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The material in this text has been compiled to give the Western
Electric engineer a comprehensive survey of Bell Telephone
Carrier and Radio Systems.

We would like to express our sincere appreciation to past and
present members of the Graduate Engineering Training Staff
and to the many other individuals within the Bell System who
have given their time and effort to the organization of this book.

We wish to dedicate this book to the engineers of Western
Electric who, in order to stay abreast of ever advancing tech-
nologies, must judiciously select reference materials that
provide the greatest return for the time involved.

E. G. WALTERS

Manager, Graduate Engineering
Education and Technical Training
Programs

ii



Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter

W N O~ Ul W DN~

N N DN N N b bt e e b e et ped b e (O
B W N = O O 0 ~NN 6 0 bh W DN =~ O

TABLE OF CONTENTS

Evolution of Communications
Carrier Systems - General
Amplifiers

Oscillators

Amplitude Modulation

Type "C'" Carrier System

Type "H" Carrier System

"A" Channel Bank |

Type '""J'" Carrier System -

Type "K' Carrier System

"L'" Carrier - Terminal

"L'" Carrier - Transmission Line
Type '""N" Carrier

Type "O'" Carrier

Type '"O-N" Carrier

Type "T1 PCM" Carrier

Radio Systems - General

"TD2'" and "TD3'" Radio Systems
"TH" Radio System

"TJ" Radio System

"TL'" Radio System

"TM" Radio System

Microwave Transmission Considerations

General Considerations Involving Carrier Systems

iii



CHAPTER 1

EVOLUTION OF COMMUNICATIONS

1.1 INTRODUCTION

People like to talk with each other. The Bell System is based on the be-
lief that.people want to talk to other people beyond the normal range of the
human voice, and are willing to pay for the satisfaction of that want. The
early primitive methods used for communications, such as runners to re-
lay messages, the use of drums, birds and smoke signals serve as exam-
ples to substantiate this belief. The basic function of the Bell System is
to transmit intelligence by means of electrical signals from one location
to another, near or far, for the benefit of its customers.

The purpose of this chapter is to examine the evolution of methods for com- .
munications and transmission media leading up to the use of carrier.

1.2 DEVELOPMENT OF COMMUNICATION SYSTEMS

Telegraph

Due to the tremendous growth of railroads in this country and many social
demands stemming from transmigration of people, the need for an efficient
form of long distance intelligible signaling was needed. This need was
answered by the invention of the telegraph.

A telegraph circuit in its simplest form consists of a single wire between
two points, equipped at each end with a manual telegraph set consisting of
a relay, sounder and key. These are so arranged that one set is connected
to ground and the other to battery, or both sets connected to grounded
battery of opposite polarities.

West Station East Station
It I
Sounder Line Wire
I'N'—l Relay l L'“|'|

|
d

Key

|IH||I|

Fig. 1-1 Elementary Telegraph Circuit
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CHAPTER 1 EVOLUTION OF COMMUNICATIONS

Fig. 1-1 illustrates such a simple telegraph. To analyze its operation,
let us assume that the west station key is closed and ready for sending.

If now the east operator closes his key for only an instant, current flows
through the windings of both the east and the west relays actuating both
east and west sounder, producing a complete stroke of the sounder lever
corresponding to a ''dot!'." If the key lever is held closed for a longer per-
iod, a longer interval of the up and down strokes of the sounder lever is
effected producing a ''dash'. Proper application of ''dots and dash' to a
code results in intelligible signalling. To send in the opposite direction
the operation is reversed. v

A telegraph circuit of this kind was limited to short distances. The amount
of current that could be sent over long ckts. of this type might not be suffi-
cient to operate the receiving relays; or the signal distortion caused by

such a long line might introduce errors. Hence a new need arose, this

need was satisified by the introduction of an intermediate relay at a central
point in the ckt. in which the signal is reenergized by new battery connected
to its contacts. This type of ckt. unfortunately, is good for only one way
transmission; under these conditions it was necessary to use two conduc-
tors which is more expensive from the standpoint of the operating company.

" Refer to fig. 1-2. . S »

From the subscribers point of view, the class of service it would provide
might or might not be preferable. Because with the two ckt. arrangement

a subscriber could send and receive at the same time providing he had
two operators at each station. This is known as {''full duplex'') operation.

West v East

™
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Ty

Figure 1-2
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CHAPTER 1 EVOLUTION OF COMMUNICATIONS

The problem was overcome with the introduction and employment of polar
relays in a complex arrangement which is worthy of separate treatment
and will not be discussed further.

Telephone

While telegraph performed, and still performs a very definite function,
its. mode of communication was such that while the service was commer-
cially available, people demanded a more personal means of communica-
tion. In short, the facility of talking for great distances; the need was
answered by the invention of the telephone in 1876, which consisted of
ruggedly constructed telephone receiver which served as both transmitter
and receiver. In the simplest form of telephone ckt. two wires were ter-
minated at each end with an instrument but without transmitter or signal-
ing features. Figure 1-3 shows such a circuit.

s I

Fig. 1-3 Elementary Telephone Circuit

With this arrangement it was only possible to talk for short distances.

One year after the invention of the original telephone, the Blake Trans-
mitter was introduced. This works on a principle which uses external
battery as the chief source of energy and the vibrating diaphragm acts as

a means for regulating or modulating this energy supply rather than as a
generating supply. This device is shown in Figs. 1-4 & 1-5. The simple
telephone connection between two telephone sets employing transmission
receiver and its own battery supply was known as 'local battery'' tele-
phone. The addition of signalling eqpt. was added and the result was a
telephone subset capable of transmitting and receiving comparatively long
distances. Now at this stage of development in telephony, improvement
of the simple subset would offer little to the limitations as to the distance
one could "talk'. So logically the transmission medium needed some
improvement. But in the meantime there was a great demand for the serv-
ices this electronic infant could offer. Hence the development of switching
facilities or central offices came about.

1.3



CHAPTER 1 - EVOLUTION OF COMMUNICATIONS

Fig. 1-4 Principle of the Telephone Transmitter

-Fig. 1-5 Telephone Circuit with Local Battery Transmitters

A AAS
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| CHAPTER 1. EVQLUTION OF COMMUNICATIONS

The first commeyrcial telephones were used early in 1877 to copnect the
office of a Boston buginess man with his residence, a few miles away.
While this worked satisfactorily and several such installations were made,
it was soon realized that a telephone which ¢ould connect to only one

other telephone was providing E%r-zmm' nniversal service. The first
thought then was to connect each instrument by an individual line to every
other instrument, Fortunately someogne soon found out that the number of
individual lines wonld be equal to 2g-1), if n is the number of telephone

subscribers, or in other words, that the number of lines would be nearly
proportional to the square of the number of sybscribers and would soon
become astronomical as new subscribers were added, The solution, of
course, w3s to connect each telephone to a central switching point, where
connections between any twa telephones could be established. Thus, less
than two years after Dr, Bell's much.quoted summons to Mr. Watson, the
first commercial telephone switching office was put in service at

New Haven, Gonnecticut on January 28, 1878,

At this stage the telephone companies had established wire communication
systems whose chief attribute is that they were local, because in no case
were the intercopnecting telephonss more than a very few miles apart.

Incidentally, these local communication systems ingluded switching systems
for the purpose pt.-im’p‘mpmmtmg_“"subpgribens*. Apart from the means of
Switchix;gs whigh is not treated in this text, the local systems differed from
Dr. Bell's griginal wire communication system by inclusion of wire lines

of sybstantial length between the telephone instruments. Thus a new set of
transmigsion problems was added to those of the simpler system.

The trangition from isolated islands of local communication systems to a
more universal telephone service, by interconnecting the local systems,
was not achieved overpight, Continuous effort has been spent on the prob-
lem of making such copnections.from the early beginnings of telephony
down to the present day. Nearby communities were quickly interconnected,
but the transmission problems invelving longer distances were little under-
stood in the early days, For'instance, it was not until 1881, three years
after the first central office for switching local telephone calls was estab-
-lished, that the first commercial telephone service began between Boston
and Providence, This was.successfyl because the line was operated on a
metallic circuit basis (two wires) instead of the single wire, ground return
~method which had been employed up to that time. In 1884 the first conver-
sation was held over a line from Boston to New York, a service made
possible by the introduction of hard-drawn copper wire in place of the iron
wire which had been used previously.. Such lines were very costly, so the
Amerigan Bell Telephone Company applied to the Massachusetts Legisla-
ture to apthorize an ingrease in capital for the purpose of constructing new
interconnecting lines betweep local systems. When authorization was re-
fuged, a new compapy wag organized ynder the laws of New York for this
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purpose. Thus began the American Telephone ‘and Telegraph Company in- -
1885. The lines which interconnected local telephone systems acquired-

the name of toll lines because of the extra charge imposed for conversa-:.: L

tion over long distances. ‘Since the frequencies of electrical waves em--
ployed in transmission over these lines were confined: to-the range of .

frequencies produced by the human voice, at least in the earlier days. of
the American Telephone and Telegraph Company, the company may be;
said to have operated a'voice- frequency toll wire communication system.

Voice-frequency toll systems have gone through a long per1od of. develop- §
ment and 1mprovement, and are still in use today. At first, heavier.and
heavier copper wires had to be used as the distances ispanned. grew longer
under the apparently insatiable demand for long distance service. Under.
this condition, the cost per mile rose nearly proportionally to the dlstance '
covered. The economical results of such a situation are ult1mately un--.
healthy, and the world!s copper supply mlght well have been endangered.

if the process had continued. A series of inventions over the years reduced
the attenuation per mile of the wire circuits by inductive loading, in 1899,
and later made it possible to compensate for attenuation loss by amp11f1er .
gam, by use of ‘the electron ‘tube repeater first used in 1913, .thus result- .
ing in great savings of copper. In another development, as long distance
routes became congested because of the growth of demand for many cir- . .
cuits over substantially the same route, . cables contalmng many small. .
gauge wires, which had been used over short distances in local systems .y
for many years, were adapted to the long distance service. The trend of
invention turned to methods for applymg more than one circuit, or channel

of communication, to a single pair of wires, thus utilizing the copper w1resf L

still more efficiently. Development of the phantorn circuit, permitting
three circuits on two pairs of wire, was a step in this direction. The .
logical outcome of the search, however, was the application of the carrier .
principle to wire lines. The method is to convert the audible. frequencies. .
of a communication channel to a corresponding band of frequencies cen-
tered about, or otherwise related to a particular frequency beyond the .
audible range, known as a carrier frequency. By suitably spacing such
carrier frequencies over a comparatively wide range, several communi- - .
cation channels may be combined to transmit signals or voice over a sin-
gle pair of wires, without interference from one channel to another. The
first such carrier-frequency toll communication system went into use. L
between Pittsburgh and Baltimore in 1918. Early carrier systems pro-
vided up to three or four additional channels, as well as'the original
voice-frequency channel on each pair of wires.” More recent developments. .

have prov1ded as many as 16 channels in carrier systems designed for use .

on open wire lines, and in carrier systems utilizing long distance cables..

In the case of open wire, two or more different carrier systems are some-.

times applied to the same line, giving a total of 16 or more channels.,. The
number of channels which a carrier system can accommodate is 11m1ted o
by the band of frequencies Wthh can be transmitted econom:,cally over the S
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CHAPTER 1 EVOLUTION OF COMMUNICATIONS

conducting wires which are to be used, This limit agppears to be between
12 and 20 for the type of conductors, open wire or cable, already in
general use in the telephone plant. By making cables contalnlng coaxial
conductors, which transmit a far wider band of f;:equen,mes, the number
of chapnels has been yery greatly increased ( 3700 in the L-4 carrier
system), and the limit had not yet been reached

The evolution of communication ’s,ystems cannot be concluded without
some mention of radio systems. Recent years have seen the application
of rqd;o telephony to the plant of the telephone cqmpa.mes on an ever-
increasing scale. Radio-frequency communication systems have been
deyeloped for spec1a11zed use in local areas, guch as communication
over water to nearby iglands or harbor shipping, and over land tp moving
vehicles, angar -haul radio systems provide service to ships at sea,
and acrogs the gcean to forelgn countries. Another development, the
J‘a.qlm relay system, follows in logical sequence the coaxial cable carrier

system. The radio relay qyﬁtems operate in the microwave region of the
L equency qspggtrum and transmit such a wide band of frequencies that
many hundreds of telephone channels can be accommedated. Detailed
discussion of them will be cov@red later in th;s texty

1,23 APPLICATION OF SYSTEMS TO STRUGTURE QF EX’ISTING
PHYSIGAL PLANT

The modern name for local telephone communication systems is exchange
area $Y$$6m§, or, more briefly, exchanges. The boundaries of an ex-
change area are fixed and defined legally, having been settled upon in the
process of working out with state regulatory bodies what rates are to be
charged. Thus an exchange area system may contain a single central
office, or several interconnected central offices. An exchange, there-
fore, is not a synonym for centra,l office, but rather a complete local
system, In this system the subscriber set is connected to his central
office by means of a subscribgr line, or loop, a term which originated
in telegraph practlce, years before the invention of the telephone,
Physmaﬂy, the lopp consists of a pair of wires mostly in cable or, in
outlying districts, on a pole line. At the central office, there are intri-
cate arrangements _fo.r connecting one subsc_riber to any other.

Figyre 1-6 shows the position of toll systems in the telephone plant. An
important, d;f,fe.pence between toll and exchange area systems, as they are
usuall thpughq of, is that wheneag the latter mcludes all apparatus neces-
sary t? conduct 3 cqnversatmn, from the calllng trapsmitter to the called
receiver, a toll system is merely a link or part of a link between two
separate gxchange area systems. No conversation could be held over the
toll system by 1t$e1£, without the inclusion of at least parts of exchange
area systems. In the usual arrangement of the exchange plant for toll
calls, a toll ¢Cmnec.t1n% tnunk connec;ts the calling central office equipment

1.7
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CHAPTER 1 EVOLUTION OF COMMUNICATIONS

to the calling toll office equipment. A similar arrangement is made in

the exchange plant at the called end. The link between the two toll offices,
which may be in different cities many miles apart, may be a circuit (sin-
gle link) or several circuits connected in tandem at intervening toll offices
fmuliilink). These circuits in turn may consist of a channel in either a
voice-frequency toll system, a carrier-frequency system or a radio sys-
tem, or any combination of these. Thus a long circuit may be composed

of as many as six or seven permanently connected sections, each part of

a different toll system. A multilink toll connection may have such circuits
switched together, although most of these circuits would probably consist
of not more than one or two different facilities. Such cases are extreme.
A toil connection between, say, Joplin, Missouri and Stamford, Connecticut,
is more representative of an average multilink connection. .This connection
might congist of three circuits, Joplin to Kansas City, Kansas City to

New York, and New York to Stamford, the switched connections being made
at Kansas Clty and New York. The Joplin-Kansas City circuit may be part
of a 4-wire voice-frequency toll cable system, and the New York-Stamford
circuit a 2-wire voice-frequency toll cable system. The middle link,
Kansas City~-New York in this example, consists of three sections, part

of 2 4-wire voice-frequency toll cable system from Kansas City to

3t. Louls, a channel in a type 'L' coaxial carrier system from St. Louis
fo Chicago, and a channel in a type 'K'' cable carrier system from Chicago
to New York. Thus the multilink consists of three circuits which are

parts of five different toll systems.

1.4 GENERAL TERMS USED IN TRANSMISSION SYSTEMS
"Voice Frequency Systems'' are those which transmit intelligence over the

line at frequencies which fall within the useful portion of the audible spec-
trum, in general that lying between about 200 and 4000 cycles per second.

"Carrier Systems'' are those which employ some form of modulation at
each end of the circuit, so that the signal is transmitted at frequencies
above the principal audible range.

"TworWire Operation'' - By its basic nature a telephone conversation re-
quires transmissions in both directions between the customers at opposite
ends of a transmission system. In the early days of telephony, most
transmissions were made over paired conductors (or wires) and the trans-
missions in opposite directions used the same electrical path between the
customers. At switching points the two transmission path terminals of
one circuit were connected through cord circuits or switching mechanisms
to the two transmission path terminals of a similar circuit. This method
of transmission and switching was therefore designated as two-wire oper-
ation. Refer to Flg 1-7.

1.9



CHAPTER 1 EVOLUTION OF COMMUNICATIONS

OFFICE "A" ' OFfice e’ | OFFICE "C* -

@
S

——" ¥ \ : I
Y-WIRE WWIRE WWIRE -1 .
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MRCUIT  SMITCH | creuiT

—
-

Figure 1-7 Two-Wire and Four-Wire Operatigné

Thus by definition, transmission and switching operations are '"two-wire"
when oppositely directed portions of a single conversation occur over the
same electrical transmission path or channel.

""Four-Wire Operation'' - When carrier system operation was introduced
into the open wire plant and circuits of increasingly greater length were
routed in cable plant, echo and singing considerations made it necessary
to separate the electrical paths used for oppositely directed transmissions.
between the customers involved in a single conversation. This separation
is accomplished by either or both of two methods, as follows:

a. Separate pairs in outside plant and office cabling
b. Separate carrier frequency bands

In the larger intertoll switching mechanisms used today such separation
is also maintained through the switches.

Because two separate pairs (or 4 wires) were used for the oppositely
directed transmission paths of many of the longer voice-frequency cir-
cuits in cable, circuits operated in this manner were designated as
""Four-Wire'' circuits.

Thus, by definition, transmission and switching operations are ''Four-
Wire' when the oppositely directed portions of a single conversation are
routed over separate electrical transmission paths or channels.

A distinction is sometimes made between the two methods of four-wire
operation. Systems using the same frequency band in two separate paths
for the two directions are said to give ''real four-wire operation''; those
using two frequency bands over a single path are said to prov1de "'equiva-
lent four-wire operation''. Refer to Fig. 1-7. »
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CHAPTER 1 EVOLUTION OF COMMUNICATIONS

"Frogging'' - In railroad operations it is sometimes necessary for rails
to cross each other. The device used at such cross-over points is known
as a ""Frog' in railroad vernacular. :

In telephone operations, it is sometimes necessary to cross over from
one electrical transmission path to another at some point other than at a
switching center. Such cross-overs are made to equalize transmission
losses or to reduce cross-talk between circuits. This is done by:

a. Interchanging circuits between two parallel cables at an intermediate
repeater station.

b. Interchanging high and low frequency carrier system allocations at an
intermediate repeater station.

By definition the jnterchange, or cross-over of one transmission path or
channel to another at some point other than at a switching point has been
designated as "Frogging'"

Loadig_g_

Open Wire Loading

Upen wire telephone transmission lines are subject to attenuation as a
result of their characteristic impedance, capacitance and inductance.
Attenuation is also a function of the frequency being transmitted and in
telephony results in distortion. Thus for example frequencies at the upper
end of the voice range might suffer more attenuation than frequencies at
the lower end of the range. In practice the longer the lines the worse the
attenuation. In 1883 it was proposed that the inductance of telephone lines
be increased above the amount natural for inter-axial spacing, with a

view to counteracting the more harmful effects of the line capacity. This
#a8 in answer to the need to provide an auxiliary device which would over-
come the limitation of long distance transmission, even over a copper line
of only 900 miles.

Increased inductance if properly chosen and applied would decrease or
eliminate distortion by making the line's effect on fundamentals and har-
monics more nearly uniform, and as well should reduce the attenuation by
neutralizing the action of the line capacity in dissipating energy. It wasn't
until 1899, however that a professor by the name of Michael Pupin devel-
oped a practical load coil. Loading was used on open wire extensively be-
fore repeaters were developed. Loading is applied by inserting inductance
coils at regularly spaced intervals along the lines. This effectively breaks
up the loaded ckt. into network sections. Such a network has the essential
characteristics of a '""Low Pass Filter' which provides for a low ''Cut-Off
Value', which is that critical value, at which reactance increases very
rapidly with any increase in frequency. This factor obviates the use of
loading on high frequency carrier systems except for entrance cable
loading. ' '
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Loading of open wires helped make it possible in 1914 for the A.T. & T.
to join the Pacific and the Atlantic seaboards with a transcontinental line.
Loading however has been generally discontinued today due to changes in
attenuation characteristics of open wire circuits, particularly leakage,
with varying weather changes. For an example in dry weather loading
effectively reduces attenuation, but in wet weather loading may actually
increase the attenuation. In order to increase the overall transmission
stability of such circuits, accordingly, most loading was removed after
the telephone repeater came into general use, and the resulting increase
of attenuation was compensated for by the employment of additional re-
peaters.

