oscillator will produce no current in the 
bridge connection to the amplifier-detector. It 
will be noted that the reactance adjustment in this 
circuit is made by means of a variable capacitor 
rather than an inductometer. If the reactance of 
the unknown impedance is inductive, the variable 
capacitor is transferred by an appropriate switch 
to the line side of the coil in series with the un¬ 
known impedance. Another bridge, designed for 
making measurements between 1 and 100 kc, is 
shown in Figure 33-12 in simplified schematic. 
This bridge differs from the usual circuit in that 
the ratio arms are four pairs of equal resistances, 
and the variable and unknown impedances are 
connected between mid-points of opposite pairs. 
The impedance is measured when the bridge is 
balanced in terms of resistance and capacitance 
in parallel rather than in series, and switches are 
provided to transfer the variable elements to the 
opposite side of the bridge if this should be neces¬ 
sary to secure balance. 

One of the major uses of the impedance bridge 
in practical communications work is the location 
of impedance irregularities in long wire circuits. 
The impedance of a long line that is free from 
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irregularities and terminated in its characteristic 
impedance, when measured over a wide band of 
frequencies, will appear as a smooth curve over 
the measured frequency range. If, however, there 
is an impedance irregularity along the line, such 
as might be caused by a defective or improperly 
located loading coil, some part of the energy ap¬ 
plied to the line at the sending end will be reflected 
back from the point of irregularity. The reflected 
wave will add to or subtract from the initial ap¬ 
plied wave, depending on its phase relationship 
when it reaches the sending end. The sending end 
impedance will be affected accordingly. The phase 
of the reflected wave with respect to the initial 
wave of course depends on the time it takes to 
travel from the irregularity to the sending end or, 
since the velocity of propagation is a constant for 
a particular type of facility, on the distance from 
the irregularity to the sending end. 

The measured resistance and reactance of the 
line under these conditions, when plotted over a 
range of frequencies, will produce curves of the 
type illustrated in Figure 33-13. At points M, N, 
and O, the measured resistance values are maxi¬ 
mum. indicating that the reflected current, when 
it reaches the sending end, is exactly opposite in 
phase to the initial current; while at P, Q, and R, 
the two currents are exactly in phase. Adjacent 
humps, either maximum or minimum, occur at 
frequency intervals corresponding to a change of 
one-half wavelength in the distance from the send¬ 
ing end to the point of irregularity. The distance 
may, therefore, be determined by the use of the 

following equation :— 

where d is the distance to the irregularity, W is 
the velocity of propagation, and f2—f\ is the aver¬ 
age frequency interval between adjacent humps 
of the curve. 

Where a large number of impedance-frequency 
measurements are to be made, particularly when 
the measurements need to be made quickly because 
the fault condition causing the irregularity is not 
constant, there are advantages in using a rectify¬ 
ing bridge of the type shown in Figure 33-14 that 
employs only one variable element. In this bridge, 
the unknown impedance is balanced by the vari¬ 
able resistance R and the bridge will therefore 
measure the magnitude but not the angle of the 
impedance. Current from the oscillator can flow 

Fig. 33-14 Rectifying-type Impedance Bridge 
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Fig. 33-13 Impedance Characteristic of Circuit with 
Single Irregularity 

in the meter circuit M only during the half-cycle 
when a is positive. In the negative half-cycle, cur¬ 
rent will flow through paths bca and bda but no 
current can flow in the meter circuit since any 
voltage applied across the rectifiers X in series 
with the meter will be of the wrong polarity for 
either one or the other of them. The bridge, there¬ 
fore, acts as a haif-wave rectifier. During the 
positive half of the cycle, current from E divides 
at a and flows through the paths acemb and 
adfmb. If the resistances of these two paths are 
equal, there is no potential difference between e 
and f and no current will flow through the meter. 
The bridge is calibrated by adjusting the poten¬ 
tiometer m so that the meter will read zero when 
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equal resistances are inserted in the arms ac and 
ad. This corrects for any differences that may 
exist between the resistances of the two X varis¬ 
tors. The calibrating resistances should be of a 
value comparable, as nearly as possible, to the 
magnitude of the unknown impedance to be meas¬ 
ured. 

33.5 Transmission Measurements 

Most widely used of the many types of measure¬ 
ments required in communications work are those 

known as transmission measurements. These are 
measurements of the ratio of the power at the 
receiving end of a transmission line to the power 
applied to the transmitting end. As is well known, 
they indicate the loss or gain of a circuit in terms 
of decibels or comparable logarithmic units. Two 
basic methods of making transmission measure¬ 
ments are commonly employed. The first is a 
direct method in which a known amount of power 
(generally 1 milliwatt) is applied to the sending 
end of the circuit under test and the power at the 
receiving end is measured by a direct-reading 
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meter in terms of db or dbm. This is obviously 
the simpler method and is used wherever prac¬ 
ticable. In situations where it is not feasible to 
supply a known fixed power at the sending end of 
the circuit, a comparison method is used in which 
the loss or gain of the circuit under test is meas¬ 
ured by comparing it with a known, calibrated 
loss or gain. 

For routine checking of telephone circuits, 
transmission measurements are usually made at 
a single frequency of 1000 cycles and, in most 
cases, the direct method of measurement is em¬ 
ployed. Fixed testing power of 1 milliwatt is sup¬ 
plied at the sending terminals from a 1000-cycle 
source of power, which consists of a small mag¬ 
neto-generator. At the receiving end, the power 
is amplified, rectified by copper-oxide varistors, 
and supplied to a d-c meter reading directly in db 
or dbm. The detailed circuit arrangement is 
shown in Figure 33-15. Where measurements at 
frequencies other than 1000 cycles are required, 
the same receiving circuit may be used but the 
sending power is furnished by an appropriate 
variable oscillator. To insure that the test power 
is at 1 milliwatt, the oscillator output must be 
calibrated against a fixed 1000-cycle generator 
output for each series of measurements at other 
frequencies. 

In situations where a fixed known testing power 
source is not available, as would ordinarily be true 
for example in the case of portable transmission 
measuring sets, the comparison method mentioned 
above may be employed. The general principle of 
this type is illustrated in Figure 33-16. The set is 
first calibrated by connecting a voltage to a fixed 
artificial line which causes a definite known loss. 
The entering current, after passing through this 
line, is amplified and rectified and passed through 
a potentiometer to a d-c meter. The value of the 
applied voltage is then adjusted to such a value as 
to give any desired deflection of the d-c meter, 
usually mid-scale. After calibrating, connections 
are changed so that the same voltage is applied to 
a variable artificial line in series with the circuit 
whose equivalent is to be determined. By cutting 
out sections of the artificial line, the total loss in 
the circuit is made the same as that in the cali¬ 
brating circuit, so that the d-c meter gives the 
same deflection in both cases. The dials are ar¬ 
ranged to read the loss in the unknown circuit 
directly. 

For transmission measurements at higher fre¬ 
quencies up to 3500 kc, both comparison type and 

direct-reading sets are extensively used in the 
telephone plant. The principles involved are not 
essentially different from those already discussed 
for measurements at voice-frequencies, although 
the measuring sets themselves are necessarily 
somew’hat more elaborate in design. The com¬ 
parison type sets generally employ thermocouple 
detectors to drive a direct-reading meter. The re¬ 
ceiving circuits of the direct-reading sets are 
essentially superheterodyne detectors, the outputs 

To 

Receiving Set 

Fig. 33-17 Visual Transmission Measuring Set 

of which are fed to d-c milli- or microammeters 
reading directly in dbm. Appropriate types of 
variable oscillators must of course be employed 
with each measuring set. 

In practical transmission maintenance work, it 
is often necessary to check transmission losses 
over a considerable range of frequencies to insure 
that a line is properly equalized to provide uni¬ 
form transmission over the entire frequency range 
of the signals to be transmitted. This is particu¬ 
larly true in the case of television signals, where 
attenuation distortion must be carefully guarded 
against. Such “attenuation-frequency runs” can 
be made with most of the types of measuring sets 
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discussed above, but the process would obviously 
be extremely laborious if separate measurements 
had to be made over a frequency range up to about 
3500 kc and the frequency-attenuation curve 
plotted. To obviate this difficulty, a visual type of 
transmission measuring set may be used, which 
plots the attenuation over the entire frequency 
range under study almost instantaneously on the 
screen of a cathode-ray oscilloscope. The arrange¬ 
ment of such a transmission measuring set is 
shown in block diagram in Figure 33-17. 

The sending circuit here is designed to apply to 
the line under test 1 milliwatt of power over a 
range of frequencies sweeping linearly with time 
between 70 kc and 4500 kc, at a repetition rate of 
50 times per second. As the drawing indicates, 
the sweep is developed from a heterodyne oscil¬ 
lator in which the 90 megacycle output of a fixed 
oscillator is combined in a modulator circuit with 
the output of a variable oscillator, which sweeps 
linearly over the range 85 to 90 me. The linear 
sweep of the variable oscillator is controlled by a 
50-cycle saw-tooth oscillator whose output con¬ 
trols the effective capacitance of a reactance tube 
in the resonant circuit of the variable oscillator. 
The modulator output includes the sum and dif¬ 
ference products of the two oscillators. The sum 
is in a very high frequency range and is heavily 
attenuated, while the difference product between 
zero and 5 me is transmitted to the amplifier, 
which has a flat gain over the range 70 to 4500 kc. 

The amplifier output is supplied to a “gate 
tube” which is normally merely a wideband am¬ 
plifier. A portion of the amplifier output is also 
supplied to an automatic volume control circuit 
which holds the net amplifier output constant over 
the frequency range. Another portion is supplied 
to the “gating amplifier”. The purpose of this de¬ 
vice is to prevent frequencies at, or in the im¬ 
mediate neighborhood of, the L-carrier pilot fre¬ 
quencies from reaching the line where they would 
naturally tend to upset the line-up of the whole 
system. The gating amplifier circuit contains 
sharply resonant circuits tuned to the pilot fre¬ 
quencies, by means of which it is able to recognize 
when the sweeping frequency of the sending set 
is approaching a pilot frequency. Upon such 
recognition, it delivers a “squelching pulse” to the 
gate tube, which effectively blocks transmission 
through that tube’s circuit of a narrow band of 
frequencies extending about 50 cycles on each side 
of the pilot frequency. The output of the gate tube 
is delivered to the line through an impedance¬ 

matching cathode-follower circuit. The output 
power is normally held at 1 milliwatt, although a 
35 db pad may be switched into the circuit to 
provide a —35 dbm output when a lower level of 
output power is desirable. 