Toll Cable Loading

The use of cable conductors for long distance telephone transmission in
the early days had many difficulties to resolve. For wire conductors in-
side a cable, due to obvious economic reasons are much smaller than
those used in open wire, hence the attenuation was much higher than that
of open wire per unit length. The fact that the conductors were much’ :
closer together increases the capacitance and adds to the loss. Therefore
in general, cable conductors used for voice-frequency transmission are
loaded. C

Before the development of telephone repeaters, toll cables of the largest
possible gauge conductor within the norms of practicability as #10, 13 & 16
were used and loading was 'heavy'.

Heavy Loading while effectively reducing 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
extremely long circuits. Also, such a loaded circuit acts as a low-pass
filter with a relatively low cut-off value which in some cases was around
2500 cycles. J

Requirements for good fidelity in transmission requires that the cut-off
points be higher than this.

It is desirable that the common telephone circuit transmit frequencies up
to at least 3000 cycles and if used for program transmission work, must
be substantially higher. There has been because of this, a tendency to use
lighter and lighter loading in cable circuits - that is, to employ load coils
of lower inductance and spaced closer together. At the same time the use
of telephone repeaters has made it possible to use finer gauge conductors
in toll cables, so that now practically all conductors in toll cables are now
either 16- or 19-gauge.

1.12



CHAPTER 2

CARRIER SYSTEMS - GENERAL

2.1 INTRODUC TION

All of the carrier systems, except the type ""L' which requires coaxial
cables, are designed to be applicable to one or more of the already existing.
standard types of line facijlities. To apply a carrier system to a line
requires the addition of the carrier terminals and repeaters, and frequently
also, special treatment of the line itself such as the carrier transposing of
open-wire lines or the balancing of cables. The cost of this equipment and
line treatment therefore represents the cost of the telephone channels
furnished by the carrier system.

A carrier system would not be used unless it proved in economically. For
a cayrier system to prove in, the cost of obtaining additional telephone
channels by means of the carrier system must be less than the cost of
ubtaining the same number of channels on that route by other means, such
as by stringing new wires or cables and equipping them with voice frequency
systems. An important part of the cost of carrier systems is the cost of
the terminals. This is a fixed cost per system regardless of its length, for
a particular type of system, but when expressed in terms of cost per mile,
it looms up as a much larger part of the total cost on short than on long
systems. It follows that for each type of carrier system, there is some
minimym length of system below which the carrier costs per telephone
channel mile are so great that the system does not prove in, and it is more
economical to obtain the telephone channels by other means.

The fact that carrier systems have tended to prove in more naturally and by
larger margins on longthanon short circuits, has had a large effect on the
engineering of the telephone plant. This effect has been to drive voice-
frequency systems out of the long toll circuit field and to relegate them more
to the shorter circuits which feed the main toll routes, as noted in the
preceding chapter. Today, practically all circuits over 500 miles long and
many shorter ones, are carrier circuits. The trend toward the use of
carrier for long circuits receives added impetus from the fact that better
transmission performance can be obtained from long carrier systems than
from long voice~frequency systems.

It is evident that the carrier systems increase the efficiency of use of the
wire lines by the principle of superimposition. That is, they add additional
speech channels ‘to the line, each utilizing an otherwise unused part of the

- frequency band. For example, when a type '"C'' carrier system is added

to an open-wire pair, three additional 2-way telephone channels are
superimposed above the regular voice-frequency channel, using frequencies
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up to about 30 kilocycles. To the same pair can be further added a type
'""J' carrier system furnishing twelve more channels in the frequencies

between about 36 and 140 kilocycles. When both systems are used, the
open-wire pair furnishes sixteen two-way toll telephone circuits.

It is quite possible that in the future other methods of multiplying the
number of channels that a line can transmit may be developed. For
example, there is frequent engineering speculation about the possibility of
applying the technique of pulse modulation, used in the radio art, to wire
line transmission (or perhaps to transmission over long distance wave
guides). This would be a time rather than a frequency superposition of
channels, since each of the different channels would correspond to certain
allotted pulses of the very large number which would be traubmnted per
second.

The purpose of this chapter, is to focus our attention on the carrier tech-
niques in use in present kinds of systems. We therefore proceed in the .
next section with a general descrlptlon of the features common to the
standard carrier systems. -

2.2 GENERAL FEATURES OF CARRIER SYSTEMS

With the exception of the original type "A' and the short-haul type "G"
carrier systems, all of the carrier systems which have been standardized
for use on wire lines operate on a ''4-wire'' basis. That is, each voice-
frequency telephone channel handled by the system is divided by means of
hybrid circuits at the system terminals into two oppositely directed one-
way channels which are kept separate and distinct from one end of the.
system to the other. The carrier systems therefore begin and end with
voice-frequency hybrid circuits. The two one-way channels are kept
separate during transmission between the terminals by one of two methods:
either by transmitting them over different pairs, or else by transmitting
them at different carrier frequencies over the same pair.

Each one-way voice channel is translated in frequency to the band allocated
to that channel on the line by a process called modulation. This frequency
shift is made in a single stage of modulation in some systems, and in
others, two or even three stages of modulation are used. At the receiving
end of the system, the channel is shifted back to its original voice-frequency
band by an inverse process of modulation {usually called demodulation) in
one to three stages. The principles of modulation, and typical circuits of
modulators are described in another chapter of this text. The following
general remarks may be made at this point.

The type of modulation employed in all of the systems is that known as
amplitude modulation (AM, in radio language). It is well known, as shown
later, that when the amplitude of a carrier wave is modulated by a signal,
the result is a wave composed of the carrier frequency plus an upper and a
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lower sideband which differ from the carrier frequency by the frequency of
the signal. It is evident that the two sidebands are redundant; either by
itself carrying all of the intelligence of the signal, and that the carrier

is superfluous, carrying no intelligence at all. Therefore in most of the
multichannel systems, maximum efficiency is attained by removing the
carrier and one sideband by means of filters, and transmitting only the
other sideband. However, in certain of the systems where economy is a
main object, both of the sidebands and perhaps also the carrier are
transmitted.

When single-sideband transmission is employed, it is evident that the
carrier signal in a given channel has the same bandwidth as the original .
voice-frequency channel. The single sidebands corresponding to the differ-
ent telephone channels handled by the system are usually placed in adjacent
positions in the carrier frequency band, one every 4 kilocycles,;. With
modern filters this permits a useful band for each channel which is some-~
what wider than 3 kilocycles. It will be shown later that single~sideband
transmission, though physically derived by a process of amplitude modula-
tion, is as closely related to frequency modulation as it is to AM. Itisa
very efficient method of transmission. ‘

An important feature of every carrier system thus consists of the modular
tors and demodulators which shift the frequencies of the telephone signals.

Another feature of all carrier systems is the need to select the desired

signals from the modulators for transmission to the line, and to separate
the line channels from each other for application to their respective
demodulators, at the receiving end of the line. Filters are also used to
separate groups of channels for each other. »

The signals are usually transmitted over the lines between the terminals in
two groups, one consisting of the E-W (east-to-west) one-way channels of
all the telephone circuits handled by the system, and the other consisting
of the W-E (west-to-east) one-way channels of the same telephone circuits.
As noted earlier, the two groups may be transmitted over different pairs,
or over the same pair in different frequency ranges. The channels con-~
stituting a group are amplified by one common carrier line amplifier

(or repeater) at each repeater point.

The lines, of course, have considerably greater attenuation at the higher
frequencies needed for carrier transmission than at voice frequencies.
Therefore carrier line amplifiers must be spaced at much shorter inter=-
vals along the line than must voice-frequency repeaters. The length of the
repeater sections on any system is a function of the line attenuation, the
standards for allowable noise at the end of the system on each telephone
channel, the maximum length of system, the noise on the line sections and
in the amplifiers, and, in the case of multichannel systems, of the amount '
of modulation in the line amplifiers. Since the line attenuation is greatest
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for the hlghest frequency channel transmitted by the system, the repeater
spacing is usually determmed by the rules as applied to that channel.

Because the 11ne attenuation is great at the carrier frequencies, the
variation in attenuation with temperature (and with weather in the case of
open-wire lines) is also large. Furthermore, both because of the large
attenuation and also because of the wide frequency band required for most.
carrier systems, the difference in attenuation between the highest and
lowest transmitted frequency is large. These considerations impose
severe: transmission problems on the carrier systems which are solved
in different ways on the various systems.

The variations of the lmes with frequency and temperature are compensated .
for by equipment associated with the line amplifiers. It will be noted that
though the total effects to be compensated may have hyperastronomical
magnitudes, .the distribution of the compensation among many line ampli-
fiers reduces the problem at each amplifier to manageable proportions. ,
The equipment which does the compensating falls in two categories, namely,
basic equalizers which compensate for the attenuation-versus-frequency
distortion of the lines under mean ambient conditions, and regulating net-
works which adjust for the variations in the attenuation and in the attenua-
tion-versus-frequency characteristics of the line due to changes in temper-
‘ature (and other causes). The regulating networks are automatically
operated, usually under control of one or more pilot frequencies wedged in
between the telephone channels. In some cases, the flat gain variations
may be controlled by a d-c pilot channel similar to that used in the pilot-

wire regulators of voice-frequency systems, or by the energy in the carrier

channels themselves. The specific application of the techniques to the
various carrier systems is described in later chapters.

The pilot frequencies, when used, are of course supplied by the system
terminals. Another feature of carrier terminals, therefore, consists of
the means for generating the pilot frequencies, and also the carrier ,
frequencies: required by the various modulators and demodulators. In most
systems, these frequencies must be very exact in order that the signal and

pilot frequencies will accurately match the pass bands of the filters through

which they must be transmitted, and that they will fall properly into their
allotted frequency positions on the lines. It may be noted that in those
systems in which the carrier is not transmitted, which is the case with
most of the systems, the carriers supplied to the modulators and demod-
ulators at the two ends of the system must be generated by physically
separated oscillators. Any actual difference between the carrier fre-
quencies at the two ends, which ideally should be identical, results in a
corresponding displacement of the same number of cycles in all the fre-
quencies in the telephone signals emerging from the system. The tolerance
for such frequency displacements is at most a few cycles, which in terms
of per cent error in the carrier frequencies necessitates considerable
accuracy.
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2.. 3 FUNDAMENTALS OF CARRIER TELEPHONE SYSTEMS

In ordinary telephone transmission a pair of wires between telephone sub-
scribers ordinarily carries one conversation and is required to transmit
intelligence or voice frequency energy in both directions. In other words,
we speak and hear over the same pair. This is called a two-wire

system and is possible because of the circuit arrangement of the subsgcrib-
ers instrument. Figure 2-1.

if we attempt to use one pair for more than one conversation at one time,
we succeed only in making a four person conference out of it in which
each person can hear everything everyone else says. Adding more
instruments only adds more confusion. Figure 2-2.

Changing to a four-wire system has definite advantages in carrier telephony.
Since we are developmg a simple carrier system we will convert our
circuit to "four wire.' This simply means that when A talks to B, one

pair is used. When B talks to A, a different pair is used. Even with our
simple telephone circuit the confusion has been reduced somewhat since
now only two receivers can be actuated by any one transmitter. Figure 3-3.

Speech transmitted over telephone lines, generally speaking, is in the
range of 300 to 3500 cycles per second. If we can change the frequency
range of the speech of customers Al and Bl from the 300 to 3500 cycle
range to.a range of, say 4300 to 7500 cycles and, further, arrange to
separate the A-B from the Al-Bl conversations at the receiving ends of .
the circuit, we can use two pairs of wires for two separate conversations
or even more with a saving in plant investment. This is the beginning of a
carrier system. '

Carrier telephony consists of superimposing voice frequencies on a carrier
frequency and then transmitting this information to a point where the
reverse will occur. The normal range of voice frequencies is 50 to 8000
cycles or higher. For telephone use a range of 300 to 3500 cycles is used.
This range will allow one subscriber to identify any other subscriber. The
carrier frequencies are steady frequencies other than voice frequencies,
usually higher than the voice range. The superimposing is the modulation
spoken of earlier in this chapter.

When the voice frequency is superimposed or impressed on the carrier
frequency for amplitude modulation there is obtained, among other things
the sum and the difference of the two frequencies. For example if we let:

V = voice frequency

C = carrier frequency
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Then the 'resultls of quulatiof; may be expressed in the basic formula:
C T ¥ = frequency output {2:1)

Using the voice frequency band 300 to 3500 cycles and assuming a carrier
frequency of 7000 cycles C + V= 7000 + (300 to 3500) = 7300 to 10,500
G Vs 7000 ~ (300 to 3500) = 3500 to 6,700

The band of C + V is called the upper sideband and the band of C -~ V is
called the lower sideband. The yeverse process is called demodulation
cmd the voigce frequency is obtaqu, Fon testln,g on a carrier system the

average of the voice freque;ncy - 1000 cycles is used.

2.4 A SIMPLE CARRIER $’YSTEM‘ o

Now we can develop a S1mple c;a.rrler system in Wthh two subscribers A
and B may talk together without. interfering with, or bemg interfered with,
by two othen subscribers Al and Bl when they are using the same wire
conductors for the talking path. -

iets start with two signal genermoxs a,t one end of a two wire line as in
Figune 2-4. The generators will praduce frequencies of 1000 and 8000
cycles respectively. On tl}e line we have a mixture of the two frequencies,
By inserting a low pass filter and a h1gh pass filter at the receiving ends
as in Figure 2-5, the two frequencles can be separated. Each receiver
would then operate 1ndepepdeptly of the other.

Now lets change the talking Cquplt of Flgure 2-3 to a simple carrier
system. Additional equipment is negessary if we are to accomplish our
objective. In Figure 2-6 this eq‘u_lpmen,t is added and designated C. They
are carrier components. If we specify that they are to meet certain
requirements we will have a simple two-channel carrier system. These
requirements are shown on Figure 2- 6. The blocks de31gnated C are the
filters, modulators and dempdulators requlred in carrier systems.

These are the principles upqn which all carrier is based. They are also
the principles upon which your radio and television sets are based. The
only two ideas involved are those of changmg frequencies from one band
to another and ;£1lter1,ng out or removmg unwanted frequencies. By adding
detail and more channels we can arr;ve at various carrier systems, but
no matter how complicated the detmls may seem, the fundamental ideas
are the same. .

Tue to the fact that losses oc;c;ur m the transmission of any type of energy
N,sulqlng in the gradual d,ym,g put or attenuation of that energy, it is neces-
sary tq use amplifiers or repeater,s at ;.nterva.ls determined by the losses
encountered, Although only one is Shown, the average carrier system has
several such repeaters F;gure 2+7..
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2.5 A TYPICAL CARRIER SYSTEM TERMINAL

A carrier terminal Figure 2-8 may be divided into three portions, the
voice frequency, transmlttlng and receiving portion.

In the voice frequency portion the low pass filter. (V) allows the voice fre-
quency channel to pass through but blocks the carrier frequencies. The
high pass filter lets carrier frequencies into carrier equipment while it
blocks out the voice frequencies. This path is established for one message
circuit, receiving and transmitting. ,

In the transmitting portion of Figure 2-8, the voice frequencies from the
subscriber are directed into the transmitting portion of the carrier channel
by the hybrid coil. The low pass filter (T) eliminates any undesirable
frequencies outside of the voice frequency band 300 to 3500 cycles. The
‘oscillator produces the carrier frequency. Each terminal has its own
oscillator. The modulator impresses the voice frequency band on the
carrier frequency and produces the upper and lower sidebands. In most
carrier systems only one sideband is transmitted and this is called

Single Sideband transmission. The band pass filter removes all frequencies
except one of the sidebands.:

Generally on open wire carrier systems one sideband (C + V for example)
is transmitted in one direction of transmission and the other sideband

(C - V) is transmitted in the other direction. Carrier systems used on
cable generally use separate pairs for transmission in each direction, and
this permits the same sidebands to be transmitted in each direction. The
transmitting amplifier steps up the sideband being transmitted to the
desired power level for transmission. The function of the transmitting
directional filter is to keep the frequencies being received from coming
into the plate circuit of the transmitting amplifier. This establishes the
transmitting circuit. :

In the receiving portion of the carrier terminal, the receiving directional
filter blocks out the frequencies of the sideband being transmitted but
allows the sideband being received to enter the receiving circuit. As the
transmitted sideband is conducted to the receiver via the transmission
lines the higher frequencies are attenuated more than the lower frequencies.
The equalizer adds loss for the lower frequencies so that all frequencies
will pass into the demodulator at the same level. The demodulator com-
bines the carrier frequency with the received sideband and one of the
resultant products is the voice frequency. The low pass filter. (R) removes
all the products of demodulation except the voice frequency. The receiving
amplifier steps up the power level of the voice frequencies to that required
for transmission to the subscriber. The receiving frequencies are then
directed to the subscriber through the hybrid coil. Thus establishing the
receiving circuit.
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In the system just described we had two message paths over one pair of
wires. It would be possible to add mere message paths using this same
pair of wires by adding more carrier terminals using different carrier
frequencies. ‘ '

The next few chapters will elaborate on amphﬁgrs, oscillators, modula-
tors and demodulators.

2.11



7 YALIVHD

IVEANTD - SWHLSAS YHIYEVD

, e
sUms-
COBER
! _:I L FILYE® e - FILTEE
, v [{Z]
. A DIRECTIONGL.
Yot 4 TSR
IeZd ‘
N .
N suss- HYBRD oscLLTOe gl
— 1 cmIiEEe - . ' 4 :
N : &— FLTEe
=4
LISECTICNGL
FLTER
pd
AT 525 Eresungz|  (CEURIZER
£ LTI e
N L& j _
i ”\’Pg Lﬂ/?\q: SINGLE CARRIER TERMINAL
_ Figum—_f -8 | o
i, |
— - At ..L.‘__,.. —. o e ———— l



'CHAPTER 3.
AMPLIFIERS

3.1 INTRODUCTION

There are many possible classifications of amplifiers, depending on the
purpose for which they are to be used, Ong broad classification is as
voltage amplifiers, or power amplifiers., 'A,r;other classifric,artion depends
upon the frequency range in which the a,mpli’f}.’ig; is to operate. - This may
include audio-frequency amplifiers, broad~band amplifiers, ;r)adio-
frequency amplifiers, and superhigh radig-frequency amplifiers. Again,
amplifiers may be classed accordin‘i to the hand-width of the signal they
are required to handle, i.e,, whether a }‘glq‘.tively narrow band of audio
or radio frequencies, or the wide bangd of frequencies encountered in
broad-band carrier systems and in video transmission. Any given ampli-
fier may properly fall into more than one sych classification,

3.2 THE ELECTRON TUBE
General o, '

It is outside the scope of this text to discuss in detail the physics of the
electron tube or the circuit design theory that has been built around it.
This section is intended to bring oyt some general characteristics of the
electron tube which are pertinent to its usge as an almplifier,

The electron tube is a device to utilize the flow of free glectrons in a
vacuum or a partial vacuum. Such tubes are used as oscillators, recti»
fiers, amplifiers, modulators, pulse geperators, pylse shapers, etc.
They are building blocks which make pogsible long distance telephony,
radio, television and many delicate control systems,

The Electron . ‘ :

The electron is a minute, negatively-charged particle with a mass of

9 x 10-28 gram. The electron is the smallest bit of electricity. To light
an ordinary 60-watt light bulb requires a current of about one-half ampere.
In terms of electrons, this means a flow of about 3 x 1018 electrons per
second. For its size, the electron pacﬁ§ a terrific puncl}; to speak more
formally, we may say that the chapge-to-mass ratig of the electron is
enormous. Imagine two spheres compoged entirely of electrpns, each
sphere weighing one gram (1/28 ounce). Because like changes repel,
there would be a force tending to push the spheres apart. If the spheres
were separated by 100 km (62 miles), the repelling force would still be
.about three million, million, million fons! '

3,1
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Electrons in Metals '

In metallic conductors, some electrons are unbound and free to travel
from atom to atom. Such unbound electrons, in the absence of external
electric or magnetic forces, assume a chaotic motion. If enough addi-
tional energy from an external source is imparted to such unbound elec-
trons, some of them will move toward the surface of the metal with
sufficient velocity to break through and become, at least momentarily,
free electrons.