The receiving circuit includes an attenuator, a 
wideband amplifier and a germanium crystal de¬ 
tector circuit whose output is connected through 
a d-c balance control circuit to the Y plates of a 
cathode-ray oscilloscope. The purpose of the d-c 
balance control circuit is merely to center the pat¬ 
tern on the oscilloscope screen. The receiving 
circuit also includes a synchronizing circuit for 
keeping the horizontal time sweep of the oscillo¬ 
scope in phase with the oscillator sweep of the 
sending circuit. For this purpose, a frequency of 
1600 kc (any other single frequency in the band 
would do equally well) is picked off in front of 
the wideband amplifier by an amplifier tuned 
sharply to 1600 kc. This is rectified in the detec¬ 
tor-amplifier to apply a synchronizing pulse to the 
EXT SYNC connection of the oscilloscope each 
time the received sweeping input passes through 
1600 kc. 

As each frequency over the 70 to 4500 kc range 
is received, a d-c voltage proportional to its am¬ 
plitude is produced by the receiving circuit and 
applied to the Y axis of the oscilloscope. When 
the A’ axis of the oscilloscope is swept at the same 
rate as that of the sending sweep oscillator, a 
point is plotted for each frequency and a continu¬ 
ous line is therefore drawn (except for the very 
narrow bands suppressed at the pilot frequen¬ 
cies). If attenuation over the whole frequency 
range is uniform, the oscilloscope pattern will be 
a straight horizontal line; irregularities in the 
straight line pattern will indicate corresponding 
deviations in the attenuation at frequencies which 
may be easily read from the oscilloscope scale. 
Such deviations may be rapidly corrected by ad¬ 
justing the appropriate equalizer circuits while 
observing the pattern on the oscilloscope screen. 

33.6 Measurements at Superhigh Frequencies 

Figure 33-18 is a simplified schematic of a fre¬ 
quency-power meter that may be used to measure 
frequency and power levels in the range between 
3600 and 4600 megacycles. As may be noted, the 
meter circuit includes three principal elements— 
a waveguide system shown at the upper left, a 
temperature controlling oscillator circuit below 
this, and an indicating circuit at the right. 
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Fig. 33-18 Microwave Frequency-Power Meter 

Microwave power is measured by the amount 
of heat the waves generate in a resistive load con¬ 
sisting of the thermistor bead T, indicated at the 
right of the waveguide system. Frequency is 
measured by means of the adjustable cavity reso¬ 
nator FM which is coupled to the guide and cali¬ 
brated to read directly in megacycles. As the 
movable plunger of the cavity is adjusted to 
resonance, the reading of the power meter AM 
will show a sharp dip as a result of most of the 
energy being absorbed in the cavity and not 
reaching the thermistor bead. The setting of the 
dial which mechanically controls the movable 
plunger then indicates the frequency directly. The 
input microwave power can be reduced up to 6 db, 
if desired, by means of an attenuator which con¬ 
sists of a vane of insulating material with a thin 
layer of carbon on one side that may be moved 
toward the center of the waveguide by a cali¬ 
brated control knob. 

The thermistor Tt, which is the power measur¬ 
ing element, serves also as a matched resistance 
load. Its resistance must therefore be held at a 
constant value in order to properly terminate the 
waveguide. Since the resistance of a thermistor 

changes sharply with temperature variations, this 
means that the temperature of 7j must be pre¬ 
cisely held. The temperature controlling oscilla¬ 
tor performs this function, and the microwave 
power absorbed by the thermistor is determined 
indirectly by measuring the change in oscillator 
output power that is required to hold the thermis¬ 
tor's temperature constant. 

The oscillator, which operates at 85 kc, is of the 
bridge-stabilized type. It is comprised of a 2-stage 
amplifier stabilized by negative feedback, with its 
output connected to its input through a bridge as 
shown. Thermistor Tt forms one arm of the 
bridge and the other three arms are fixed resis¬ 
tors, AA being equal to A3. The resistance of A, is 
approximately equal to that of T, when the therm¬ 
istor bead is at its normal control temperature. 
When the oscillator is first turned on, the therm¬ 
istor is below its normal temperature and the 
bridge is unbalanced. This causes a large positive 
feedback current to flow, which in turn increases 
the oscillator output voltage and hence the cur¬ 
rent through T,. The temperature of the therm¬ 
istor accordingly increases and its resistance 
decreases until the bridge approaches perfect 
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balance and a stable condition is reached. The 
resistance and temperature of the thermistor bead 
then remains constant as long as the oscillator 
continues in operation. Any tendency of the tem¬ 
perature of the thermistor to change as a result 
of the absorption of microwave power is immedi¬ 
ately counteracted by an offsetting change in the 
oscillator output. 

The temperature controlling oscillator will also 
hold the temperature of T} constant despite 
changes in ambient temperature to which the 
thermistor bead is naturally exposed. In doing 
so, however, the oscillator output is affected by 
ambient temperature changes, as well as by mi¬ 
crowave power input. The oscillator output can¬ 
not, therefore, be used as a direct measure of the 
microwave power input. To overcome this diffi¬ 
culty, a second “compensating thermistor” T2 is 
employed. This thermistor is electrically and 
thermally similar to T, and is so mounted as to be 
subjected to the same external temperature con¬ 
ditions. 

The compensating thermistor is connected 
across the oscillator output transformer through 
a capacitor and the COMP potentiometer and is 

therefore also heated by the oscillator output. 
Although it is not in the oscillator positive feed¬ 
back circuit like Tt, proper adjustment of the 
COMP potentiometer will cause both thermistors 
to be held at the same fixed temperature as long 
as no microwave input power is supplied. 

When microwave power is sent into the wave¬ 
guide system, only thermistor Ti is affected since 
T2 is shielded from the incoming microwaves. To 
prevent the temperature of T} from changing, the 
oscillator output decreases in proportion to the 
incoming microwave power. This, however, de¬ 
creases the current in T2 as well as in T, and the 
temperature of T2 accordingly decreases propor¬ 
tionately. The resultant proportional increase in 
the resistance of T2 unbalances the indicating 
circuit bridge whose fixed resistance arm R,-, is 
equal to the normal control resistance of T2 (R4 

and R:, being equal fixed resistors). The un¬ 
balance causes a flow of current in the micro¬ 
ammeter which is directly proportional to the 
change in resistance of T2 and hence to the micro¬ 
wave power reaching T}. The meter is calibrated 
to indicate the microwave power directly in dbm. 
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ACCEPTORS, semi-conductor, 211. 
Admittance, 115. 
Air-cell battery, 51. 
Air-core transformer. 127. 
Alternating current, theory, 101; calculations of, 106; 

network solutions, 113; resistance, 117; measurements 
of, 348. 

Ammeter, d-c, 28. 
Ampere, 3; definition of, 6. 
Ampere-turn, 24. 
Amplification factor, vacuum tube, 194. 
Amplifier, audio-frequency, 219; carrier, 236; negative 

feedback, 222; power, 225; program, 234; push-pull, 
226; R-C coupled, 220; radio-frequency, 222; super¬ 
high-frequency, 237; transistor, 228; video, 221; volt¬ 
age, 219. 

Amplifiers, classifications of, 219. 
Amplitude modulation, 252. 
Anode, 193. 
Antenna gain, 149. 
Antennas, radio, 321. 
Anti-sidetone subset, 74. 
Aperture radiator. 323. 
Apparatus, telephone, 64. 
Atom, 2. 
Atomic number, 2. 
Atomic shells, 210 
Atomic weight, 2. 
Attenuating networks, 166. 
Attenuation constant, 135. 
Attenuation equalizers, 169. 
Attenuation-frequency curves, for cable circuits, 164; for 

open wire circuits, 159. 
Attenuator, variable, 168. 
Audibility, 65. 
Audio-frequency amplifier, 219. 
Axial ratio compensator, 332. 

BALANCING capacitor, 342. 
Balancing networks. 269. 
Band-pass filter, 182. 
Band reflection filter, 191. 
Base, transistor, 213. 
Battery, air-cell, 51; dry cell, 51; primary, 50; solar, 

218; storage, 52. 
Beam power vacuum tube, 200. 
B-H curves, 26. 
Bias, telegraph signal, 96. 
Bipolar telephone receiver, 66. 
Bridge, impedance, 352; Wheatstone, 32; per KS-3011,35. 
Bridged T-equalizer, 170. 
Building-out section, 271. 
Bulge regulation. 294. 

CABLE facilities, 162; characteristics of, 163; coaxial, 
163; disc-insulated, 165; toll entrance, 163. 

Capacitance, calculation of. 61 ; theory of, 60. 
Capacitance, unbalance, 341. 
Capacitive reactance, 108. 
Capacitor, principle oft61 ; types of, 70. 
Carrier, principle of, 252. 
Carrier amplifier, Type C, 236; Type J, 236; Type K, 

236; Type L, 236. 
Carrier supply modulator, 330. 
Carrier systems, frequency allocations, 278; types of, 278. 
Carrier telegraph systems, high-frequency, 279; voice¬ 

frequency, 280. 
Carrier telephone systems, Type C, 283; ype J, 285; 

Type K, 289; Type L, 296; Type N, 305; Type O, 311; 
Type ON, 313. 

Cathode, 193. 

Cathode-follower, 225. 
Cathode-ray oscilloscope, 349. 
Cathode-ray tube, electromagnetic, 205 electrostatic. 204; 

theory of, 204. 
Cathode resistor, 220. 
Cavity resonator, 153. 
Cell, counter emf, 48; dry, 51 ; emergency, 48. 
Central office power plant, 46. 
Central office, telephone, 75. 
Channel bank, carrier, 286. 
Channel branching filter, microwave, 328. 
Characteristic distortion, telegraph, 98. 
Characteristic impedance, 133. 
Characteristics, of cable circuits, 163; of open wire cir¬ 

cuits, 160. 
Charge, electric, 1. 
Circuit, magnetic, 22; parallel, 13; series, 13. 
Circuit facilities, 157. 
Circular electric mode in waveguides, 152. 
Circular waveguide, 151. 
Clamper amplifier, 304. 
Clipping circuit, 247. 
Close-spaced triode, 238. 
Coaxial conductors, 143; characteristics of, 165. 
Code, loading, 162; telegraph, 91 ; teletypewriter, 91. 
Coil, heat, 76; hybrid, 127; induction, 74; repeating, 125. 
Cold cathode tubes, 203. 
Collector, transistor, 213. 
Color television, 304. 
Common battery telephone exchange, 79. 
Commutator, 44. 
Compandor, 308. 
Composite filter, 180. 
Composite set, 90. 
Compressor, 308. 
Conductance, 14. 
Conduction band, 215. 
Conduction theory, 209. 
Conductors, electrical properties of, 11. 
Constant, time, 62. 
Control grid, 194. 
Conventions, circuit, 6. 
Copper-oxide modu’ator, 256. 
Copper-oxide rectifier, 55, 214. 
Coulomb, 1. 
Counter electromotive force, 49. 
Counter emf cell. 48. 
Crossbar dial system, local, 82; toll, 85. 
Crossbar switch, 73. 
Crosstalk, causes of, 334; far-end, 335; near-end, 335. 
Crosstalk balancing coil, 343. 
Crosstalk coupling loss, 346. 
Crosstalk measurements, 346. 
Crosstalk reduction, practices, 339; principles of, 336. 
Crosstalk unit. 346. 
Crystal controlled oscillator, 245. 
Crystal detector. 216. 
Crystal filters, 183 
Crystal, piezo-electric, 184. 
Current, alternating, 101; classifications of, 56; direct, 