Types of Emission
The four principal methods to obtam free electrons from solid metals are:

a. Thermal emission, in wh1ch the metal is heated to increase the thermal
energy of the unbound electrons. i

b. Photo-electric emission, in wh1ch 11ght energy is transferred to the
unbound electrons. '

c. Field emission, in wh1ch a strong electrlc field is applied to the sur-
face of the metal.

d. Secondary emission, in ‘which the energy is'supplied by electric charges
bombarding the surface of the metal.

Flow of Electrons. Currerlt

If free electrons are provided by some method of emission and if a positive
collector is nearby, there will be a flow of electrons from the emitter, or
cathode, to the collector, or anode. This flow of electrons, or current of
electricity, is commonly measured in amperes or milli-amperes. (An

: . oo « 1018
ampere is one coulomb per second, or 6,24 x 10*° electrons per second.)

'The Diode and Its Characteristics

The simplest electronic tube is called a diode because it has only two ele-
ments; the cathode and the anode. The cathode is usually completely
surrounded by the electron-collecting anode, or plate. If the cathode is
emitting sufficient electrons and if the diode is connected in series with a
suitable battery, with the plate connected to the positive battery terminal,
an electron current will flow from the cathode to the plate. No current
can flow in the opposite direction. Figure 3-1 illustrates typical diode
characteristics. It will be seen that plate current is strongly affected by
the plate voltage until the plate voltage is made high enough so that satura-
tion is approached. At the point of saturation all electrons emitted by the
cathode are drawn to the plate. Further increase of plate voltage beyond
the point of saturation cannot increase the current.

Figure 3-2 shows how a diode characteristic curve can be used to deter-
mine the current flow which will result when an alternating voltage is
applied to the tube.

3.2
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The Triode and Its Characteristics

In the triode a third element, called the control gr1d, is placed between
the cathode and the plate. The grid is much closer to the cathode than is
the plate; therefore, small changes in grid voltage have relatively great
effect on the electron flow (plate current). If the grid is held negative
with respect to the cathode, as in the circuit of Figure 3-3, then the nega-
tive grid voltage will tend to repel the elegtrops which are emitted by the
cathode and will thus reduce the plate current Indeed, if the grid is
sufficiently negatiye plate current will be cut off entirely,
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. " The fact that relatively small varia-
L tions in grid voltage produce corres-
L ]lk ponding large variations in plate
%‘ o current permits use of the triode for
RL

) | v amplification, oscillation, frequency

conversion, modulation, demodula.-w
tion and other circuit functions.

Other Types of Electron Tubes
Many types of electron tubes other
than the diode and the triode are. "
used regularly in our business. The
Figure 3-3, Triode Amplifier - tetrode was developed to provide
: Actual Connection ) greater stability in amplifiers. The

' ' pentode was designed to provide a
flatter charactenstw than than of the tetrode. Beam power tubes, remote
cutoff tubes, and special h1gh frequency tubes are used to fit different |
circuit requirements. Tubes are made in widely variant sizes and shapes
in order to achieve partlcular character1st1cs Gas-filled tubes, photo-
sensitive tubes, cathode ray tubes, camera tubes, electron mu1t1p11ers,
velocity -modulated tubes and k1nescopes are all special-service tube
types which have become important in the communications industry.

[

Multi-Electrode Tubes

There are many designs of vacuum tubes contammg 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 charac~
teristics with respect to the amount of amplification to be obtained and
may have other desirable effects,

At relatively low frequenc1es, the amphﬁcatlon factor of a triode can be
made to have almost any desired value by properly spacing and propor-
tioning the three electrodes. When tubes are used with high frequencies
such as are encountered in radio and other high-frequency systems, the
effect on inter-electrode capacitance becomes increasingly 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 out-
put energy may feed back. into the input circuit, This plate-control grid
capacitance effect can be practically eliminated by placmg a shielding
grid between the control grid and the plate as illustrated in Figure 3-4,.
This grid is known as a screen gr1d and the four-electrode tube is then
known as a screen grid tetrode. -

3.4
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As the plate is shielded by the screen grid from the other electrodes, it
{plate) has little effect in Withdra,wing'ﬂ@qtrppg from the space ch\a.;rge
area about the cathode. This fp.nctigp is taken over by the screen grid
which is given a positive potentjal for this purpose. The flow of electrons
from the cathode, and their control by the cgm}rol gr'id, is practically the
same as discussed in the case of the three-electrode tube, but in the screen
grid tube, the screen grid itself may be cpnsidered as acting in somewhat
the same manner as did the plate of the three-electrode tube. However,
the electrons constituting the spac@' pp.;'z;'em, on arr:giving in the area of the
screen grid have acquired such a velocity that most of them pass through
the openings in the screen grid and, attracted by the still higher positive
voltage of the plate, continue on to the plate. A small portion of the elec-
trons is, of course, intercepted by the screen grid and does not reach the
plate. This is il]rustrated by the plate ypoltage vs. Platé and screen grid
current curves in Figure 3-5 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 vol age,

This means that the output resistance of the tube is very high as compared
tp the triode. Due to the presence of the screen g);id, 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 amplifica-
tion 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 charagteristic 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
Lbecause of its relatively high positive potentiagl, More important is the
fact that it is now attracting 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 oyter electrons
out of the plate material. Under normal operating conditions these secon-
dary electrons will fall back into the plate due to the influence of its
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positive 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 effec-
tively reducing the total flow to the plate and 1ncrea.81ng the screen-cathode
current. Obviously, operation of the tube in this region would result in .
marked distortion of the input signal. Generally, therefore, screen grid
tubes must be operated with a plate supply voltage sufficiently high so that
the maximum negative swing resulting from the control grid input signal
will not reduce the instantaneous 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
practically eliminated by introducing another grid between the plate and
the screen grid, as shown in Figure 3-6. This grid, which is maintained
at a potential negative with respect to the plate, is called a ''suppressor .
grid" and the tube then becomes a suppressor-grid pentode. The '

3.6



CHAPTER 3 AMPLIFIERS

suppreéso; grid is usually connected directly to the cathode, often inside
the tube. Its field repels the secondary electrons emitted from the plate,
forcing them back to the plate. Figure 3-7 shows characteristic curves
for a tube of this type. It will be noted that like the screen grid tetrode,
both the amplification factor and output resistance ane high.

There are many other possible designs of multi-electrode tubes, some
practical types pf which contain as many as eight electrodes. Itis cus-
tomary also to employ multi-unit tubes in which two pr more independent
electronic circuits are included in a single envelope. The structure of
such tubes is indicated by their designations such, for example, as duplex-
dionde -triode, twin’-pent‘ode, etc. .

3.3 SEMI-CONDUCTORS

Q?fél.féii—é“gemi-conduptivng materials currently in general use in electrical
communications practice the metallic element, germanium, has perhaps
been most thoroughly studied. Techniques have been developed for re-
fining it to an almost incredible degree of purity and for processing it in
the forin of single crystals which can be treated or '"doped' with impprity
substances in any desired proportion. Unless specifically stated other-
wise, the following digscussjon 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 }n ordinary electrical practice would be con-
sidered a very poor conductor. At room temperatures, typical ''n-type"
germanium, such as mjght be ysed in a transistor, contains one free
slectron for about 108 atoms as compared with one free electron for each
atom in a good conductor such as copper. Ewven so1 a cubic centimeter of
this material includes something in the order of 10 4 free electrons so
that it is certainly not a good insulator. To understand its capabilities
and limitations gs a conductor, it is necessary to examine the germanium
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 orhital electrons c¢entaining 2, 8, 18, and 4 electrons. The
first three shells are completely filled and so firmly bound to the nucleus
that they can play no part in any practical conduction process. The outer-
most 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 electrons might be readily broken away by thermal
agitation or other relatively small forces, In the structure of german- .
ium, however§ the individual atoms are associated with each other in a
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crystalline lattice arrangement such that there is a definite bond between
each atom and four immediately adjacent atoms., The structure is of
course thrée-dimensional but the principle may be represented by the
two-dimensional drawing of Figure 3-8. Two valence electrons - one
from each atom - act together to form each bond, as represented 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

Atom Core
Electron Valence Bonds

— Free Electron
Negative Charge Carrier

Figure 3-8 Valence Bond Flgure 3-9 N-Type
Structure of Germamu.rn ' Germamum Structure

Nevertheless, some electrons are knocked out of their valence bonds by
thermal agitation at normal room temperatures. These electrons are
free to act as ''charge carriers' and the electrical conductivity of the
germanium depends upon their number. At higher temperatures, more
electrons are broken from valence bonds and the conductivity of the
semi-conductor increases proportionately. This relationship of conduc-
tivity to temperature readily accounts for the negative temperature-
resistance characteristics of the semi-conductor devices known as ther-
mistors, 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 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 num-
ber 33). Each arsenic atom will enter into the lattice structure in the
manner indicated in Figure '3-9. Four of its outer-shell electrons join in
valence bonds with four neighboring germanium ai,oms The fifth valence
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electron is still associated with the arsenic atom but is quite easﬂy dis-
lodged. The net effecgt is to increase the number of free electrons in the
material in proportion to the relative amount of arsenic added, In prac-
tical 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 haying valence 3, such as gallium (atomic number 31).
As iliustrated in Figure 3-10, the gallium atom also takes a position in.
the lattice structure, But 1t$ outer shell provides enough electrons to
' enter into valence bonds with only
three of the germanium atoms,
leaving one bond incomplete, The
missing electron in the valence bond
+ Hole. | - - .may be considered as a hole in the
" Positive Charge Carrier 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
Figure 3-10 P-Type nearby valence bond by thermal agi-
Germanium Structure tation 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 a.nother 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 ane positive,

At first approach, the concept of holes as positive charge carriers may be
regarded as a somewhat fancgiful way of describing the transition of elec-
trons from one valence bond to another. Actually, the electron in a valence
bond is in a different '"quantum state'' than a valence electron in its ordi-
nary position in the ouyter atomic shell of an isolated atomm. 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 concept is reinforced by

the observed fact that the mobility of positive and negatlve carriers is
different. In germanium, electrons move, under a given electric poten-
tial, at somewhat more than twice the speed of holes (about 3600 cm per
sec per volt per cm for electrpns, about 1700 for holes).

309
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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. Simi-
larly, 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 structure 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, germanium at normal tem-
peratures, the number of free electrons is equal to the number of holes
because whenever an electron is released from a valence bond by thermal
agitation, a hole is simultaneously created. Holes and electrons will of
course be continuously neutralizing each other through new recombina-
tions but a like number will be escaping from other valence bonds at the
same time so that the net conductivity remains constant under static con-
ditions. In n-type germanium, there are many more free electrons than
holes. These are then designated the '""majority carriers' but there will
always be some holes present, too, as ""minority carriers'. The oppo-
site 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 characteristics 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.

Semi-Conductor Junctions '
On the basis of the theory outlines above, it should not be surprising that
a junction of semi-conducting materials of opposite types can constitute
an excellent rectifier, When a battery, poled as indicated in Figure 3-11,
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

®00[000 ++ | N type ik
- @ Donor Atom 5 © 9. 0_00|00/0,0,0,0.9,
S 888|888 i[T o huepor hom “ole e e 00 S0I01E1010:0!
— N - 24
+ Eilglcetmn 6o 600 |oc'otee’e’e
ATl
Figure 3-11 P-N Junction - Reverse Figure 3-12 Potential Barrier

Connection at P-N Junction
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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, however, that the immobile donor and acceptor atoms remain, each
of which has its own charge as illustrated 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
numbars of carriers in the semi-conducting materials. 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.

m the basis of the theory outlined above, it might be reasonable to assume
that, in the absence of an external applied voltage, the electrons of the
n-type material and the holes of the p-type material would gradually dif-
fuse across the junction 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 3-12. 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 auto-
matically established acress 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

potential barrier is in the order of tenths of a volt.
\
The Junction Transistor ‘

The interesting behavior of the semi-conductor junction can be taken ad-
vantage of to produce another important electrical phenomenon known as
the transistor effect, The device pictured in Figure 3-13 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 2 thin slab of p-type semi-
conductor, It thus includes 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 junc-
tion (i, e., with the circuit opened at E_) it will be noted that the battery
Eg is poled in the forward direction to permit the ready flow of a sub-
stantial current I,. Electrons move freely from the left n-material
across the n-p junction into the p-material, and holes from the latter
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into the former. Considering only the right junction, on the other hand,
the battery E. is poled in the reverse direction so that practically no
current can flow across the p-n junction.

When both battery circuits are closed, an entirely new effect appears.
Under the influence of Eg, 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 flow~
ing in the circuit through E_, 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 Io. The ratio of I, to I,, which is usually desig-
nated by the Greek letter,& , ranges between .95 and .99 in typical
junction transistors. The energy that drives I comes from E; and Eg
but the value of I, is determined solely by Ie. This is the transistor
effect, and its similarity to voltage phenomena in the three-electrode
electron tube immediately suggests amplification possibilities.

51 e Ie =5 ma
«©
4 Ie = 4 ma
g e
P - type . —
- Prbp Emitter  Collector w3 - Ie = 3 ma
e
N- N- =
tYPe tYPe (3 2[ le =2ma
-+ —‘IIL+ ——6 1 ( Ie =1lma
T W Base o
f + + + + Ie =0
10 20 30 40 50
Collector Volts -V¢
Figure 3-13 N-P-N Junction Figure 3-14 Collector Charac-
Transistor teristics of N-P-N Junction
Transistor
N
P N /—VC = Ec—IcRL
Ie Ic
@ Emitter Collector Load
Circuit Circuit RL
-— ) + _‘ +
—i} 1|11}
Ee Ec

Figure 3-15 Common Base Amplifier Circuit
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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 Figure 3-13, 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 re-
presentation is shown at the right, Here, the emitter may be identified
by the arrow head, which is pointed in the direction of conventional
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 3-13 are also pointed in the
conventional direction for current flow. This practice is followed through-
out this text although in much of the earlier literature it has been the ‘
practice to point all such arrows toward the transistor elements regard-
less of the actual direction of current flow.

The amplifying capability of the transistor depends upon the fact, empha-
sized above, that the value of the collector current, I, is determined by
the value of Io. 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 3-14 which gives the collector"
characteristic curves of a typical n-p-n junction transistor for several
values of Io. Note that the collector voltage V _ indicated here is the
potential applied to the collector and is not necessarily the same as the
voltage of the biasing battery, E.. A large load resistance may be in-
serted in the collector circuit without affecting the current value, even
though the IR drop across the resistance 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 3-15, will produce corresponding voltage variations across the
load of much greater magnitude. Very substantial voltage and power
gains are thus readily attainable.

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 b
simply reversing the direction of current flow and the polarities of the
‘biasing batteries, 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. Application of biasing
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potentials not poled in accordance with this basic principle ma.y destroy
the tra.nsmtor.

Electron Tube - Transistor Analogy ' ‘
Succeeding sections discuss circuit applications using electron tubes, =
however, companion transistor circuits can be visualized by drawing

a very rough analogy between the electron tube and the transistor. In

the analogy, grid, cathode and plate of the tube are replaced by base,
emitter and collector of the transistor respectively. Grounded-grid,
grounded-cathode, and grounded-plate circuit configurations become -
_grounded-base, grounded- emltter and grounded collector as shown 1n :
Flgure 3- 16 ' ‘

Cee el ———-

o i Q 9 RL
=FE ' —FE
o T BB o c
= ‘
GROUNDED GRID ’ GROUNDED BASE

QO
’L
L
m =
[es)
(o] [e]
wll v
g‘ r

il

GROUNDED CATHODE ' o : GROUNDED EMITTER =

_GROUNDED PLATE , GROUNDED COLLECTOR

Figure 3-16 - Electron Tube-Transistor Aﬁology "
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S 4 AMPLIFICATION

The T;rlode Axnphﬁer ‘ ‘ ‘ R

The triode as a circuit alement has three 1mpqrtant character1st1cs, the :

_ amphﬁca,txon factor, the plate resistance and the mutual conductance..
The amplification factor can be shown to be numerlca.lly equal to t;he

product of the pl,a,te reslstance a.nd the n;nutual conductance. . o

The a.mphima,tmn fa,qtor expreases the effectweness of the g;md as a q:mu

trol agent, compared to the effectiveness of the plate. Amplification fag~-

tor is the ratio between a small plate voltage change and a grid voltagq

change whmh would produce an effect on the plate current of equal magm,-y

tude. The signs are opposite, for the ‘grid must. restore the change made
by the: platq 1f pla,te current is to remam unchanged durmg the measumv ‘
'ment R ‘ ‘ 4

‘ de

. Arxipnfiqatioriractor ¢ =+ _p wherei ‘is‘:¢dnstaht,‘,
P o de P R
g L
“and de = small changé‘ in plate '.valtagé e
S CER AT e
~de = small change in grid voltage
8 S
LA s pla‘te‘ current
G P SR K
The plate, resxstame, or more properly the dynamic plate res1stance of. a
© tube is sqmeWha,t analogous to the internal resistance: of a generator.‘ It

is defined as the ratio between a small plate voltage change a,nd the cp:;r;aqrr
pondmg plate current change (w1th gr1d voltage held consta,nt) ‘

P : de , ‘ :
‘;Plate Resista,nce,» r =_p whqrerﬁ - is constapt

g gg;d,div = small 4¢hané9‘in ,pxate[ current
| i I | o
' Flgpre 3 17 ﬁhows a plot of tmode pla.te charactenstlc curves and Qeman»
strates: the graphmal method to. find. dynamxc; plate resistance for a certa.iq ,
qpera,tmg pqint on one of the curves, It will be seen that the pla.te regis-

 tapce is the mVerse. slope of the plate cha,ractenstzc curve at the operatmg 3
' Pomt ' ! o : \

G _"‘:‘:3’6 ,1,5;;;
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o Type 6C5
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3 ep - Volts

Figure 3-17 Triode Pyllate Characteristics

The mutual conductance df a triode is the ratio of a small change in plate
.current to the small change in grid voltage which produces it, plate

~oltage remaining constant.
- di

‘Mutual Conductance, g = p wheree is constant
g

Figure 3-18 shows a plot:of triode grid characteristic curves and demon-
strates the graphical method to find mutual conductance for a certain oper-~
ating point on one of the curves. It will be seen that the mutual conductance
is ithe .slope of the grid characteristic curve at the operating point. ' =

Figure 3-3 shows the actual connection of a triode amplifier. Ry is the "
plate load resistor and ef, is the voltage across the load. E,, is the plate
battery voltage and E_ is the grid battery voltage. Figure 3-19 shows a
simple equivalent circuit from which the performance of the amplifier is
readily computed. From the equivalent circuit|, Figure 3-19 it can be
seen-that the plate current is: .

. e.:;
L M
p  (r+R )

p. L.
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e

and the useful amplification, L is:
e.

g AR5
Amplification = :

(r +R
p.

)
L.