5; eddy, 117; electric, 3; steady state, 56; transient, 56. 
Cutoff frequency, i42. 
Cutoff wavelength, waveguide, 150. 
Cutout, open-space, 76. 

DBA, 346. 
Dbm, 292. 
Dbv, 349. 
Dbx, 346. 
Decibel, definition of, 145. 
Decoder, toll dial, 85. 
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Delay, envelope, 175. 
Delay equalizer, 175. 
Delay lens antenna, 324. 
Demodulation, 256. 
Density, flux, 25. 
Detector, crystal, 216; point-contact, 243; vacuum tube, 

242. 
Detector-amplifier, 304. 
Dial switching systems, crossbar, 82; principle of, 81; 

step-by-step, 81. 
Dielectric power of insulating materials, 61. 
Differential duplex repeater, telegraph, 93. 
Differentiating circuit, 248. 
Diode, gas tube, 202; semi-conductor, 216; vacuum tube, 

193. 
Direct current, 5; electrical measurements, 28; genera¬ 

tors, 44; motors, 49; networks, 13. 
Direct distance dialing, 85. 
Disc-insulated cable, 165. 
Discriminator, 243. 
Distortion of telegraph signals, bias, 97; characteristic, 

98. 
Distributor, teletypewriter, 91. 
Donors, semi-conductor, 211. 
Dry cell battery, 51. 
Duplex telegraph systems, 93. 
Dynamic characteristics, vacuum tube, 196. 
Dynamo-electric machines, 42. 

ECHO in telephone circuits, 275. 
Echo suppressor, 276. 
Eddy currents, 117. 
Effective value of a-c current and voltage, 105. 
Electric charge, 1. 
Electric current, 3. 
Electric field, 3. 
Electric force lines, 3. 
Electric power, 11. 
Electricity, 1. 
Electrolytic capacitors, 70. 
Electromagnet, 20, 23. 
Electromagnetic field, 4. 
Electromagnetic radiation, 148. 
Electromotive force, 5; sources of, 50. 
Electron, 2. 
Electron-coupled oscillator, 245. 
Electron gun, 204. 
Electron tubes, 193. 
Electron-volt, 215. 
Emergency cell, 48. 
Emitter, transistor, 213. 
Energy band theory, 215. 
Energy gap, 215. 
Energy level, 215. 
Envelope delay, 175. 
Equalization in Type L carrier systems, 299. 
Equalizers, attenuation, 169; bridged T, 170; delay or 

phase, 175. 
Equivalent networks, 132. 
Expandor, 308. 

FACILITIES, cable, 162; characteristics of, 157; open 
wire, 157. 

Farad, 61. 
Faraday rotation isolator, 155. 
Far-end crosstalk, 335. 
Fault location, by d-c measurements, 35, 37, 40; by im-

pedence measurements, 353. 
Ferrite, magnetic, 154. 
Ferrites, for transformer cores, 127. 
Field displacement isolator, 154. 
Field, electric, 3; electromagnetic, 4; magnetic, 4. 
Field intensity, electric, 3; magnetic, 21, 24, 25. 
Filter, band-pass, 182; composite, 180; crystal, 183; high-

pass, 176; lattice type, 186; low-pass, 176; m-derived, 
179; radio-frequency, 190; theory of, 176; types of, 
176; waveguide, 190. 

Flat-gain regulation, 288. 
Flux, magnetic, 20, 22. 
Flux density, 20, 25. 
Four-wire terminating set, 129. 
Frequency, cutoff, 142. 
Frequency allocations, for carrier systems, 278; for radio 

systems, 315. 
Frequency deviation, 260. 
Frequency frogging, 305. 
Frequency measurements, 350. 
Frequency modulation, 260. 
Frequency multiplier, 246. 
Frequency power meter, 357. 
Frequency shift carrier telegraph system, 281. 
Full-wave rectifier, 241. 
Fuse, 76. 

GAGE, wire, 11. 
Gain, antenna, 149. 
Gain, repeater, 145. 
Gain-frequency characteristic, audio amplifier, 220. 
Galvanometer, 28. 
Gas tube, 202. 
Generator, d-c, principle of, 44; types of, 44. 
Germanium, atomic structure of, 210. 
Grid, vacuum tube, 194. 
Grid modulation, 260. 
Grid-leak detector, 242. 

HALF-wave antenna, vertical, 321. 
Half-wave dipole antenna, 322. 
Half-wave rectifier, 240. 
Harmonic generator, 281. 
Hartley oscillator, 245. 
Heat coil, 76. 
Henry, definition of, 59. 
High-frequency compensation, 222. 
High-pass filter, 176. 
Holes in semi-conductors. 211. 
Horn-reflector antenna, 325. 
Hybrid coil, theory of, 127. 
Hysteresis, 27. 