. *He

=t

_ |di
gm_ﬁ

. o .
Typo 6C5 ;j féj
| ? A

y

12 “‘;
=12600 %

gm = 5:.;
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| hwglﬁ
I i/M
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Grid Volts-o
—
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3;5,;

Flata milliamgores ~-ip,

Figure 3-19 Triode Ampliﬁer -

Figure 3-18 Triode Grid
Equivalent Circuit

Characteristics

Multi-stage Amplifiers - Coupling ‘
To obtain large power output from a small voltage source, it is necessary
to use several stages of amplification with the output of one stage feeding
the input of the next. Transformer coupling is' sometimes used in multi-
stage audio amplifiers, The transformer provides a simple method to-
isolate the dc plate voltage from the grid of the following tube.. The
alternating (signal) voltage on the plate is reproduced in the secondary
transformer winding and the voltage may be stepped up by providing more
turns on the secondary than on the primary winding. The transformer
may also be designed to match a low-impedance load to a high-impedance
source. Figure 3-20 shows two stages of an amplifier with transformer

coupling.
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Resistance-capacitance
coupling is another wide-
ly used method to connect
amplifier stages. Resist-
ance-capacitance coupling
= Interstage. L Output amplifiers are relatively
Jrenstomer, - Trerisformer Transformer - cheap and have good
fidelity over comparative-
, ly wide frequency ranges.
Figure 3-20 Transformer- -, Figure 3-21 shows an RC-
Coupled Amplifier coupled triode amplifier
" and gives the names of
the circuit elements,

=

‘Outpu

R1 Grid-Leak Resistor
c4 R2 Cathode Bias Resistor
1 R3 Plate Load Resistor
R4 Plate Decoupling Re-
sistor -
%R5 R5 Second stage Grid Re-
sistor
Cl Input Coupling Capac1-
tor
O C2 Cathode Bypass Capaci-
tor
Flgure 3-21 RC- Coupled v _ C3 Plate Supply Bypass
Amplifier Capacitor
: C4 Output Coupling Capaci-
tor

Impedance. coupling is obtained by replacing the load resistor of an RC-
coupled amplifier with an inductance. See Figure 3-22. An impedance-
coupled amplifier can be designed to give fairly uniform frequency response
over a limited frequency range. In such case the amplification is greater
than.for a S1m11ar RC-coupled amplifier.

In a direct-coupled amplifier, the plate of one tube is connected directly to
the grid of the next tube. With direct coupling, it is necessary to provide
separate power supplies-for each stage or to use a special voltage-divider,
Figure 3-14 shows direct coupling with a voltage divider network.

Band Width Requirements : :
An important characteristic of an amp11f1er is its band width. In general,
the greater the band width the less the gain which may be obtained.
Single-frequency amplifiers are used to amplify carriers or signalling
tones.. Audio amplifiers may have band width requirements of 5, 000 to

15,‘“00v0~;‘.'cyg:1es. Video amplifiers must have band width of several mega-
cycles.., ;
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138

OB+ |
Figure 3-22 Impedance- Figure 3-23 Direct-
Coupled Amplifier , Coupled Amplifier

Cizss A, B, C, Amplifiers ‘

‘Ernplifiers are classed according to the method of operation. The dc grid

5“ as and the input sngqal of an gscillator may be adjusted so that plate
srrent flows at all times qf 80 »tha,t plate current flows only during part

u’ zach cycle of the signal, :

A Class A amplifier is one in Whichpla,te current flows at all times,

& Class B amplifier is one in which grid bias is adjusted so that plate
current is approximately zero in the absence of a signal and plate current
flows for approximately one-half of each cycle when a signal is applied.

4 Class C amplifier is one in whimh the grid is adjusted appreciably be-~
yond the cutoff yalue, so that plate current flows for appreciably less than
half of each cycle when a signal is applied,

Zlass A amplifier give faithful reproduction of the input signal and are

widely used for audio amplification and modulated carriexr amphflcatlon,

Class B amplifiers when used for audio amplification must be used in

push-pull, Class C amplifiers can be used only for unmodulated »f waves,
A ¢

3.5 TRANSFORMER COUPLED AMPLIFIERS

The transformer coupled amplifier has limitations with respect to the fre-

guency bandwidth that it can handle on a ''flat" basis. This is due to the

inductance of the transformer w;tpd;ngq, and to their effective shunt capaci-

tance, At frequex}mes below about 100 cycles per second, the inductive
zactance of the primary winding of the inter-stage transformer is low

e nough in value so that the output resistance of the tube is not negligible

in comparison with it, This results in a relative decrease in the voltage
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across the primary winding, and

‘ a consequent reduction in ampli-
v - N fication. At frequencies above
] - 4, 000 cycles, the shunt capaci-

] / » o , tance becomes increasingly
: ' ' important. Since capacitive

100 200 400 1000 3000 5000 r.eactance is inversely propor-
Frequency - Cycles ‘ ‘ ' tional to frequency, the complex
- S impedance of the transformer

input becomes lower at the high-

Figure 3-24 Gain-Frequency er frequencies, with a conse-"
Characteristic of Audio ' quent lower voltage across the
Amplifier . primary winding. There is

also a tendency 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 constructed amplifiers of this type, however, have
a reasonably flat frequency response over a range from a little above 100
to approximately 5, 000 cycles. This is illustrated by the curve of Figure
3-24. :

3.6 RESISTANCE-CAPACITANCE COUPLED AMPLIFIERS

Where flat frequency response over a greater range than four or five
thousand cycles is required, resistance-capacitance coupling is commonly
employed. An amplifier circuit of this type is shown schematically in
Figure 3-25. Here, the a-c input is through the input capacitor C; to a
grid resistance R,, the drop across which is applied 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 current is by-passed by the capacitor Cy so that’
it has no effect on the grid. The alternating voltage drop across the re-
sistor R; is coupled to the input of the second tube by the capacitor Cg,
which also prevents the plate battery voltage Ej, from being 1mpressed on
the grid of the second tube.

An equivalent circuit for one stage of the R-C amplifier is shown in
Figure 3-26. Here two shunting capacitors are indicated, which did not
appear in Figure 3-27. ‘

Cout represents the inter -electrode capacitance of the first tube -.chiefly
the plate to cathode capacitance, C,j - together with such shunt capacitan-
ces as may be introduced by the circuit wiring. C;, represents a compara-
ble capacitance C,i 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 shunt-
ing capacitors Cyyt and Cj, may be neglected. In this same frequency
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» ihe coupling capacitor C, may be considered as an a~c showi-
it zecause its reactance is negligible. The equivalent circuit then

>es to the parallel combination of resistors Ry, and R, across ths

tube output, as indicated in Figure 3-27, In the low frequéncy range,
nowrm, ar, {below 100 cycles). the coupling capacitor C. can no longexr be
- Iis reactance now becomes great enough that the voltage acros

vided between Cp and R, with an increasing amount appearing
: Ce. and a decrea.s;'ing amount appearing across R,. The input to
. the second tube’is accordingly
(— decreased, and the gain of the

c L Co  amplifier falls off. In the high .
) --- . frequency range {(above 10, 000
Input gpq ___~ §Rg - L Output : cycles), on the other hand, the
e y T i—l I effect of the coupling capacitor
Rk% T T iIT T C. again becomes negligible,

T —* * but the net reactance of the

= - shunting capacitors, Cgy and
Figure 3-25 Resistance~Capacitance  Gjy,, then becomes small enough
Coupled Amplifier to cause the output voltage to
fall off.

it will be clear that the bandwidth of reasona,bly flat frequency response
of the R-C coupled amplifier depends mainly upon the values of C., Ry,
and Ry, and the values of the tube inter-electrode capacitances, Amph-
fievs with a flat response over a range of 50 to some 15, 000 cyclss may

z readily d331gned without employing extraordinary methods., Whexre
roader response is required, rather extreme capac1tance and r@sistance
may be required for some of the elements of the interstage coupling

' netwo:»:kso Inductors and additional capacitors may also be added to the

L : c | r ~ T 7
SR c : )
P 4 Lo g , Ro ] )]
-~ v SRy 2Ry Tcm e SR SRy Ep
:’)r'“"s ! ! Jteg ‘ l
’T i 1
iy iguse 3-26 Equivalent Circuit Figure 3-27
of Single Stage of R-C Coupled C ;
Arnplifier :

neiwork in various connections that will help to extend the transmitted
band to both lower and higher frequencies. Tubes specially designed to
hove rinimum grid to plate capacitance (or maximum transconductance)
may also be necessary. Such tubes will ordinarily be pentodes or tetrodes
which have much lower grid-plate capacitance than triodes and much
higher wansconductance and plate resistance.
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The more elaborate interstage networks employed in broad-band ampli-
fiers naturally tend to reduce the gain that can be obtained in each stage "
and thus may require the use of more stages for a given overall amplifi< -
cation. The range of uniform frequency response can be extended through
several million cycles, however, with types of tubes now available and
proper design of the coupling networks. In communications work, perhaps
the most severe practical requirement occurs in the case of the so-called
'"'video'' amplifier, which, ideally, should give a flat response over the
total range from zero to about four million cycles.

3.7 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 amplifiers. This is because the typical radio cir-
cuit 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 extending far enough on both
sides of the tuned frequency.to carry the complete communication signal.
Coupling between the stages of radio amplifiers is commonly accomplished
by means of single air-core transformers. As indicated in Figure 3-28,
one or both windings of the coupling transformer are tuned with a parallel-
ing capacitor to the signal frequency. 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
voltage gain because tubes with high amplification factors are used.

3
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Figure 3-28 Radio Ambi‘i_f.ié.i:(Circuit
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3.8 NEGATIVE-FEEDBACK AMPLIFIERS

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 objectives can be met to a very large degree by :
feeding back some of the amplifier output to the input circuit in an in-
verse phase relationship. An amplifier so connected is called a negative:
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feedback or degenerative amplifier. Its principle may be understood by
referring to Figure 3-29. In this Figure, (A) indicates an amplifier with-
out feedback, having an overall voltage amplification or gain of A. In
Figure 3-29 (B), a part of the output voltage is returned to the input, 180°
out of phase with the input voltage, through a feedback c1rcu1t having a
loss @ Without feedback Figure 3-29 (a) we have -

0-.AEi-.AEg (3:1),

In Figure 3-29 (B), on the other hand, the actuél iﬁput voltage E_ of the
amplifier unit is no longer equal to E;, but to the sum of this vol%age and
the feedback voltage K . That is -

g "E +BE) : (3:2)

The cutput voltage therefore is -

E

E, = AEg = A(E; + B E)

Solution of this equation for the overall volfage gain, Eq/E;, gives -

Eg= A {3:3)
By 1-pA v

Since the feedback is inverse {negative), the value of 2 A is negative and
the denominator of equation (3:3) is greater than unity. Negative feedback
accordingly always reduces the net gain, but the reduction can be compen-
sated by the use of an amplifier having as high gain A as may be required
to obtain the desired overall gain. When the product P A is much larger
than unity, as is the case in most practical circuits, the overall amplifi-
cation becomes effectively -~

Net Amplification = - 1 (3:4)
p

In other words, the effective gain of the circuit depends entirely upon the
characteristics of the feedback circuit. This may perhaps be better under -
stood by considering a numerical example. In the circuit of Figure 3-30,
the gain A of the amplifier unit is 80 db (voltage ratio of input to output of

1 to 10, 000) and the loss in the feedback circuit is 60 db {voltage ratio of
1, 000 to 1).. From equations (3:2) and (3 3) -

E-E(l) 3:5
ST e
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If the applied input voltage Ei is 1 millivolt, the actual input volté,ge to
the amplifying unit is therefore -

Eg=__ 1 1 1
° T-10,000=T1-(-10) =11
-1,000 i

. 09091 millivolt
The output voltage is -

AEg = E, =10,000 x ,09091 = 909.1 millivolts
This output of 909, 1 millivolts is also impressed on the feedback circuit
which allows 1/1000 of it to be fed back to the amplifier input. In passing
through the 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 1:1'1(,g applied input of 1 millivolt is maintained, thereé -
will be 909.1 millivolts in the output. The overall gain of the amplifier
under these conditions is - , , ‘

20 logj; g . Output voltage _ ;50 909.1
Input voltage °810 1

20 x 2.9586 = 59.17 db

A=Gain 3
T—F" Amplitying [~ T
E; —=> Eg=E — — Eo
. B Cireut ]
a. Amplifier without Feedback A=80db Gain
A=Gain Amplitying
Amplifying T Circuit
— Eo
Circuit . L
"666‘1-’ [ R —
. S < P ——
: E:=1mv. < r X < Eq=‘
Feedback .__L____.| Feedback l", 909.1 my.
| Circuit o | BE* 9091 mv.| Circuit | Eo=909.1mv.
/3 =Lloss - /=60db Loss
b Amplifier with Feedback .
Figure 3-29 Principle of: Figure 3-30 Example of

Negative Feedback Negative Feedback Circuit
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It will be noted that for all practical purposes this gain ig the same as
the loss of the feedback circuit.

If we had used an amplifier unit with a higher gain - say 100 db (voltage
ratio of input to output of 1 to 100, 000) - and the same 1oss in the feed-
back circuit, we might expect the output voltage to be much higher, but
such is not the case. Using equation (3:5) again we find the actual input
voltage now is - . ' ‘ :

E_ = 1 = 1 =.009901 millivolt
& T TT100,000 TO1
"'l: 000

The output voltage, E,, accordingly is -
100, 000 x . 009901 = 990.1 millivolts

and overall gain of the amplifier is -

which is again practically equal to the loss in the feedback circuit. This
means that even if the gain A of the amplifier unit changes due to varia-
tions in the bqttery supply, changing tube characteristics, etc., the
overall gain remains the same for all practical purposes,

Another important feature of:the negative feedback amplifier is its ability
automatically to reduce to a negligible magnitude any noise or harmonic
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
2 phase relation that when it is amplified and again appears in the output,
it is out of phase with the original noise and distortion, thereby reducing
its effect., Feedback circuits may be designed with either voltage feed-
back or current feedback. Figure 3-31 illustrates a simple voltage feed-
back arrangement. Here the total resistance (Rl + Rjy) .of the voltage

Ip~——

il 3R,
i S ‘ - : L ‘ -
Figure 3-31 Voltage Figure 3-32 Current

Feedback Circuit o ~ Feedback Circuit
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divider is made large enough so that its shunting effect on the load resis-
tance Ry, 'is practically neghglble The magnitude of the feedback factor

p ois-

- Ry + RZ
and the -overall gain when A is large compared to unity is the reciprocal
of this - ‘

Net gain = R} + R

2
2

( 3:6)

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

The simplest type of current feedback arrangement may be obtained by
the use of an unbypassed cathode resistor, as indicated in Figure 3-32.
Here the alternating plate.current I_ must flow through R, as well as
through the load Rj,. This causes fvoltage drop across %fhe cathode
‘resistor equal to. Ika, ‘and: the net input voltage applied to the grid is
then -

‘Thi's may be rewritten in te:rfns of E as follows -
Eg = Ej + 'EgR:k
, "'L
since-E, is equal to - Iﬁ L “the drop across the load resistance. Compa.r1-

.son -of thlS equation wit (3 2) shows that P Rk/RL, and when pA is large
‘compared to unity -

Net gain = Ry, C

3.9 THE CATHODE-FOLLOWER

An:interesting:example of:maximum application of negative feedback is
displayed in:the so-called cathode-follower circuit, shown in Figure 3-33.
Here there is one hundred percent current feedback through the cathode
resistor, Ry - in other words, g is equal to unity. The output is taken
‘across the cathode resistor so that the input and output voltages are .
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L+

Figure 3-33 Cathode Follower Circuit

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 as - ‘ ‘

Net gain = U Rk
RP + Rk (1 +¢)

wheyre  is the amplification factor of the tube and Rp is its plate resist-
ance, R

As an amplifier, the cathode-follower circuit would appear useless since
its voltage gain is less than one. However, it is still capable of delivering
ower to a load without requiring appreciable input power, and with ex-"

tremely faithful reproduction 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 important 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 consists of R, in
parallel with an effective plate resistance equal to R_/(1 +4 ). Since the
value of RP/(I +«) is less than 1, 000 ohms for mostptubes, the value of .
the net output impedance must be still less, As an impedance-matching
device accordingly, the cathode-follower circuit is useful for such pur-
poses as coupling the relatively high impedance output of a video ampli-
fier to the low impedance of a coaxial line. :

3.10 POWER AMPLIFIERS

The classification of amplifier circuits as between voltage amplifiers and
power amplifiers is not very definite. Actually, the term '"power ampli~-
fier'" is somewhat misleading because it is perfectly possible for an
amplifier to deliver a substantial power output without appreciable power
input. The power classification is applied generally in practice to situa-
tions where the delivery of a desired amount of power is the controlling
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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 that must supply many kilowatts
of power to drive the antenna of a radio transmitter.

The power that a vacuum. tilbe amplifier can develop of course depends
generally on the maximum value of current that may flow in its plate
circuit. In most audio amplifier apphcatlons, this value is limited by

Tube A

Tl

3

p

4 Tube B-
Figure 3-34 Push-Pull Amplifier

the fact that the tube must operate on the straight line portion of its
characteristic curve in order that its output be a faithful reproduction of
the input signal. The maximum power that can be delivered, therefore,
depends 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: amph,fylng circuits, although its design characteris-
tics will generally be such that it will have a lesser amplification factor
and a larger plate current.

Push Pull Amplifier :

Where more power than a single tube can deliver is required, together
with: maximum fidelity of signal reproduction, two tubes may be employed
in a.'"push-pull'' circuit, as shown in Figure 3-34, In this circuit, the
two tubes, A and B, have identical characteristics.  An alternating voltage
applied at the input, cd, impresses voltages of equal magnitude but oppo-
site 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 in-
creases; at the same time, the control grid of the other tube becomes
equally more negative, which decreases its plate current; and vice versa.
Since the plate battery is connected to the midpoint, k, of the prlmary
winding, mn, of the output transformer, the plate currents flow in oppo-
site-directions in each half of the primary winding. When the two plate
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currents are equal, ‘therefore, there is no current in the secondary
winding, op. On the other hand, a decreasing plate current in gne half
of the primary 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 glv«,n more control grid bias than a single tube without causing
digtortion 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 fundamental or desired fre-
quency, and its second harmonic (double the fundamental frequency).
Such outputs are illustrated in Figure 3-35 (A) and (B) where it will be
noted that the net output of each tube, represented by the heavy lines, is
considerably distorted, It may also be noted, however, 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 repre-
sented 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, O-P. In other words, the second har-
monics cancel each other. The net result is indicated in Figure 3-25 (C),
where the two output currents are shown to add to produce a sine wave,
which is a faithful 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 sin-
gle tube amplifier. : 4 :

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 parlance, such operatmn is
demgnated ""Class A'', a term which indicates, in general that the ampli-
fier tubes are operating only on a straight line portion of their character-
istic curves. All Class A amplifiers have comparatively low ''plate
efficiency'" - that is, the ratio of their useful output power to the total
power supplied to the plate circuit by the B battery cannot be greater than
50% in theory, and is usually not much higher than 25% in practice, In -
audjio amplifiers, where the output power is in any event not very great,
this is not too important, In high-powered radio transmitters, on the
other hand, where output power is measured in kilowatts, better effi-
ciency becomes economically significant, and leads to the use when
possible of '"Class B'" and '"Class C' operation. 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 alternating voltage. In Class C
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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 results are indicated in Figure 3-36 (A) and (B)
respectively. It is evident that in both cases, the output wave form .
presents a highly distorted version of the wave form of the input signal.
However, 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 operation. The plate efficiency of these types of amplifiers is there-
fore higher, having a theoretical possible maximum of 78% in the case
of Class B operation, and as much as 85% in Class C operation.