IMAGE signal, 319. 
Impedance, characteristic, 133. 
Impedance, definition of, 107 ; calculation of, 109. 
Impedance bridge, 352. 
Impedance matching, pads, 169; transformers, 169; 

quarter-wave line, 169; waveguide, 169. 
Impedance measurements, 352. 
Inductance, calculation of, 59; mutual, 121; self, 121; 

theory of, 57. 
Induction coil, 74. 
Inductive reactance, 107. 
Inductors, 70. 
Instruments, a-c measuring, 348; d-c measuring, 28. 
Insulation measurements, 31. 
Insulators, dielectric power of, 61 ; materials for, 12. 
Intensity, electric field, 3; magnetic field, 4. 
Interaction crosstalk, 342. 
Internal resistance, 10. 
Ionization potential, gas tube, 202. 
lion, magnetic properties of, 26. 
Isolator, Faradav rotation, 155; field displacement, 154; 

waveguide, 153. 
Isotope, 2. 

JUNCTION transistor, 212. 

KIRCHOFF'S laws, 13, 15. 
Klystron, 206. 

LATTICE filter, 186. 
Lattice modulator, 258. 
Lead-acid batteries, 52. 
Left-hand rule, 49. 
Level diagrams, 267. 
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Levels, transmission, 266. 
Limiting circuit, 247. 
Loading, major types of, 162; theory of, 141. 
Loading codes, 162. 
Load line, vacuum tube, 198. 
Long-wire antenna, 322. 
Loop tests, Murray. 4M; simple, 35; Varley, 37. 
Low-frequency compensation, 221. 
Low-pass filter, 176. 

M-DERIVED filter, 179. 
Machines, dynamo-electric, 42. 
Magnet, permanent, 20; types of, 20. 
Magnetic circuit, 21,22. 
Magnetic ferrites, 154. 
Magnetic field, 4, 20. 
Magnetic flux, 20. 
Magnetic force lines, 4. 
Magnetic induction, 20. 
Magnetic poles, 21. 
Magnetism, nature of, 20. 
Magnetomotive force. 22. 
Manual switching systems, 77. 
Marker, dial, 83. 
Master group, Type L3 carrier, 299. 
Maximum power transfer, 131. 
Maxwell equations, 148. 
Measurements, d-c electrical. 28; frequency, 350; im¬ 

pedance, 352; insulation, 31; loop resistance, 35; sim¬ 
ple resistance, 30; superhigh frequency, 357; trans¬ 
mission, 355; Varley loop, 37. 

Megger, 29. 
Mercury-vapor rectifier, 241. 
Meter, a-c, dynamometer type, 348; a-e, thermocouple, 
348; decibel, 348; frequency, 351; frequency-power, 
357 ; wave, 350. 

Microfarad, definition of, 61. 
Microwave amplifier, TD-2, 239. 
Microwave radio relay systems, 326. 
Mode conversion in waveguides, 152. 
Modes in waveguides, 149. 
Modulation, amplitude, in carrier systems, 252; fre¬ 

quency, 260; principle of, 252; pulse, 263; pulse-code, 
264; radio, 259; telegraph, 252. 

Modulation factor, 259. 
Modulation index, 261. 
Modulator, carrier supply, 330. 
Modulator, copper oxide, 256; lattice, 258; vacuum tube, 

255. 
Motor, direct-current, 49. 
Multi-contact relay, 72. 
Multi-frequency signaling, 88. 
Multiple switchboard. 77. 
Multi-section uniform network, 133. 
Multivibrator, 247. 
Murray loop test, 40. 
Mutual inductance, 121. 

NEAR-END crosstalk, 335. 
Negative feedback amplifier, 222. 
Negative impedance repeater, 234. 
Network, equivalent, 132; multi-section, 133. 
Networks, solution of a-c, 113; solution of d-c, 13. 
Networks, attenuating, impedance matching and equal¬ 

izing, 166. 
Networks, balancing, 269. 
Neutral telegraph transmission, 91. 
Neutron, 2. 
Nickel-cadmium batteries, 53. 
Noise, interfering effects of, 345; measurements of, 346; 

reduction of, 345. 
Noise-suppression coil, 342. 
N-type semi-conductor. 210. 

OHM. definition of, 6. 
Ohm’s Law, 7. 
Open-space cutout, 76. 

Open wire circuits, characteristics of, 160. 
Open wire facilities, 157. 
Oscillator, crystal controlled, 245; electron-coupled, 245; 

Hartley, 245; inductively’ coupled, 244; principle of, 
244; reflex klystron, 246. 

Oscilloscope, cathode-ray, 349. 