- | I
/Resultllnt Clumnf

/y /"_—..;;'\*\;. \ |
.Z”\ ‘1\\§\ -
. \Second Harmonic

| '

T - | '
R  Corrent N\ . Class B

248

. . — Class C
\ 1. ', ‘ ' B
C-A-C mMom-hWMo-p.MTMA-lB C
' Figure 3-35 Principle of Figure 3-36 Operating Chara_.bter- |
Push-Pull Amplifier istic of Class B and C
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Radio power amplifiers ordinarily work into a load impedance which in-
cludes a parallel-tuned circuit, as indicated in Figure 3-37. This L-C
tank circuit, when tuned to the operating frequency, acts as a filter to
suppress the many harmonics 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, however, cannot be _
expected to be linearly related to the input voltage. In Class B operation,
distortion may be held to reasonable proportions by operating two tubes
in a push-pull arrangement. In this case, one tube will provide an '
approximately true reproduction of the positive half of the input voltage’
waye, while the other tube furnishes a like reproduction of the negative
half of the inpui wave. The net effect is illustrated graphically in Figure
3-.38. ’

Characieristic
of Tubs 1

Eco [0 1 Eey
i
Characteristic

of Tube 2
| !

————bkm e

o
3 @ Load .

Figure 3-37 R-F Power ' : Figure 3-38 Graphical Rép::e-
Amplifier ~ séntation of Class B Push-
Pull Amplifier Operation

3.11 CARRIER AMPLIFIERS

The several types of carrier systems currently in use in telephone prac-
tice employ frequency bands ranging from 4, 000 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.
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Figure 3-39 Telephone Repeater Type Ll Carrier
Used in Type-C Carrier System - Amplifier

Figure 3-39 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 between the two hybrids through an equalizer network 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 handie 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 ampli-
fying pentodes in the first two stages and four power pentodes in parallel
in the last stage. Resistance-capacitance coupling is used in the inter-
stage 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 network which is designed to control the singing
margin at frequencies considerably above the normally transmitted band.
Type-K carrier amplifiers (12 to 56 kc) also employ three stages, with
feedback through a gain adjusting and equalizing network,

¢
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Figure 3-40 L-Carrier Amplifier Circuit {Paralleling Tubes Omitted)

Figure 3-40 shows schematically the circuit of the amplifier used in type
L-1l carrier systems, which operate in the range from 60 to 3, 000 kc. Al-
though the diagram shows only three tubes, these amplifiers are actually .
built with paralleling 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 frequency range, the interstage networks of this ampli-
fier are quite complex. As a matter of fact, neither of the interstage
circuits by itself provides a flat 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 miniature tubes having relatively high transconductance.

- Two feedback paths are provided, one arcund the output tube V3, and the
other around the entire circuit. The alternating component of the plate
current of tube V3 flows from the dathode of that tube through the impe-
dance Z and the feedback network to ground; and thence through the pri~

- thary of the transformer in the output network to the plate of the tube and
back to the cathode. The voltage drop to ground across Z and the feed-
back network resulting from this current flow is applied to the grid of V3.
This local feedback suppresses modulation effects {distortion) developed
“in the output tube. The alternating voltage developed across the feedback
network is applied to the grid of tube V1 through the secondary 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.
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CHAPTER 4
OSCILLATORS

4,1 INTRODUCTION

In communications work, the term oscillator is usually applied to electron
tube devices which act as generators of a-c sine wave voltages. Practically
any vacuum tube 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 sustained 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 condi-
tion which it is not at all difficult to obtain. In fact, it is usually necessary
in the design of any vacuum tube amplifying circuit to take special precau-
tions to avoid the development of an oscillating condition.

4.2 SIMPLE OSCILLATIONS

771 ﬂ
_m ~

—® TIME

Fig. 4-1 Tank Circuit
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Figure 4-1 illustrates the operation of a tank circuit which is composed of a
condenser and a coil. If the switch is thrown toward the battery, the con-
denser will be charged to the battery potential. If the switch is then thrown
away from the battery, the condenser will discharge through the coil and,
because of the inertia effect of the coil, current will flow until the condenser
is charged to the opposite polarity. The current will then reverse and the
procedure will continue. The charge of the condenser will be slightly smaller
with each alternation because of the circuit losses. The damped oscillation
which results will have a frequency which depends on the inductance and the
capacity of the coil and the condenser.

Simple Oscillator

Suppose that a tank c1rcu1t is placed in the plate circuit of an amplifier. If
small impulses are fed into the grid at the right time to overcome the losses
of the tank circuit, then instead of a damped oscillation a continuous oscilla
tion will result. The 1mpu1ses may be supplied to the grid by positive feed-
back. The frequency of oscillation will be:

(4:1)
F=__1
2UYLC
There are many possible désigns of oscillator circuits.

4.3 TYPES OF OSCILLATORS

Induction Coupled Oscillator

Figure 4-2 represents a simple type of inductively coupled oscillator circuit.
Here the amount of energy fed back into the input is determined by the
coupling between the coils Ly and Lj, and the frequency of oscillation is con-
‘trolled by the values of Lij and Cj in the resonant tank circuit.

Fig. 4-2 In&uctively Coupled Oscillator
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Tuned-Plate, Tuned-Grid Oscillator

N
I

Fig. 4-3 Tuned Grid Tuned Plate Oscillator

Figure 4-3 shows an oscillator circuit in which both the grid and plate cir-
cuits include tuned tank circuits. Here the feedback or coupling between the
plate and grid is assumed through the interelectrode 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.

Hartley Oscillator

Ny

] e [ m——

I 3
I

Fig. 4-4HartleyDscillator Fig. 4-5 Shunt-Fed Hartley

Figure 4-4 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 beiween grid and cathode whose value’
depends upon the ratio of the inductive reactances on either side of the tap-
point. This circuit is the series fed Hartley. Figure 4-5 shows a Shunt fed
Hartley oscillator. In this case the d.c. path does not go through the coil.

Golpitts Oscillator

The Colpitts oscillator is similar to the Hartley except that the coil is not’
tapped. Instead, the cathode is connected to the midpoint of two condensers
which replace the Single Condenser of the Hartiey circuit.
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&

4.4 OPERATION OF THE OSCILLATOR
It may be noted that grid bias is obtained in both circuits of Figure 4-4 by

the use of a grid-leak resistor and capacitor. This arrangement 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 current which will begin to charge the grid-
leak capacitor 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 increasingly 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 oscilla-
tions of a constant magnitude. The grid-leak biasing arrangement also tends
to make the oscillator self-regulating because the grid bias will automat-
ically change in accordance with any change in the plate current that may be
caused by variations in the load. '

The circuits shown in Figures 4-2 and 4-4 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 application to some other circuit. This can be
accomplished 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 somewhat, with a possible consequent effect on the oscil-
lating frequency. This may be minimized by inserting a ""buffer amplifier"
between the oscillator and the load. It may also be avoided by the use of the
so-called electron-coupled oscillator shown in Figure 4-6, This circuit em-
ploys 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,

if-4li- — A

Fig. 4-6 Electron-Coupled Oscillator
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4.5 CRYSTAL CONTROLLED OSCILLATORS

Many applications of oscillators in radio and carrier systems require greater
stability of frequency than can be readily obtained with the circuits discussed
above. The high degree of stability needed in such cases is usually obtained
by employing a piezo-electric crystal in place of the ordinary tank circuit, as
indicated in Figure 4-7. The crystals usually of quartz, Rochelle salt or

tourmaline have electrical properties as shown in Figure 4-8 and may have a
Q of 30K oxr more,.

C Q
77 77
ey . . R
L ’ A7 \ CRYSTAL 9
U
= Cm
METAL. \PLATES
é /%
‘o) o}
CRYSTAL EQUIVALENT CIRCUIT

R - RESISTANCE OFFERED TO VIBRATION BY THE CRYSTALS
INTERNAL FRICTION.

L = INDUCTANCE REPRESENTING THE CRYSTALS MASS.

C ~ CAPACITOR REPRESENTING THE ELASTICITY OF THE
CRYSTAL.

Cp — CAPACITOR FORMED BY THE METAL PLATES.

Figure 4.7, 4-8 Crystal Equivalent
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When employed in an oscillating circuit as shown, the output frequency will
correspond exactly to the resonant frequency of the crystal regardless of
variations that may occur in other reactive components of the circuit, or in
the characteristics 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 fundamental frequencies ranging from a
few kilocycles up to about 30 megacycles. Frequencies much higher than
this would require making the crystal too thin for practical use. Stable
frequencies above this limiting value may be obtained, however, by using -
frequency multipliers in tandem with a crystal source. These.consist
essentially of vacuum tube amplifiers operated on a nonlinear basis so that
their output contains substantial harmonics of the fundamental 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 weakness,
higher harmonics than these are not ordinarily 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.

L -l —a—

It
A

N
I

Fig. 4-9 Crysfal Controlled Oscillator

4.6 ULTRA HIGH FREQUENCY OSCILLATORS

At ultra-high frequencies, special tubes must be used because the transit
time of electrons from. cathode to anode becomes an important part of the
period of the oscillation. UHF tubes are built with very close-spaced
electrodes. At still higher frequencies, positive-grid oscillators, klystrons,
magetrons, and backward wave tubes are used. These will be discussed in
a later chapter. .
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CHAPTER 5

AMPLITUDE MODULATION AND DEMODULATION

5.1 INTRODUCTION

In radio communication systems, and in the various types of carrier
systems, transmission of signals is effected by impressing the signal
voltage on a carrier wave having relatively high frequency. The signal is
thus transmitted to its destination by electrical waves whose frequencies
‘are normally more nearly comparable in value to the carrier frequency
than to the signal frequency. 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 mutual
interference by placing each signal in a different portion of the frequency
spectrum. In radio transmission, such a procedure is also necessitated
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 frequency 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 telegraph, or millions of cycles wide as in
television.

The process of impressing the signal on a carrier is known generally as
modulation. The inverse process, whereby the signal is retrieved from the
modulated carrier-wave, is usually called demodulation in carrier systems
and detection in radio systems. There are various methods of modulating
carrier waves so that they will effectively transmit signals. The most
commonly used of these at the present time are amplitude modulation and
frequency modulation. Another form of modulation becoming more
prevalent is that of pulse code modulation. (PCM).

5.2 GENERAL

In amplitude modulation, the amplitude of the carrier wave is varied in
accordance with the variations of the signal wave. The degree of difficulty
involved in modulation depends upon the nature of the signal. For a tele-
graph signal such as that shown in Figure 5-1 (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 permitting it to flow
during positive pulses. The result is a series of ''spurts'' of current at the
frequency of the particular carrier channel as indicated in Figure 5-1 {(C).
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In telephony, since the variations in voice current are much more complex
than telegraph current, the process is more involved. This is indicated by
Figure 5-2 where A is a .representation of the unmodulated carrier, B is ’
a representative voice signal, and C is the modulated carrier. It will be
noticed that the outline or 'envelope'' of the modulated wave has the form
of the voice signal wave. This effect is not different in principle from the
action of an ordinary telephone transmitter, where the direct current
supplied by the local or central office battery is varied or modulated by
the sound waves of the voice impinging on the transmitter button. The
output current from the transmitter is then a varying direct current con-
sisting of the initial unvarying battery current, with the changing voice

e L
il 1111 11

A. Impreésed fl‘élégraph Signal A Unmodulated Carrier
AR AARAARAARAARARARAS /\/\ /-
ILLRLLRRL AR REKRRLERRRRRRLL M Yo YV

" B. Voice Signal

B. Unmodulated Carrier

Y

C. Carrier After Modulation By A.. : C. Carrier After Modulation By B.l (DSBTC) T

» Flgére 5-1. Modulation in Telegraph - Figure 5-2. Modulation in .
' : Systems Telephone Systems
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Ip bremmr e e e e =

Figure 5-3 Basic Modulator
A simple ‘mbdqlator circuit co.qsisting of a carrier generator, signal gener-
ator, a battery and a rectifier is shown in figure 5-3. With no carrier oY
signal voltage applied,the:relationship between Eg the biasing voltage and
the current is plotted as shown. Point Q on the curve represents the
quiescent operating point which would be fixed by the voltage E,. If the
rectifier obeys exactly the square law current voltage relationship then:

I = KEZ

If the carrier & Signal geﬁerator are now introduced:

Ex = Eo :+'C cos Wct +. S cos Wgt

. 5.3
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‘Figure 5-4 Modulator
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Figure 5-5 Demodulator
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Squaring Ey and substituting for I yields:

)
IeXK (Eo2 + 5 +5-)

+ 2KEq, (C cos Wt + S cos Wgt)
+ g (C? cos 2W_t + s% cos 2Wt)
+ KCS [cos (W, + W)t + cos (W, - W)t]

"The current in the circuit now contains components at frequencies other
‘than W, & Wg. The frequencies are:

a. The DC component
b. W¢ & Wg the input components
c. 2W. & 2Wg twice the inputs
d. W¢ + Wg sum of inputs
W - W, difference of inputs

The components (Wo + Wg) and (W, - Wg)- should be recognized as the
upper and lower side-bands respectively.

If we modify our modulation circuit slightly as shown in Figure 5-4 to
introduce a band pass filter which will pass only the upper side-band, the
process of modulation is complete. The 1nte111gence at some frequency
W has been multiplexed and is now contained in an upper s1de—band at a
frequency (W, + Wg).

A demodulator .as shown in figure 5-5 includes the same equipment as
the modulator , however, input frequencies would be W, and (W, + W )
- From the combinations a f11ter would seperate Wse ,

5.3 ELECTRON TUBE MODULATORS

Where triodes are used as modulators in carrier telephone systems, the
. modulating effect is usually obtained by applying a biasing voltage to the
grid of the triode of such magnitude that the tube operates on a definitely
curved portion of its grid voltage-plate current characteristic. Under
"~ these conditions, the amplification supplied by the tube will not be constant "
but will vary with the value of any alternating voltage applied to the grid.

In the simple circuit of Figure 5-6 assume that a voice voltage

represented by A is connected to the circuit through a transformer,
together with the carrier voltage represented by B. For simplicity the
voice voltage is here assumed to be sinusoidal in form although this, of
course, is not generally the case. The two voltages, being in series, add
together to give the voltage represented by C 1mpressed on the grid of the
tube. Now if the C battery or bias of the tube is given the value indicated

5.5
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Figure 5-6 Currents in Modulator Flgure 5.7 Vacuum Tube
Circuits s - as Modulator

by Figure 5-7 and the characteristic curve of the tube is as there shown,
the 1mpressed control grid voltage will cause a plate current of the form
. shown.in Figure 5-6 (D). After passing through the output transformer,

the current curve will be as pictured in Figure 5-6 (E}. Analy‘sis‘ of this
curve shows the principle frequencies present in terms of the voice and

carrier frequencies to be: < :

V' = The voice frequency
C - The carrier frequency
2V - Twice the voice frequency
2C - Twice the carrier frequency
'C =V - The difference between the carrier and
the voice frequencies :
‘C +.V - The sum of the carrier and voice frequen01es

5,6
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5.4 COPPER OXIDE VARISTORS

Many types of carrier telephone systems emplo"y copper-oxide varistors
instead of electron tubes in their modulating and demodulating circuits.
These devices are capable of accomplishing essentially the same results.

Varistors are VARiable resISTORS and derive their name from the first
three letters of the word variable and the last six letters of the word
~resistors. Varistors are classed as '"metallic rectifiers' 0fas '"crystal
rectifiers' such as the copper-oxide, selenium, or germanium crystal _
‘rectifiers. ‘All classes of varistors are in general made of semi-conductors,
that is, material whose conductivity lies between that of conductors and -
insulators. The copper-~oxide varistor is a sandwich consisting of a layer
of cuprous-oxide on copper. These cells are produced by heating a copper
disc, in a furnace to a temperature of about 1, 000 degrees F and then '
quenching it in water. This treatment produces a thin film of cuprous-
‘oxide with an outer layer of cupric-oxide. The cupric-oxide is removed
leaving a thin layer of cuprous-oxide on one side. Contact with the

- copper-oxide surface can be made by holding a lead disc against the oxide

. surface under pressure or by electroplating a nickel coating on the surface
-of the oxide. These discs are shaped like washers and are assembled
alternately with lead washers on a bolt so they can be clamped tightly
together (with a pressure of 500 to 2, 000 pounds per square inch) to secure .
good electrical contact. The lead nickel or other conducting material
applied to the outer surface of the oxide is known as the '"outer contact'.
“When a potential is applied between the copper and the outer contact, it is
found that the current is not proportional to the applied voltage and that

it depends on the direction of the applied potential. Such a combination
offers a low resistance path to electron flowing from the copper to the
copper-oxide but a high resistance path to the electron flowing from the
copper-oxide to the copper. A complete assembly is known as a 'varistor"
and the number of discs necessary in each assembly (or stacks) is de=
termined by the voltage of the current to be rectified and the number of
stacks which must be connected in parallel is determined by the amperage
output desired.

- The copper-oxide varistor, whose cross section is shown in Figure 5-8,
consists of a disc of copper, oxidized on one side to give a layer of red
‘cuprous-oxide, which is a semiconductor. The other surface of the oxide

- layer is coated with a metallic film to form the second terminal of the

device. The resistance of a copper-oxide varistor is very low for one
polarity of the applied voltage (called the '"forward' or "conducting'
direction) and very high for the other polarlty A typ1ca.1 voltage -resistance
characteristic of a copper- -oxide varistor is shown in Figure 5-9, Where

the current is plotted in terms of amperes per square inch area of the

~disc. The slopes of this curve correspond to a resistance of about 1/4 ohm

in the forward direction and about 2, 000 ohms in the reverse direction,

5.7
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Figure 5-9 Resistance Charac-
teristic of a Copper-Oxide
Varistor

Figure 5-8 Cross Section of Copper-
Oxide Varistor

(Actual copper-oxide varistors usually

for an area of one square inch.
a representative size being

have.an area much less than one square inch,
a disc 3/16 inch in diameter.)

A varistor has considerable advantage over a vacuum tube because it is
compact, requires no auxiliary power, is long lived, and needs little
maintenance. It i$ however limited in use to frequencies below about 4

megacycles, because of internal capacitance.

As in the case of electron tubes there are a number of possible circuit
configurations for copper-oxide modulators. The two in most common use

are shown in Figures 5-10 and 5-13.

© 5.8
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Its essential characteristic for the present purpose is that, as shown in
Figure 5-9, 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 havmg a diameter of 3/16 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 2 very high value when the voltage
polarlty is reversed.

5.5 VARISTOR MODULATORS AND DEMODULATORS

For use as modulators and demodulators in carrier systems, four of these:
tiny copper-oxide units are mounted in a sealed container having a maximum
dimension of less than one inch. The characteristics of such units are very
stable and their useful life is apparently indefinite under nor’mal operation,

In the channel modulator and demodulator circuits of most carrier systems,
the varistor units are connected in the Wheatstone bridge arrangement
illustrated in Figure 5-10. (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 under the control of the carrier voltage alone. In other
words, the resistance of the varistors varies from a low value to a hlgh.
value at the frequency of the applied carrier voltage.

' Under these circumstances, the network of varistors 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

L&

Figu;‘e 5-10 Balanced Bridge Modulator Ci‘rcuit

halves of the carrier voltage cycles. This is illustrated by the two dla.gra,m,s
of Figure 5-11 where the varistors are indicated as perfect conductors
during the positive pulse and as opens during the negative pulse. The

effect on the applied signal voltage, V, is therefore to block it completely
during the positive half of the carrier cycle and to permit its free trans-.
-mission during the negative half of the carrier cycle. The varistors thus .

-~ act effect1ve1y like a switch, opening and closmg at the frequency of the

carrier voltage. The resultant output current is shown in Figure 5-~12.

5,9
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Figure 5-11 Operating Principle of Figure 5-12 Output Current of
" Circuit of Figure 5-10 Balanced Bridge Modulator

Current
=)

An analysis of this current curve would show that its principal components
are the signal frequency and.the upper and lower side-bands of the carrier
frequency. If we assume for the signal voltage a sine wave of the form -

e =A.sin Vt
where A represents the amplitude of fhe signal and V is 2 times the signal

frequency, 'an approximate -equation for the output current represented by
Figure 5-12 may be written as follows:

y_ _AsinVt 24

= 2(R, v+-m+‘w(31 iy [sin Vt sin Ct
+ 4 8in Vt8in 3Ct + ¢ s8in VtsinbCt + .. .] (5:1)

‘Here Rj and R, are respectively the input and output resistances as indi-
‘cated in Figure 5-10 and C is 2 times the carrier frequency.

‘Making ﬁsse of the trigonometric relationship -
singsing =4.c08 (8§ — ¢ ) — 3 cos (6 + ¢),

the above equation may be rewritten as -

.

AsinVt
=5t Ry R TRy 18 (€ -
—cos (C+ V)t + 3cos (3C — V)t
— 4cos (8C + V)t + 4 cos (5C — V)t
—tcos(6C + V)t 4 ...]

{5:2)

5,10



CHAPTER 5 AMPLITUDE MODULATION AND DEMODULATION

o

Rz

L

Figure 5-13 Lattice Modulator Circuit

The first term of this equation represents the original signal voltage with
a reduced amplitude. The first two terms inside the brackets are the
lower and upper side~bands of the modulated carrier wave, and the re-
maining terms in the brackets represent similar upper and lower side- .
bands of odd multiples of the carrier frequency. The equation does not
include any term for the carrier frequency itself, showing that the 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 suitable band-pass filter. A demodu-
lator arrangement, identical to that shown in Figure 5-10, 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 equation {5:1) in place of A sin Vt, the
first term inside the brackets in equation (5:2} will become:

cos [C — (C — V)]t =cos Vi

This is the desired original signal and it can be selected from the other
components of demodulation by the use of a simple low-pass filter.

For the group modulators and demodulators of broad-band carrier systems,
a somewhat different arrangement of the varistor units is frequently
employed. This is illustrated in Figure 5-13. It is also a balanced bridge
arrangement but the circuit connections aad the configuration of the
varistors are such that, as indicated in Figure 5-14; the signal voltage

is impressed across the output transformer in one direction during one-
half of the carrier cycle, and in the other direction during the other half

of the carrier cycle. in other words the circuit acts, like a reversing
switch operating at the carrier frequency and results, in the ideal case,

in the output current wave shown in Figure 5-15.
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Figure 5-14 Operating Principle of Figure 5-15 Output Current of
Circuit of Figure 5:13 Lattice Modulator

Using the same terminology as in the preceding discussion, the approxi-
mate equation for the curve of Figure 5-15is -

24 ,
1 = ;@;";*R;)'[COS (C — V)t — COS8 (C + V)f

+ $cos (83C — V)t — 3cos (3C + V)t
+ $cos (5C — V)t — Lcos (BC + V)t +...) (5:3)

Comparing this equation with (5:2), it will be noted that the desired side-
bands are still present in the first two terms in the brackets, and the
carrier is likewise suppressed. The signal frequency term, however, is
no longer present. Moreover, the amplitudes of the side-bands are twice

-as great as in the previous case. This modulator therefore has the ad-
vantage of automatically suppressing the unwanted signal frequency com-
ponents and of providing a larger output of the desired side-bands. These °
characteristics are particularly desirable in group modulators where the
wide band transmitted makes maximum side-band output, and the reduc-
tion of the number of unwanted products, very important. This arrange-
ment of course operates as a demodulator in exactly the same way and
has the same advantages. ’

In both of the examples of copper-oxide modulator operation'discussed
above, it was assumed for the sake of simplicity that the varistors acted

as perfect rectifiers and were perfectly balanced in the bridge configuration.
In practice, this ideal condition can only be approximated. The varistors
do not actually present zero resistance to the transmission of current in

one direction and infinite resistance to transmission in the other direction.
Nor, as may be seen from Figure 5-9, is the transition from high re-
sistance to low resistance as sharp as might be desired. Exact balance
between the four varistors in the bridge connections is also a condition
which can only be approached in practice.

5.12
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As a result of the above practical facts, the modulator and demodulator
outputs always contain numerous components additional to those indicated
by equations (5:2) and (5:3), including the carrier frequency itself. Most
troublesome of these unwanted components, probably, are harmonics of
the signal frequency which may fall within the range of the useful side-band
and thus cause distortion. Except for such frequencies as this, the un-
wanted components can be completely eliminated by means of suitable filters.
However, it is of course desirable that as large a part as possible of the
total output energy should 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 varistor can be
made up of a number of individual units or discs connected in multiple or
series-multiple. ’

The departure of the varistor characteristic from the ideal introduce
frequency components at the modulator output in addition to those present
in the above equations. This distortion is reduced in magnitude by making
the signal voltage small in comparison to the carrier voltage. The modu-
lator of Figure 5-13 has an inherent advantage over the modulator of
Figure 5-10 in reducing the number of these additional frequencies, in
that this circuit is essentially made up of two modulators which when oper-
ated together balance out-any even harmonics present in much the same
manner as in push-pull vacuum tube circuits. This characteristic is very
desirable in a group modulator where the wide band transmitted makes the
reduction of the number of unwanted products very important.

‘A number of other configurations of varistors are possible which will give
results similar to those discussed herein. The particular arrangement of
varistors in a modulator, as well as the size and number of discs in each
varistor which will offer the greatest advantage in any specific case can
only be determined in relation to the circuit design as a whole.

Modulation in radio systems ordinarily involves substantially larger amounts
of power than the carrier systems discussed above. Considerations of
power efficiency, therefore, are of muchgreater importance. Also, because
of the much larger power requirements, electron tubes must always be used
in the modulating circuits since any practical varistor arrangement would

‘be inadequate to handle the required power.

Demodulation in radio systems involves the same principles as were out-

lined above in connection with carrier systems. But the particular devices
used in this case are generally known as detectors.
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CHAPTER 6
TYPE "C" CARRIER SYSTEM

6.1 GENERAL

The type '"C'" system made its appearance in the 1920's. It was the first
really successful carrier system and is still an important member of the
family of carrier systems. It was originally designed before the day of
varistor types of modulators and feed-back amplifiers, and has appeared

in a succession of improved designs known as the C1, C2, C3, C4, and C5
systems. The last and current standard model, the C5, is a fairly complete
redesign to incorporate the advantages of the modern techniques of varistor
modulators, filters with molybdenum permalloy coils, new types of vacuum
tubes, and feedback amplifiers. This section will describe in particular the
C5 system with occasional reference to the earlier models of the type ''C"
system. It operates on open wire facilities and provides three telephone
circuits in addition to the normal voice-frequency circuit.

The frequency allocations used in the type '"C'" systems lie between 6 and
15. 5 kc for transmission from East to West and between 18 and 28 kc for
transmission from West to East. The upper and lower halves of this range
are used for the opposite directions of transmission, as they are in the type
"J'" systems. However, these are reversed from the type '"J" system
arrangement, the east-to-west channels occupying the lower and the west-
to-east channels the upper frequencies in the type ""C' systems. The channels
are single-sideband with suppressed carriers. To reduce crosstalk, there
are several ''staggered' frequency allocations, some using upper and others
using lower sidebands. The C4 system was provided in three allocations,
known as CN, CS, and CT. The C5 system is available in four allocations,’
the CA, CB, CS, and CU. These allocations are shown in Figure 6-1.

It will be noted that the 'allocations'' differ from each other not only in the

frequencies the channels occupy but also in whether the channels are upper
or lower sidebands. :

6.1
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TYPE C CARRIER TELEPHONE SYSTEM

FREQUENCY ALLOCATIONS
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Fig. 6-1 - Frequency Allocations of Type C and H Carrier Systems

Unlike the more complicated systems described in other chapters, the type
""C'" systems translate each telephone channel to its assigned frequency -
position on the line in a single stage of modulation. The required carriers
are not multiples of any base frequency but are generated by individual
oscillators, one for each modulator and demodulator. One pilot is trans-
mitted in each direction on all of the type "C" systems. The pilot frequency
is located 50 cycles from the frequency of the suppressed carrier of the
middle channel, between the carrier and the transmitted sideband. ' In the
longer systems, the pilots are used for the automatic regulation of the
systems. In the systems which are so short as to have no repeaters, the
regulation may be manual.

The type '"C'' systems are designed so that the repeater spacings are the
same as for the voice-frequency systems (about 150 miles) and therefore
the repeaters are located in the same stations as the voice repeaters. The
present C5 system is composed of the C5 terminals, the Cl repeater, and
the 2B carrier pilot channel, all coded separately. These will now be.
briefly described.
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6.2 THE C5 TERMINAL

A block diagram of a C5 terminal is shown in Figure 6-2. The left-hand
leads are the three voice-frequency telephone circuits on a 4-wire basis.
They come from the 4-wire switches in a 4-wire switching office, or from
4-wire terminating sets in a 2-wire switching office. Each 4-wire telephone
circuit goes to a modem unit and associated filters, which make the required
translations between voice and line frequencies. The outputs of the trans-
mitting branches of the three modems are paralleled together, and the
signals are amplified by a common transmitting amplifier and applied to the
line through a directional filter. Coming from the line, the three incoming-
channels are separated from the outgoing channels by a directional filter
and are applied to the receiving branch of the terminal. This includes
equalizers, a regulating network, and a receiving amplifier. The three
incoming channels, after leaving the receiving amplifier, are separated
from each other by the demodulator band filters and applied to their re-
spective modems. The portions of the 2B carrier pilot channel equipment
included in the terminal are shown by dotted lines. It will be noted that the
pilot is applied at the input of the transmitting amplifier. Each modem unit
consists of a channel modulator and a channel demodulator. These are
shown separately in Figures 6-3 and 6-4. It will be noted that each circuit
includes an individual carrier oscillator for generating the required carrier
frequency. The modulators atre copper oxide bridge-type modulators. It
was necessary in the vacuum tube modulator in the C4 terminals to adjust
the modulator balance for minimum carrier leak by means of variable
capacitors. No such adjustment is required in the copper oxide modulators
of the C5 terminals, because of the greater uniformity and stability of the

‘copper oxide varistors, compared with vacuum tubes.

The transmitting and receiving amplifiers are the same as the amplifiers
used in the repeaters, and will be described below. They are 2-stage
feed-back amplifiers having a substantially fixed flat gain from 5 to 35
kilocycles, which may be made either 50 or 52 decibels by a soldered
adjustment The gain of the transmitting amplifier is 52 decibels, and the
gain of the receiving amplifier is 50 decibel. The transmission level of
the outgoing channels on the line is +18 decibels with respect to the sending
toll switchboard. The receiving branch of a terminal up to and including
the receiving amplifier is similar to the circuits of one branch of a repeater,
and will be described below. It includes a regulating network which is
automatically controlled by the pilot when the 2B carrier pilot channel
equipment is used. On short, nonrepeatered systems in which the 2B pilot
equipment is omitted, a manually adjustable potentiometer is substituted
for the regulating network. '
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Fig. 6-4 - Schematic of Channel Demodﬁlator |

6.3 THE C1 REPEATER

A block diagram of the C1 repeater is shown in Figure 6-5. The two
directions of transmission are separated at each end of the repeater by the
usual directional filters. Between the filters, the repeater consists of two
one-way amplifying and regulating circuits. The amplifier itself, which is

the same as the transmitting and receiving amplifiers of the C5 terminals

is shown in Figure 6-6. It will be noted that the input and output transformers
are in the form of hybrid coils, with the negative feed-back circuit (equal-
jzer (A)) connected to terminals of the coils which are conjugate to the line

terminals.
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The equalizer is designed to make the gain of the amplifier flat with
frequency from 5 to 35 kilocycles. The gain can be made either 50 or 52
decibels, by means of soldered strap "W'". A 50-db gain is used in re-
peaters. It is of interest to compare the above amplifier with the one used
in the C4 and earlier systems, shown in Figure 6-7. It was a 2-stage,
push-pull, nonfeed-back amplifier. The last stage consisted of four 104-
type vacuum tubes. .The whole amplifier used six tubes compared with the
two tubes required by its more modern counterpart.
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The repeater is normally operated at an output transmission level of +18
decibels. Pads are provided following the amplifier in each branch for
decreasing the level if desired. Other pads are provided in the input of.

- each branch which are used to build out the line loss of short line sections.
as required for optimum operation of the regulator. A "high cut-off filter'
is connected, 'when necessary, in the W-E branch of the repeater to attenu-
ate currents of frequencies above the C range. This prevents type 'J'"
system crosstalk currents from circulating through type "C'" repeaters, and
also prevents the possibility of the type '"C!" repeaters singing at high .
frequencies. A 'low cut-off filter' is connected in the output of the E-W
branch to prevent low-frequency modulation products, generated in the _
repeater, from interfering with the voice-frequency telephone or program
channel on the same line. Each branch of the repeater contains a basic
equallzer which is designed to equallze the slppe of a so-called maximum °
liné section. The equalization is approximately correct for 270 miles of
165-mil, 12-inch spaced line, under wet weather conditions if DP insulators
are assumed. For shorter line sections, the building-out networks shown
in Figure 6-5 are added as needed. The loss characteristics of the basic
equalizers in the two branches are shown in Figure 6-8. Auxiliary equal-
izers are sometimes required in addition to the basic equalizers. That in
the W-E branch is to correct for the distortions introduced by the filters
which separate type ''C'" and type ''J" systems on the same pair or by the
crosstalk suppression filters used on non-J pairs when other pairs on the .
pole line are equipped with type ''"J'" systems. The auxiliary equalizer in
the E-W.branch similarly corrects for distortions caused by the 5000-cycle
line filters when these are used to separate the type '"C' and voice
frequenc1es

The regulator and regulating networks are part of the 2B carrier pilot
channel equipment which is described below. All Cl repeaters include this
equipment. .

6.4 2B CARRIER PILOT CHANNEL

The 2B carrier pilot channel equipment provides for transmitting a pilot
frequency adjacent to the middle channel of each one~-way group, and
includes regulators associated with all the repeaters and the receiving
branches of the terminals for correcting for the variations in line attenu-
ation due to weather and temperature. It functions in a manner similar to
the type ''"J" regulating system.

The pilot frequency is generated by a single tube coil-and-condenser
oscillator in which the amplitude of the oscillations is limited by a thyrite
varistor. = The automatic-gain-control circuit, which is actuated by the
pilot at each repeater and the terminal, is shown in Figure 6-9. The pilot
is selected by a filter bridged across the output of the line or receiving
amplifier, is rectified, and then applied to the winding of a sen51trol relay.

6.10
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If the level of the pilot deviates from its correct value by more than +0. 5
decibel, the relay closes one or the other of its contacts, operating a motor
geared to the movable plate of a multiplate capacitor associated with the
regulating network. The movement is in such a direction as to change the
loss of the regulating network so as to restore the pilot level to its correct
value. The rate of correction is about one decibel per minute. The
sensitrol relay (whose contacts are magnetically locked when closed) is
automatically reset about every 4 seconds so that the motor will be stopped
when it has made sufficient correction. An additional sensitrol relay

operates alarms if the pilot level deviates +3 decibel or -5 decibel from its
proper value. C
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Fig, 6.9 - C -Carrier Automatic Gain Control Circuit
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The regulating network consists of five sections, each having a character-
istic inverse to a certain length of line. As a compromise, the networks
are designed specifically to match sections of a 128-mil line equipped with :
CW insulators. Some small but not serious amounts of over- or under-
compensation are therefore obtained on other types of lines. The method
of connecting to the network sections through the moving plate of the multi-
plate capacitor gives effectively a continuous, smooth adjustment over the
entire available range. This range is 32 decibels at 15 or 28 kilocycles,
respectively, for the low- or high-frequency groups of channels.

The regulator varies the siope as well as the loss. The regulating network
includes a single tube amplifier, to provide a high impedance termination to

the regulating circuit as well as to afford some needed gain.

The pilot frequencies are:

EtoW " WtoE

CA 12. 35kc : 26. 15kc
CB v 12. 35kc ) 23. 25kc
CS 9, 45kc 24. 35kc
cu 9. 45kc 21. 45k

If automatic regulation is not desired a potentiometer for manual gain
regulation may be provided.

6.5 LINES

The above regulating arrangement is less complicated than that used for the
type "J'" system. The simpler arrangement is practicable for type "'C"
systems, first because rain and sleet affect the line attenuation less in the
type '"C'"" frequency range than at the higher frequencies used in the type "J"
systems, and secondly because the type ''C'" system transmits a narrower
frequency band than the type "J" system. The regulating system used in the
type '"C!" systems which was just described assumes that the effect of rain
and sleet, as well as temperature, on the line transmission is substantially
equivalent to a lengthening or shortening of the line, within the range of
frequen01es that are transmitted in each direction.

Since toll entra,nce and intermediate cables appear in all open-wire lines,
they must be taken into account in the engineering of type '"C' as well as
type ""J" systems. When there is no type ''J" system on the same pair with
the type ""C'"" system, the type ""C' and voice frequencies are usually carried
~in the cables on ordinary paper-insulated twisted pairs having a spe01al
light loading suitable for the type '"C'' system frequencies. .
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Voice frequency telephone, D-C telegraph and type J carrier telephone may
be used on the same pair with the C5 system as its frequency allocation is

between the upper limit for voice circuits and below the band assigned for
type J.
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CHAPTER 7
TYPE "H'" CARRIER SYSTEMS

7.1 GENERAL

The Western Electric H1 Carrier Telephone System (J68747) is a single-
channel system which provides for superimposing an additional telephone
circuit upon an existing voice-frequency telephone circuit working over an
open-wire line. The carrier equipment includes provision for operation on
a ringdown basis and can be applied on a line without the loss of any existing
service, It is suitable for use as a permanent installation and also for
temporary or emergency circuits. Without an intermediate repeater, the
system will find its widest application on open wire circuits of about 25-200
miles in length; with one or two intermediate repeaters it will be applicable
on circuits up to as much as 500 or 600 miles in length (depending on the
gauge of the open wire conductors, the amount of intermediate cable in the
line, the number of bridged way stations, etc.).

The H1 system employs copper-oxide modulators and demodulators, heater
type pentode tubes, and improved filters made possible by new magnetic
alloys. The copper-oxide varistors used as modulators, demodulators and
rectifiers in the power supply are of smaller size than the customary vacuum-
tube devices, have the advantage of long life and small power consumption,
and provide better balanced and more stable modulation. A single heater-
type pentode tube in the transmitting amplifier works at approximately the
same output level as two tubes in the older systems. It simplifies the
problem of working from 110-volt a-c supply by obtaining grid biases from
across a resistance in the cathode circuit.

The terminal unit and the repeater may be operated either directly from a
115-volt 50-60 cycle alternating current source or from 24-volt and =130~
volt and 130-volt batteries. This system employs the same carrier
frequency, 7150 cycles, for both directions of transmission. The carrier
frequency is generated locally at each terminal and only the sidebands are
passed over the circuit. - The upper sideband is used for transmission in
one direction and the lower sideband for the other. Because of the rela-
tively short distances over which the system is designed to operate, no
equalization is provided and no automatic regulation of the circuit net loss
is employed. However, for the longer systems a manual compensating
adjustment has been included in each terminal whereby the receiving gain
may be changed in three steps of 2 db each. Similar arrangements are also
provided to control the gain of a repeater, two steps of 4 db each being
provided. These adjustments will compensate for changes in loss due to
weather and temperature changes in the line.
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-
It is necessary to compute and specify transmitting levels, repeater output
levels, receiving levels, and circuit net loss for each H1 carrier circuit
placed in service. This data should be based on the transmission performance
of the carrier equipment and the characteristics of the open wire line and
intermediate cable over which the system operates.

The type "H' carrier system is a successor of the discontinued type ''D"
system.