PADS, attenuating, 166; impedance matching, 169. 
Parallel circuits, 13. 
Parallel circuits, a c, 114. 
Parallel resonance, 119. 
Pentode, vacuum tube, 200. 
Periscope antenna. 332. 
Permalloy, 20. 
Permeability, 25. 
Permendur, 20. 
Perminvar, 20. 
Phantom circuit, principle of, 125. 
Phase equalizer, 175. 
Phase relations, 102. 
Photoelectric effects in semi-conductors, 217. 
Phototransistor, 218. 
Phototube, 203. 
Photovoltaic effects in semi-conductors, 218. 
Piezo electric crystal, 184. 
Pilot channel, 284. 
Pilot wire transmission regulator, 273. 
Plate characteristic, vacuum tube, 195. 
Plate detector, 242. 
Plate-efficiency, 226. 
Plate modulation, 260. 
Plate resistance, vacuum tube, 196. 
Plate, vacuum tube, 193. 
Point-contact devices, 216. 
Polar telegraph relay, 94. 
Polar telegraph transmission, 91. 
Polarization in waveguides, 152. 
Polarization, TD-2 microwave, 328. 
Pole lines, open wire, 157. 
Pole, magnetic, 2!. 
Potential difference, 5, 9. 
Power amplifier, 225; classes of, 226. 
Power, electric, 11; in a-c circuits, 105; rectifiers. 54; 

transfer of, 131. 
Power efficiency, 131. 
Power factor, 106. 
Power plant, central office, 46; requirements for, 53. 
Pre-distorter, 303. 
Primary batteries, 50. 
Program amplifier, 234. 
Propagation constant, 134. 
Propagation of electromagnetic waves, 146. 
Protective apparatus, 75. 
Proton, 2. 
P-type semi-conductor, 211. 
Pulse-code modulation, 264. 
Pulse modulation, 263. 
Push-pull amplifier, 226. 

Q of inductor, 70; of resonant circuit, 120. 
Quantizing, 264. 
Quarter-wave line, 169. 
Quartz crystal, 185. 

RADIATION, electromagnetic, 148. 
Radio-frequency amplifier, 222. 
Radio-frequency filter, 190. 
Radio-frequency transformer, 127. 
Radio modulation, 259. 
Radio receivers, FM, 321; superheterodyne. 319; TRF, 
318; triple detection, 320. • 

Radio relay systems, microwave, TD-2, 326; TH. 329; 
T.J, 331. ' 

Radio spectrum, 315. 
Radio systems, elements of, 315. 
Racio transmission, 148. 
Radio transmitters, AM, 315; FM. 317 
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Reactance, capacitive, 108; definition of, 107; inductive, 
107. 

Reactance tube, 262. 
Receiver, microwave, TD-2, 327; telephone, bipolar, 66; 

telephone, ring-armature, 67; telephone, theory of, 66. 
Receivers, radio, 318. 
Rectangular waveguides, 150. 
Rectifier, copper-oxide, 55; electron tube, 240; mercury-

vapor, 241; metallic junction types, 54; point-contact, 
216; power, 54; selenium, 55; semi-conductor junction, 
212 ; silicon, 55. 

Reference power, 349. 
Reflection loss, 142. 
Reflections, transmission line, 146; waveguide, 151. 
Reflex klystron, 246. 
Regenerative repeater, 264. 
Regenerative telegraph repeater, 99. 
Regulating amplifier, 284. 
Regulating repeater, 272. 
Regulation, transmission, Type C carrier, 284; Type J 

carrier, 288; Type K carrier, 290; Type LI carrier, 
299; Type L3 carrier, 300; voice-frequency, 271. 

Regulator, flat-gain, 288; master, 272; pilot wire, 273; 
slope, 288; twist, 290. 

Relay, polar telegraph, 94. 
Relay, telephone, definition of, 71; multi-contact, 72; 

operating time of, 72; types of, 71. 
Reluctance, 22. 
Remalloy, 20. 
Repeater, microwave, TD-2, 327. 
Repeater, telegraph, 93; telegraph, regenerative, 99. 
Repeater, telephone, 22-type, 231; 44-type, 232; E-type, 

234 ; V-type, 233. 
Repeater spacing, 265; cable, 266; open wire, 265. 
Repeating coil, 125; types of, 126. 
Resistance, 6; alternating cun-ent, 117; internal, 10; 

measurement of, 30. 
Resistance unbalance, 338. 
Resistivity of conductors, 10. 
Resistors, 69; composition, 69; deposited carbon, 69; flat 

type, 69. 
Resonance, 117; parallel, 119; series, 118. 
Resonant line, 147. 
Resonator, cavity, 153. 
Restorer, 304. 
Return loss, 267. 
Rhombic antenna, 322. 
Right-hand rule, 42. 
Ring-armature telephone receiver, 67. 
Ripple factor, 241. 

SATURABLE inductor, 249. 
Saw-tooth wave, 250. 
Screen grid, 199. 
Secondary emission, 199. 
Selenium rectifier, 55, 214. 
Self-inductance, 121. 
Semi-conductor junctions, as rectifiers, 212; theory, 212. 
Semi-conductor to metal junctions, 214. 
Semi-conductors, n-type, 210; p type, 211; photoelectric 

properties of, 217; photovoltaic effects of, 218; theory 
of, 210. 

Sender, dial, 82. 
Series circuits, 13; a-c, 113. 
Series resonance, 1 18. 
Shells, atomic, 210. 
Side-bands, 254. 
Signaling, telephone, 20-cycle, 87; 135-cycle, 87; 1000-
cycle, 87; multi-frequency, 88; single-frequency, 87; 
supervisory. 88. 

Signaling circuits, 1*ype N carrier, 309. 
Signals, telegraph, 91. 
Silicon diode, 243. 
Silicon rectifier, 55. 
Simplex set, 90. 
Sine wave, graphical construction of, 44 ; properties of, 

101. 

Singing point, 267 ; active, 269 ; passive, 268. 
Single frequency signaling, 87. 
Skin effect, 117. 
Slope regulation, 288, 294. 
Solar battery, 218. 
Solenoid, 24. 
Sound, nature of, 64; velocity of, 64. 
Sounder, telegraph, 89. 
Stabilized grounded emitter circuit, 230. 
Standard cable mile, 144. 
Standing wave, 147. 
Step-by-step dial system, 81. 
Storage battery, lead-acid, 52; nickel-cadmium, 53; 

theory of, 52. 
Subscriber’s set, anti-sidetone, 74; telephone, 74. 
Superconductivity, 209. 
Supergroup, Type L carrier, 296. 
Superheterodyne radio receiver, 319. 
Superhigh-frequency amplifier, 237. 
Supermalloy, 20. 
Superposition principle, 18. 
Supervisory signaling, 88. 
Suppressor grid, 200. 
Switch, crossbar, 73; step-by-step, 80; waveguide, 156. 
Switching systems, local dial, 81; telephone, manual, 77: 

toll dial, 85. 
Symbols, electrical, 6; a-c, 106. 
Synchronizing pulses, television, 301. 
Systems combining network, 332. 

TANK circuit, 190. 
Tantalum capacitors. 71. 
Telegraph, d-c, principles of, 89. 
Telegraph repeaters, 93. 
Telegraph system, carrier, frequency-shift, 281. 
Telegraph transmission, 95. 
Telephone, principle of. 65. 
Telephone repeaters, 231. 
Teletypewriter, principle of, 91. 
Television, principle of, 301 ; synchronization, 301. 
Television transmission, 301. 
Terminating set, 4-wire, 129. 
Tetrode, vacuum tube, 199. 
Thermionic emission, 193. 
Thermistor, 70, 210, 290. 
Thermocouple, 348. 
Thevenin’s Theorem, 132. 
Time constant, 62. 
Time-division multiplex, 263. 
Toll dialing systems, 85. 
Toll entrance cable, 163. 
Transconductance, vacuum tube, 196. 
Transducer, waveguide, 151. 
Transfer characteristic, vacuum tube, 194. 
Transformer, air-core, 127; applications to telephone 

circuits, 124; hybrid, 127; ideal, 122; radio-frequency, 
127 ; theory of, 121. 

Transients, 56. 
Transistor, junction,, amplifying properties of, 215; 

theory of, 212. 
Transistor, point-contact, 217. 
Transistor amplifier, 228. 
Transistor amplifier circuit, grounded base, 228; 

grounded collector, 229; grounded emitter, 228. 
Transit time, 237 ; electron tube, 206. 
Transition delay, telegraph, 97. 
Translator, toll dial, 85. 
Transmission, radio, 148; telegraph, 95; telephone, 

theory of, 131, 141, 146. 
Transmission levels, 266. 
Transmission measuring sets, 355. 
Transmission regulation, in carrier systems, 284; voice¬ 

frequency, 271. 
Transmission system, definition of, 131 ; losses in, 142. 
Transmission systems, carrier telephone and telegraph, 

278; types of, 265; voice-frequency telephone, 265. 
Transmission units, 144. 
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Transmitter, microwave, TD-2, 327. 
Transmitter, telephone, mechanical construction of, 68; 

principle of, 67. 
Transmitters, radio, 315. 
Transpositions, practices, .339; principle of, 336. 
Traveling-wave tube, 207. 
Triode, close-spaced, 238; gas tube, 203; vacuum tube, 

194. 
Turnstile antenna, 323. 
Twist amplifier, 294. 
Twist effect, 290. 
Twist regulation, 290. 

VACUUM tube, beam power, 200; dynamic characteristics 
of, 196; multi-electrode, 198; theory of, 193; three-
electrode, 194; two-electrode, 193. 

Valence, 210. 
Valence band, 215. 
Valence bonds, 210. 
Variolosser, 309. 
Varistor, modulating. 256. 
Varley loop test, 37 ; metallic, 38; 3-Varley method, 39. 
Vector notation, 102. 
Velocity, of propagation. 138; of sound, 64. 
Vestigial sideband, 303. 
Video amplifier, 221. 
Visual transmission measuring set, 357. 
Voice-frequency carrier telegraph system, 280; fre¬ 

quency shift, 281. 
Volt, 5; definition of, 6. 

Voltage amplifier, 219. 
Voltmeter, 9; d-c, 28; electron tube, 29. 
Volume indicator, 349. 
Volume unit, 349. 

WATT, definition of, 11. 
Wattmeter, a-c, 348; d-c, 29. 
Wave, electromagnetic, 146; sine, 44; properties of, 101; 

standing, 147. 
Wave meter, 350. 
Wave polarization, 152. 
Wave propagation, 146. 
Waveguide, circular, 151; losses in, 150; impedance 

matching, 169; principle of, 149; rectangular, 150. 
Waveguide coupling network, 332. 
Waveguide filters, 190. 
Waveguide hybrid, 328. 
Waveguide isolator, 153. 
Waveguide reflection losses, 151. 
Waveguide switch, 156. 
Waveguide transducer, 151, 332. 
Waveguide tuner, 332. 
Wavelength, 137. 
Wavelength constant, 135. 
Waveshape, telegraph signal, 95. 
Wave-shaping circuits, 247; clipping or limiting, 247; 

peaking, 248; saw-tooth, 250; squaring, 247. 
Wheatstone bridge, per KS-301I, 34; theory of, 32. 
Wire, standard gages of, 11. 
Work function, 214. 
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