The frequency allocation of the type ""H'" system is shown in the lower part
of Figure 6-1. It will be seen that although the same carrier frequency of
7150 cycles is employed for both directions of transmission, frequency
separation of the oppositely directed channels is nevertheless. obtained by the
device of utilizing the lower sideband for the west-to-east and the upper
sideband for the east-to-west transmission. The type '"H' frequencies
overlap those of the lowest channel of the type ""C" systems, so that type

"H'"' and type '""C'" systems cannot be applied to the same pair.

7. 2 SIGNALLING

The type ""H'" system includes a 1000-cycle signalling system which is built
into its terminals. The signalling current is generated by displacing the
carrier frequency by 1000 cycles (upward for the east-west and downward for
the west-east direction) and then interrupting the shifted carrier ata 20-cycle
rate. The signalling currents thus generated, after demodulation in the

' receiving terminal, are identical with those of the standard 1000-cycle
signalling system, and therefore will operate a standard ringer in a remote
office to which the type "H'" circuit may be extended over other types of
facilities. Signal-receiving circuits are also built into the type '""H' terminals
for use when these coincide with the circuit terminals. The built-in

signaling circuits are arranged to operate from and into the d-c or 20-cycle
signaling arrangements Wthh are standard in the various types of toll
switchboards.

7.3 SYSTEM ARRANGEMENT

In designing the type ""H'" equipment, it was made as small and inexpensive as
possible, consistent with obtaining the desired performance. An idea of the .
compactness that was achieved can be obtained from the fact that five com-
plete type '"H" terminals can be mounted in one 11-1/2-foot bay. '

The general arrangement of a nonrepeatered type "H' system as applied to
one side circuit of a phantom group is shown in Figure 7-1 and 7-5. It will
be seen that the carrier system is connected to the line at a point between the
phantom repeating coil and the telegraph composite set. The voice and
carrier channels are separated by line filters consisting of a low-pass filter
in series with the voice circuit and a high-pass filter in the input to the

7.2
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carrier terminal. The insertion of the carrier line filter in one side
circuit of a phantom group requires that a similar impedance be added to
the other side circuit, in order to preserve the phantom balance and pre-
vent undue crosstalk between the phantom and side circuits. A special
balancing unit coded the 156A network is employed for this purpose. It is,
of course, not required if both side circuits are equipped with type '""H"

systems.
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7.4 "H1" TERMINAL

A simplified diagram of the essential transmission features of a type ""H"
terminal is shown in Figure 7-2. It begins with the usual hybrid coil or .
4-wire terminating set for separating the 2-way speech circuit coming from
the switchboard into an outgoing and an incoming one- way branch. The
upper, transmlttmg branch of the terminal, after passing through a filter
to remove noise and speech frequencies that fall above the useful voice-
frequency band, is applied to a lattice-type copper oxide modulator. This
is supplied with a carrier of 7150 cycles frequency and 2.5 volts amplitude.
The upper or lower sideband is selected by the succeeding filter, depending
upon whether this is an east or a west terminal. Finally, the selected
sideband is passed through a transmitting gain pad and the transmitting
amplifier, and thence through a directional filter to the line. The trans-
m1tt1ng amphfler is a single-tube, negative feed-back, fixed-gain amplifier.
The gain pad is adjustable by soldered straps and is normally set so.as to
obtain a transmission level of +16 decibels on the line.

The incoming signals from the distant terminal are separated from the
outgoing signals by the directional filters. They then pass through three
pads to the demodulator. The first two pads may be cut in or out by keys,
and have losses of 2 decibels and 4 decibels, respectively. These provide
manual adjustments for compensating for the variations in the line attenu-
ation. The third pad is adjustable by soldered straps and is set to obtain
the desired receiving gain for the particular line on which the system is to
be operated. The demodulator is a copper oxide modulator like that used
in the sending branch. The voice-frequency band from the demodulator is
selected by a filter and is then amplified by the receiving amplifier. This
is a single-tube feed-back amplifier whose output transformer is arranged
so as to form an asymmetric hybrid circuit. One of the conjugate outputs
of the hybrid coil goes to the receiving signaling circuits, the hybrid loss
in this path bemg 1.5 decibels. The other conjugate output (hybrid loss
7 5 db) carries the voice channel through two adjustable pads (called
""receiving level' pads) to the terminating hybrid coil of the system. The
pads, one of which is adjustable by straps in steps of 0.5 decibel from 0 to
3.5 decibels, and the other in steps of 4 decibels from 0 to 28 decibels,
provide means for setting the over-all net loss of the carrier circuit to its
desired value. : :

7.5 "H'" CARRIER REPEATER

A repeater is available for extending the translation range of the Hl system.
A schematic diagram of the repeater is shown in Figure 7-3. The amplifier
tubes and circuits employed in the repeater are the same as those utilized
for the high-frequency amplifier at the terminal. The repeater panel also
includes directional filters, manually adjustable gain control pads, and an
alternating current power supply unit.
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Figure 7-5 - Schematic of Terminal Transmission and Signaling
Circuits.

The repeater consists of two -1 way paths, each containing a single stage
feedback amplifier.. Carrier enters directional filter on a 2 wire basis
where it is routed to proper amplifier (E-W or W-E). No signalling
arrangements are necessary at the repeater as signalling currents merely
pass through, in a similar manner as the transmitting sidebands.
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7.6 "H'" CARRIER TRANSMISSION

The transmission levels in the terminal circuits are also indicated in -
Figure 7-2. As noted earlier, the output transmission level sent into the
line is nominally +16 decibels relative to the toll switchboard.. The
minimum receiving level on which the terminal will work is -15 decibels.
This would seem to indicate that the system could work over any line whose
maximum loss does not exceed 31 decibels, but as discussed later this is
subject to some qualification. The demodulator itself is designed to work
on a nominal input level of -13 decibels. This level must be kept above a
minimum of -16 decibels for the signal receiving circuits to work properly.
The pads ahead of the demodulator must be adjusted to compensate for the -
loss of the actual line so as to obtain the required level at the demodulator.

Since nothing designed by man is ideally perfect, there is not an infinite
loss between the output of the transmitting branch and the input of the receiv-
ing branch of the terminal because of slight but finite transmission through
the directional filters, and because of crosstalk coupling between the two
branches. The carrier currents that thus leak into the receiving branch are
there demodulated against the same carrier frequency which was used in the
modulator and therefore reproduce the same voice frequencies that were
applied to the sending branch. The leakage of the high-frequency currents
between the two branches, plus the transmission across the voice-frequency
hybrid due to unbalance between the compromise network and the line from
the switchboard, therefore, create a round trip path in which there may be
circulating currents. This places a limit on the permissible sum of the
gains in the two branches (called the loop gain of the terminal), justas the -
hybrid coil unbalances limit the sum of the gains in the two directions of a
2-wire telephone repeater. The gain of the sending branch is fixed, since
the output level is constant. The gain of the receiving branch is dependent
on the sum of the losses in the receiving gain pads ahead of the demodulator
and in the receiving level pads which follow the receiving amplifier, all
other parts of the circuit being constant. Therefore, it is evident that the
sum of the losses in the two sets of pads must be kept above some minimum
value if the permissible maximum loop gain of the terminal is not to be
exceeded. Now it can be seen that the greater the loss of the line, the
smaller must be the loss in the receiving gain pads (to obtain the requisite
level on the demodulator) and the greater, therefore, must be the loss of
the receiving level pads if the loop gain limit of the terminal is not to be
violated. Since the receiving level pads determine the net loss of the
circuit, it is apparent from this reasoning that the minimum net loss at
which the circuit can be worked is a function of the loss of the line.

The above general explanation can be reduced to the simple working rule
expressed by the equation,

N = L-22 : (7-1)

where,
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N = minimum allowable net loss of the carrier circuit

L = maximum attenuation of the line (wet weather) at 8150 cycles
(line frequency corresponding to a voice frequency of 1000 cycles
on the east-west channel)

Evidently if the line loss L has the maximum value of 31 decibels, the net
‘loss of the circuit must be at least 9 decibels, while if the line loss were
only 22 decibels, the circuit may be worked at a net loss of 0 decibel.

This rule applies to the net loss of the carrier circuit from terminating set,
even though switching pads are added on the switchboard sides of the
terminating sets.

Little need be said about the transmission characteristics of the lines, since
the type ""H'" system employs no equalization and only manual flat-gain
regulation. It may be noted that the wet-weather loss of 104-mil open-wire
lines at 8150 cycles is 0. 11 decibel per mile. The problem of toll entrance
and intermediate cables is often encountered, just as in the case of the type
"J'"" systems. When loading is required on these cables, the BH-15-15
loading system is used. The Y-9 loading system is employed for office
wiring.

The type "H'" carrier system furnishes a telephone channel whose band is
250 to 3000 cycles or better, measured at the 10-decibel loss points.
Representative transmission-versus-frequency characteristics for a type
"H'" system on a 100-mile 104-mil line having 3 miles of No. 19 gauge,
BH-15-15 loaded toll entrance cable, are given in Figure 7-4. For a 200-
mile circuit, the variation in loss between dry and wet weather may be in
the order of 5 decibels. The manual adjustment provided in the terminals
permits holding the variations in over-all net loss to +1 decibel. When a
type ""H'" system is operated over lines less than 75 miles long, the meanual
adjustments are not required and the gain pads are ordinarily strapped out.
A type "H'" system may be operated on the same pole line with other carrier
systems.
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CHAPTER 8
A5 12-CHANNEL BANK

8.1 GENERAL

The A5 channel bank supersedes the Al, A2, A3, and A4 channel banks.
It differs from former type "A" channel banks in the following respects:

(1) It has been reduced in size to permit mounting at Ieast'nine banks
in a 11' 6" bay as compared with three A4 channel banks.

(2) It employs a three-stage transistor amplifier to replace the one tube
demodulator amplifier. This permits greater stability with respect
to battery variations, lower harmonic distortion which eliminates the
need for an applique unit for telephoto service, a.nd less suscepti-
bility to induction noise.

(3) It requires only -24 volt battery supply.

(4) The modem units for each channel are physically and electrically
identical and therefore interchangeable.

Single sideband program circuits may be operated over type J, K, or L
carrier channels. As with other type "A'" channel banks, this type of
operation requires the removal of two message circuit channels (Channels
6, 7) for 5KC circuits or three message channels (Channels 6 7, and 8)
for 8KC circuits. :

Over-all schematics of the A5 bank, including patching jack equipment and
4-wire terminating equipment are shown in Fig. 8-1.

The 2-wire voice frequency of each channel is connected through a hybrid
coil which separates the transmitting and receiving circuits. In the trans-
mitting circuits of the channel bank, the twelve voice-frequency bands are

modulated with twelve carriers, ranging from 60 to 108 kilocycles at 4KC
intervals. Twelve crystal-type band filters select the lower sidebands
from the output of the modulators, which are of the suppressed-carrier
type. The twelve sidebands are then combined in a single broadband
spectrum from 60 to 108 KC, and from this point are treated as a unit in
subsequent steps of modulation, transmission over a line, and demodula-
tion up to the point where they enter the receiving circuits of the far-end
12-channel bank. Here they are separated by twelve crystal-type receiv-
ing band filters and demodulated individually with locally- supplled carriers.
Figure 8-2 shovvs the basic modulation plan.
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A5 12-CHANNEL BANK
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CHAPTER 8 A5 12-CHANNEL BANK

The A5 channel bank has approximately the same standards of bandwidth,
output limitation and noise as the preceding A-type banks. In addition, it
is less susceptible to hum pickup, has greater transmission stability, par-
ticularly with respect to battery variations, and has a lower temperature
coefficient of gain variation than the A4 channel banks. The A5 demodula-
tor amplifier exhibits a marked improvement in intrachannel modulation
over previous type A demodulator amplifiers. Telephoto may be trans-
mitted over the A5 channel bank without any modifications. The A5 is
normally wired for a -16 db MOD IN level. Therefore, for offices using

a -13 db MOD IN level a 3 db pad is required for each channel. This pad
is located in the voice-frequency patch bay. The DEM OUT level encom-
passes both the +4 and +7 db levels by adjustment of a gain control in the
voice-frequency patch bay. Modulator loss variations are corrected by an
adjustable pad as discussed below.

8.2 DESCRIPTION OF CIRCUITS

The A5 channel bank is in general, interchangeable with the Al-, A2-, or
A4-type banks in both operation and performance. The theory of the A5
channel bank operation is shown diagramatically in Figs. 8-3 and 8-4 and
is discussed in the following paragraphs.

Modulator Circuit :

As indicated in Fig. 8-3 and 8-4, the voice-frequency currents enter the
channel modulator at the MOD IN jacks. A 3 db pad is optionally provided
in the voice-frequency patch bay and is used only in offices using a =13 db
MOD IN level. The voice currents enter the modulator circuit through the
input transformer. This transformer performs two functions: (a) it acts
as a low-pass filter to attenuate spurious carrier frequencies from enter-
ing the modulator and (b) it insures a well-balanced modulator circuit.

Varistor Modulator: The voice-frequencies of each channel are modulated
with one of the channel carrier frequencies as indicated in Fig. 8-2; pro-
ducing sum and difference frequencies of carrier and voice-frequencies

in the varistor modulator. The varistors are not adjustable and it is ex-
pected that they will not require replacement during the life of the equip-
ment. The particular bridge arrangement of varistors employed in the
modulator and also the demodulator circuits has a high degree of balance,
and is sufficiently stable so that the carrier leak appearing in the output

is relatively small. It is expected that the amount of this carrier leak
from any modulator will not exceed -20 dbm at a zero level point for the
A5 banks. In the average case, it should be considerably below this value.
The modulator provides load limitation. This fact is taken advantage of

in the design of amplifier equipment associated with the various broadband
carrier systems. The limiting action takes place in the following manner:
The carrier voltage applied to the modulator is of a much higher magnitude

8.4
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CHAPTER 8 A5 12-CHANNEL BANK

than the average magnitude of input voice currents. For such a condition
the output of the modulator is largely controlled by the magnitude of the
voice-frequency voltage. When the input voice currents increase in mag-
nitude, the output of the modulator increases linearly up to a point where
the output compresses from the linear relationship. This condition occurs
when the magnitude of the voice-frequency currents approaches the mag-
nitude of the carrier. Any further increase in the voice-frequency volt-
ages will then produce a smaller and smaller increment in the output of
the modulator until a point is reached where the voice-frequency currents
will no longer produce a change in output. One could consider this as a
condition where the effect of the voice and the carrier voltages on the mod-
ulator are reversed. The carrier supply for both modulators and demod-
ulators is obtained from a common carrier supply.

High-Pass Filter: A half-section high-pass filter is provided in the A5
channel bank between the modulator proper and the resistance pad. This
filter presents a high impedance and attenuation to the voice-frequency
signals appearing at the output of the modulator and offers very little
attenuation to the desired carrier sideband signals.

Resistance Pad: A resistance pad of approximately 10 db for the A5 bank
is provided between the modulator and the modulator band filter. This pad
reduces the interaction between the modulator and band filter and attenuates
the carrier sideband signals, providing a means by which the modulator
circuit loss may be adjusted to meet performance requirements. This pad
is adjustable over a range of +2.5 db in 0. 3 db steps to permit the output
of each channel to be adjusted to the same level (usually at the output of
the transmitting amplifier). Grounds are placed at the midpoint of the
shunt resistance of the pads and at the midpoint of the 600-ohm winding of
the transmitting hybrid transformer to balance the circuit for the opera-
tion of the crystal band filter. This is an important adjunct in obtaining
the high suppression to unwanted frequencies.

Band Filters: The varistor modulator produces the usual two (upper and
lower) sidebands and the lower one is selected by the crystal channel band
filter. Since in this portion of the modulator circuit a frequency range of
60 to 108KC is involved, filters of the crystal type are particularly suitable.
In addition, this type of filter permits a wider transmitted band for a given
channel spacing, a more uniform attenuation over the band for a given
transmission loss, and a smaller and more corhpact assembly thancould

be obtained with the coil and capacitor type of filter.

The 561-type filters used in the A5 channel bank differ mechanically from
previous channel bank filters, in that the transmitting and receiving filters
are packaged in a single container. The electrical design of these filter
units, however, is the same as that of the 536-type and 219-type which are
used in the A4 and A2 channel banks, respectively. The filter units consist
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of only one lattice section; however, there are two crystal units connected
in parallel in each lattice arm. 31E-type crystal units and 1509-type
ferrite inductors comprise the major component apparatus. Although both
filter units are mounted on a common chassis, the judicious placement of
shielding devices has resulted in crosstalk suppression consistent with
present design objectives. A schematic and representative frequency
characteristics are shown in Figs. 8-5 and 8-6. The entire assembly is
packaged in a drawn steel container and is hermetically sealed. The
approximate over-all dimensions are 4-7/32" by 2-23/32" by 5~ 7/32" not
including terminals and mounting studs. :

Impedance Transformation Circuit: A 485A compensating network is
bridged across the common side of the modulator band filter circuit to
improve the transmission characteristics of the upper and lower channels.
Without the compensating network, the channel transmission frequency
characteristic on the end channels (Channels 1 and 12) is likely to have
unwanted slopes and rounded instead of sharp corners at 200 (Channel 1)
and 3400 cycles (Channel 12). Associated with the modulator band filters
and this compensating network is a 600 to 135 + 135-ohm hybrid trans-
former. This transformer provides a 600~ohm balanced impedance for
the operation of the band filters, and matches the 135-ohm balanced cir-
cuit of the group modulator circuit. One of the 135-ohm outputs feeds the
regular group modulator while the other appears at the CH BANK OUT
ALT jacks. The second output is provided to facilitate switching a work-
ing bank to other apparatus without interruption.

Demodulator Circuit

Impedance Transformation Circuit: The operation of the demodulator cir-
cuit is similar in general principle to that of the modulator circuit. The
60 to 108KC band making up the 12 channels enters the receiving side of
the circuit through an impedance matching transformer and compensating
network (see Figs. 8-1 and 8-4). The impedance matching transformer is
a hybrid transformer having an impedance ratio of 135 to 600 + 135 ohms.
This transformer provides a second output which can be used for switch-
ing to a carrier program terminal or other equipment. When this latter
feature is not required, the winding is terminated in 135 ohms.

Band Filters: The demodulator band filters select the individual 4KC
lower sideband for each of the 12 channels in the 60 to 108KC range. 'Each
- of these individual bands is transmitted from its respective filter to its
associated demodulator circuit. As indicated above, the demodulator and
modulator band filter characteristics are equivalent for the same channel.

Resistance Pad: The 10.7 db resistance pad in the demodulator circuit is

used between the demodulator band filter and the demodulator to present a
good impedance to the demodulator band filter, and terminate the demodu-
lator band filter. Unlike previous channel banks, adjustment is not needed

8.8
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FREQUENCY IN KC FROM CARRIER
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in this pad, since the demodulator amplifier gain control suffices for an
adjustment to either the +4 db or +7 db level at the DEM OUT jack without
degradatlon of performance.

High-Pass Filter: The half-section high-pass filter between the resistance
pad and the varistor demodulator serves the same purpose as a similar
filter in the modulator circuit. It effectively reduces the loss of the de-
modulator by about 4 db through a better impedance match.

Demodulator: In each demodulator the 4KC carrier frequency band is de-
modulated with the channel carrier frequency. The modulation products
consist of both the upper and lower sidebands. The demodulator is.iden-
tical with the modulator but it is poled oppositely on the carrier supply so
that dc components of modulation in the modulator and demodulator neutra-
lize each other and thereby avoid developing an undesirable voltage bias.
The poling also reduces somewhat the amount by which stray frequencies
have to be suppressed in the carrier supply.

Demodulator Amplifier: The voice energy resulting from the modulation

of received sideband energy with carrier enters the demodulator amplifier
through the input transformer. This input transformer isolates dc.currents
of the demodulator varistor circuit from the amplifier. Voice currents are
passed to the three-stage transistor amplifier consisting of Q1, Q2, and Q3
as shown in Fig. 8-7. The portion of the output signal appearing at the
emitter of Q3 is fed back to the emitter of transistor Ql for stabilizing the
gain of the amplifier. A shaping network is provided in this feed-back
path to compensate for the 200 cps increased loss due to the band filters.
Output transformer T2 isolates and balances the amplifier and terminates
the collector circuit of transistor Q3 in the 600-ohm balanced voice cir-

- cuit. The gain of the demodulator amplifier is adjusted by variation of a
950 -ohm potentiometer located at the voice-frequency patch bay. This
potentiometer serves to control a portion of the feed-back signal and
allows the gain to be varied over a range of approximately 12 db, a typical
demodulator amplifier providing a gain of approximately 29 to 41 db.
Supply voltage from the demodulator amplifier is central office filtered
battery, -24 volts. Current drain for each modem is 66 +6 milliamperes
dc. Total current drain for the complete A5 channel bank with twelve
modem units installed is approximately 792 +20 milliamperes dc.

Due to the wide range of the amplifier, carriers in the 60-108KC range
are present at the DEM OUT jacks at a level a.pprox1mate1y 25 db below
signal level. Excessive leak may indicate a poor balance in the demodu-
lator circuit. :

8.10.
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8.3 TRANSMISSION FREQUENCYV CHARACTERISTICS

Fig. 8-8 shows a 12-channel average transmission frequency characteris-
tic of an A5 prototype channel bank. The 485A impedance transformation
network and a shaping network in the demodulator amplifier provide the
necessary equalization for each channel. In all A-type channel banks,

the equalization provided serves to correct for two similar filters, one
transmitting and one receiving. Consequently, when one type of bank is
used at one terminal (either transmitting or receiving) and another type
is used at the other terminal, the equalization provided by this feature
may be slightly degraded at the edges of the band (200 and 3200 cps).
When the A5 is used with an A2- or A4-type channel bank, there is no
degradation; when used with Al or A3 there is slight degradation since the
filter characteristics are somewhat different at the band edges. It is
therefore desirable, where practicable, to assign A5 channel banks so
that they operate with other A5 channel banks or, when required, AZ- or
Ad-type banks.

The bandwidth, measured at the points where the attenuation is 10 db higher
than the attenuation at 1000 cycles, is about 3400 cycles. The upper and
lower 10 db points fall at about 110 and 3500 cycles respectively for aver-
age temperature conditions. The effect of the 4-wire terminating set is to
sharpen the cutoff below 200 cycles.

The modulator in the channel bank provides load limitation. A representa-
tive load characteristic of the modulator and demodulator is shown in Fig.
8-9. The modulator is the main contributor because it operates at a high-
er transmission level than the demodulator. It will be noted that normal
volume speech is not appreciably affected by the limiting action; however,
the peaks of very loud speech are effectively limited by the limiting action.

- 8.11



CHAPTER 8 A5 12-CHANNEL BANKS

-6 +I -
24V DC

i o
_ AA . AN e
™M Q; ’
£33
AAA ol
Yul/\/}\llll.ﬂul/\ci__
..wll.l)))l__ , o
o AN ==
| - T
R ) +
+
_ b _ " ,M o~ = a.;.Ll T
3 VI ,nr_ © -
4 ST o
_ ...lwiinirl,))l -
At
A A s |
AN\
X e
n +
) +
" - ></>< ,.\u-ﬁwb(((i__
) :

=]l

S——

Fig. 8-7 -'A5 Demodulator Amplifier

12



db DEVIATION FROM 1000-CYCLE POINT

CHAPTER 8 A5 12-CHANNEL BANKS

-1

0 : Lo 1 25 Ll BEE =
-1 7
-2 I
-3 .
-4 = !

[T/
=
==t
-7
-8
-9 =
2 3 -4 5 6 7 -8 9 2
100 ‘ oo 1000
FREQUENCY IN CYCLES PER SECOND
CHAN CHAN
MOD " BANK BANK DEM
IN ouT IN ouT
~n MBF L/// DBF [::> DET
CARRIER
" SUPPLY

Fig. 8-8 - 12-Channel Average Transmission Frequency C‘haracteristic




DEM OUT

™
L~

CHAN BNK IN

CHAN BNK OUT

MBF}

MOD IN

T™S

DBF

CAR
SUPPLY

CHAPTER 8

A5 12-CHANNEL BANKS

T
T
44
T
.Y
T
H T T
1 | [ " I
T [t 1
1
T g gus
T b1
I ! FRENESE ERENSERENY ¥R
[ = L _‘ RERE AR
H T PN )
T B T
: i .
+ ;
T T T [ 3
L Wi I
s 1
4 o
L N AR
FOHATTEED
ai b
Tt b il N 1 u
wﬂlqu_L Bb
jma [8 v
e g B i -
HH
i s o
-
I 9 Cyrr
T o
T
T35d ERaSe Lssapan T nabn e
i BEEEE 5T
i . H - L
T_lL.,.. ERERE Y Ll
o "
1
= .
} L] idnad phpdgudnap
— + ot
i i T
+f-r-H Lt T
T P
fuaay aand
. = t
T I
O F--rr 1|~Ik B ;
: Fr HL A - HEHF
T CTT T T
e Li rm ImN] [ RER RN I
jaans hag i Ul
! +
T T
1
! .
1
RSN NEER
-y 1 1
} L
! . t
- ]
__ L Ly - t
1 1 — 1 B
anuan =
M H — - ot T
R ; TSR aEs T
T T T T
T - ol .1rm < N us
1L CHLIITL 1
o Ldod ot 1
THT- g R n
T + ¥
I i
- }
| T
T
T i
t e
L |
I Tt
...... - N Ny : A .
! A EESyann N W 1 : L e Ban N SRR
b e : i f 1 ol R
! = e L f 1 : i I had b
i N o™ < le] O N~

(apP) 1INIOd T13A3T
@.) h\

0yd3Z 01 SSO1

13 14 15 16
1000 CYCLE INPUT TO TRANSMITTING TOLL SWITCHBOARD

12

11

10

db ABOVE 1 MW

Fig: 8-9 - Load Characteristic of Modulator and Demodulator



CHAPTER 9

TYPE '"J" CARRIER TELEPHONE SYSTEM

9.1 INTRODUCTION

This chapter describes the third one of the triumvirate of broadband carrier
systems, the type ""J' carrier system. This system provides twelye 2-way
long~haul telephone channels on one open—wlre pair, and has frequency -
allocations such that a type "C' carrier system and a voice-frequency
system can also be operated on the same pair. Thus, with the advent of

the type '"J" system, one open-wire pair became capable of furnishing a
total of sixteen 2-way telephone channels.

The development of the type "J" system began at about the same time as

that of the type "K' and type "L' systems, and reached the stage of a field
trial on a 250-mile line between Wichita, Kansas and Lamar, Colorado in
1937 and 1938. ' The initial system, known as the J1, had only one line
pitot for each direction of transmission, for controlling the gains and slopes
of the amplifiers. This was found to be inadequate under sleet conditions,
which lad to the development of the J2 system with two line pilots. Since
practically all of the J1 systems have now been converted to J2, this chapter
will describe only the J2 carrier system.

Although many of the techniques used in the type "J'" system resemble those
to be described for the type "L' and "K' systems, there are numerous
differences due to the special character of the open-wire lines on which the
type "J'" systems are used. In the first place, the loss and the loss-versus-
frequency characteristic of an open-wire line are much less stable than in
the case of cable pairs of coaxial circuits, being affected not only by
temperature but even more by other weather conditions, such as rain or
sleet, from which cable conductors are protected by the cable sheaths.
Secondly, open-wire pairs are wholly unshielded from surrounding electric
and magnetic fields, whether due to radio waves, atmospheric static,
neighboring power systems, or other telephone wires on the same pole line.
These facts increase the severity of the regulation, equalization, noise,
and crosstalk problems. These problems are solved by the use of suitably
spaced repeaters which deliver high transmission levels to the line, by the
system of equalization and regulation employed, and by the use of specially
designed transposition systems on the line.

A third point in which open-wire lines differ from cable circuits is in their
lack of homogeneity. Open-wire lines are no longer permitted to enter the
streets of a city, and therefore the circuits must be extended from the
environs of a city to a toll office in its center by means of '"toll entrance!!
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CHAPTER 9 TYPE "J'" CARRIER TELEPHONE SYSTEM

cables. Intermediate cable sections are also frequently used for river
crossings. Thus, a long open-wire line always contains numerous short
lengths of cable. This is illustrated in Figure 9-1, which shows the lay-
out of a line between Houston and New Orleans. The cable sections must
of course be arranged to transmit the type '""J'" carrier frequencies. This
is done by using either ordinary nonloaded twisted pairs, or by means of
special, usually loaded, spiral-4 conductors placed in the cables for that
purpose, as described more fully in a later section.

Since open-wire conductors are unshielded from ambient electric and
magnetic fields, open-wire lines cannot be made to furnish electrically
isolated groups of pairs such as can be obtained by means of two cables on
a cable route or by installing shields in a cable. For this reason, the two
directions of transmission of an open-wire carrier system must be separated
by the use of different frequencies rather than by the use of different
conductors. In the type "J'" systems, the west-to-east channels are trans-
mitted in the lower part of the frequency range between about 36 and 84 '
kilocycles, and the east-to-west channels are transmitted in the upper part
oi the frequency range between about 92 and 142 kilocycles, The two
oppositely directed groups of channels are sent on the same pair and are
separated from each other by directional filters at each repeater point.

In order to reduce crosstalk between systems operating on the same pole
line, the type "J'" systems have been provided with four slightly different
frequency allocations in the above general ranges. These are designated
the JNA, JSA, JNB, and JSB systems.

In the terminals of a type ""J'" system, the twelve telephone channels handled
by the system are modulated and combined to form a basic group of channels
lying between 60 and 108 kilocycles, by the same channel bank which is used
in the type "K' and type "L' systems. The basic group is translated to the
desired frequency allocation on the line by group modulators that are
different from those used in the other carrier systems, requiring two stages
of modulation in the sending end and two stages of demodulation in the
receiving end of the system. Since the basic group is alike in all the
broadband systems, interconnection may be made between type "J' and

type "L'" systems or between different type '""J'" systems by patching the
basic group, thus avoiding the necessity of reducing the channels all the

way to voice frequencies in order to patch them.

The grade of transmission afforded by the type '""J! system meets the
standards for long toll circuits, except under extreme sleet conditions.
The bandwidths of the channels are the same as for type "K' and type "L!
systems. Under severe ice conditions, the equalization of the system may
be impaired, and may even be unsatisfactory if the condition exists in -
several repeater sections. The transmission velocity over long single
links is about 115, 000 miles per second, including the effect of the filters
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CHAPTER 9 TYPE '"J" CARRIER TELEPHONE SYSTEM

in the repeaters and the terminals. The noise objective for average channels
of type "J'" systems is 29 dba at the -9-db transmission level, when an
average 4000-mile connection consisting of five links is assumed. This
value may be exceeded. on the worst channels under severe static or sleet
conditions.

The type "J' system will be described in somewhat greater detail in the ‘
remainder of this chapter. The features unique to the type "J' system will

be emphasized. Those features involving techniques that have been described
in the preceding chapters will be covered in less detail.

9.2 DESCRIPTION OF TYPE '"J" TERMINALS

General Modulation Scheme - Frequency Allocations

The function of any carrier terminal is to translate the telephone channels
handled by the system from voice frequency to their allotted frequencies

on the line and vice versa, and to supply the required line pilots. In the

type "J" terminals, three stages of modulation or demodulation are em-
ployed to perform the frequency translations. The first stage of modulation
and the last stage of demodulation occur in the channel bank which, as

stated earlier, is the same as that employed in the type "L and type "'K"
systems. It converts twelve 2- or 4-wire telephone circuits from the toll
switchboard into an outgoing and an incoming basic group of channels in

the frequency range between 60 and 108 kilocycles.

The second stage of modulation and of demodulation occurs in a group modu-
lator and a group demodulator which are the same for all type ""J* carrier
terminals. These perform the translations between the basic group
frequencies of 60 to 108 kilocycles and a group lying between 400 and 448
kilocycles, using a carrier of 340 kilocycles. It is at this point, also,

that the line pilots are introduced. The third stage of modulation translates
- the 400- to 448-kc band to its assigned frequency allocation on the line, and
the first stage of demodulation®* does the converse of this, translating the
line signals to a band between 400 and 448 kilocycles. The carrier frequen-
cies required here, of course, depend upon whether the terminal is an

East or a West terminal and whether the system is a JNA, JSA, JNB, or
JSB system.

As noted in Section 9.1, these designations refer to four slightly different
frequency allocations, adopted to minimize crosstalk between type "J"
systems on the same pole line. These allocations, and the corresponding
carrier frequency required for the last group modulator at the sending end
or the first group demodulater at the receiving end, are given in the table
of Figure 9.2

*In this description, the term "modulation' is applied to the processes in
the sending terminal and the term "'demodulation’® signifies the modulation
processes in the receiving terminal.
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CHAPTER 9 TYPE "J" CARRIER TELEPHONE SYSTEM

It will be noted that the frequency allocations for the west-to-east direction
are the same for all four type "J'" systems except that in two of them the
channels are inverted. In the east-to-west direction the allocations are
staggered in increments of one kilocycle, two of them being also inverted.
The advantages of these allocations from the crosstalk standpoint will be
discussed in a later section.

West to East ‘ FEast to West

Frequency Band Frequency Band
System on Line {kc) Carrier on Line (kc) Carrier
JNA 36-84 (0) 484 kc 92-140 (L) 308 kc
CJSA 36-84 (L) 364 95-143 (U) 543
JNB 36-84 ({U) 484 93-141 (U) 541
JSB 36-84 (L) 364 94-142 (L) 306

" Note: (U) and (L) indicate whether the indi-
vidual telephone channels appear on the
line as upper or lower sidebands, that
is, whether they are normal or inverted
with respect to the original speech bands.

Figure 9-2 Frequency Allocations of Type "J! Carrier Systems

The terininal equipment must also supply the line pilots. The frequencies

of the pilots on the lines are the same for all four of the type '"J' allocatiouns,
and are 40 and 80 kilocycles in the west-to-east direction, and 92 and 143
kilocycles in the east-to-west direction. The 80- and 92-kc pilots are

used for flat-gain regulation, while the 40- and 143-kc pilots are used for
slope regulation as described later. The pilots are actually injected at

the input to the first group modulator at such frequencies as to reach the
line at the above frequencies after passing through the two group modulators.
See Figure 9-1.

Description of Terminal Equipment - Refer to Figures 9-3, 9-12

With the above general information regarding the functions of the terminal
equipment in mind, we may now examine in somewhat greater detail the
arrangement of equipment that performs these functions. A block diagram
of a type "J" terminal is shown in Figure 9-3. The 4-wire voice-frequency
patching bay and the channel modem bay in the upper left of the figure are
parts of the channel bank.

The channel bank is connected to the group terminal equipment through
the normals of the high-frequency patching jacks. At these jacks, the
signals are in the form of the basic channel group lying between 60 and
108 kilocycles, and have the transmission levels of -42 decibels in the
transmitting direction and -5 decibels in the receiving direction. .The
nominal impedance at these jacks is 135 ohms.
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CHAPTER 9 TYPE "J' CARRIER TELEPHONE SYSTEM

Group Transmitting Circuits

Figure 9-3 shows that the basic group from the channel bank, after passing
through the high-fréquency jacks, is routed through a band-elimination
filter to the input of the first group modulator. At a west terminal the
band-elimination filter attenuates two of the channel carrier leaks (64 and
104 kc) which might interfere with the two line pilots. At an east terminal,
the filter attenuates all of the channel carrier leaks as a precaution against
their introduction by crosstalk as fixed tones in the channels of adjacent
staggered systems (type '"J'" systems having one or more of the other

three allocations). The modulator itself is a lattice-type copper oxide
modulator such as is shown in Chapter 6.

Figure 9-3 shows the line pilots, from the carrier and pilot channel supply
equipment (lower left of Figure 9-3), being applied to the input of the first
group modulator, as well as the channel group. The input of this modulator
includes a hybrid circuit (not shown) and the channel group and the pilots
are applied to the modulator through conjugate terminals of the hybrid
 circuit. As noted earlier, the carrier applied to the first group modulator
is 340 kilocycles. The upper sideband of this modulation process, con=
sisting of a band from 400 to 448 kilocycles, is selected by a coil-and-
condenser type of filter for transmission to the second group modulator.
Following the filter is a 2-stage feed-back amplifier with about 27. 5-db
gain to raise the level of the signals applied to the next modulator.

From the amplifier, the signals are applied to the input of the second
group modulator which is also a lattice-type copper oxide modulator. The
carrier frequency for this modulator is one of those listed in Figure 9-2,
depending upon whether this is a west or an east terminal, and which of
the four frequency allocations the system is to have. The modulator is
followed by a low-pass filter of the coil-and-condenser type which attenuates
all frequencies above about 150 kilocycles to remove unwanted high-
frequency products of the last modulation process. Following the filter is
a deviation equalizer which corrects for distortions introduced by the

“ several filters in the transmitting terminal. At east terminals there is
also a supplementary high-pass filter which attenuates unwanted products
from the last modulator which are below about 90 kilocycles, to eliminate
near-end crosstalk. '

The group of line frequencies is amplified by a transmitting amplifier,
which is considered a part of the terminal in the type "J" systems. This
is a 3-stage feed-back-type amplifier having a flat-gain over the entire
range from 36 to 143 kilocycles. The last stage of the amplifier consists
of four 311A heater-type pentodes in parallel and delivers a level to the
line +17 decibels with respect to the transmitting toll switchboard. The
output of the amplifier is applied to the line by way of the transmitting

~ side of a directional filter which separates the outgoing and incoming
frequency groups. The nominal impedance at both the input and the ocut-
put of the transmitting amplifier is 125 ohms.
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CHAPTER 9 TYPE "J" CARRIER TELEPHONE SYSTEM

Group Receiving Circuits

As shown on Figure 9-3, the received line frequencies are separated from °
the transmitted frequencies by a directional filter. At an east terminal,

the received signals are applied to a regulating amplifier whose input

circuit contains a slope- regulatmg network and a flat-gain regulating network.
At a west terminal, which receives the high-frequency group of signals, :
more gain is required. There are therefore two amplifiers, one following
each of the regulating networks. In both cases, the regulating networks

are controlled automatically by the received line pilots. ~This control is
similar to that employed in the line repeaters to be described later, except.
that in the terminals the pilots are picked off after passing through both
group demodulators. The controls are effected by sensitive marginal

relays, operated by the pilots, which actuate motors that adjust the regu-
lating networks as required to maintain the level of the pilots substantially
constant at the point where they are picked off.

The single amplifier used in an east terminal and the two amplifiers used

in a west terminal, each are 2-stage amplifiers. Both east and west termi~
nals include in their receiving amplifier portion of the circuits a deviation
equalizer to compensate for the distortions introduced by the various filters
in the receiving circuits and an auxiliary filter to supplement the receiving
directional filter and further to attenuate the transmitting group of frequen-
cies. In west terminals, the auxiliary filter is placed ahead of the amplifiers
to prevent possible overloading by the unwanted frequencies. The west
terminals also include a basic equalizer to help equalize the line, and a
high cutoff (about 170 kc) low-pass filter to exclude unwanted high frequen-
cies from the line, such as might be picked up from power line carrier
systems, radio, or atmospheric static.

. The features so far described, which are similar to features of line repeaters;
will be more fully described in a later section.

After emerging from the receiving amplifier circuits, the signals are
applied in succession to the two group demodulators. These are copper
oxide structures similar to the modulators in the transmitting branch of
the terminal. The first group demodulator is supplied with the appropriate .
one of the carriers listed in Figure 9-2 and translates the line frecuencies
to a band between 400 and 448 kilocycles. The second group demodulator
is supplied with a 340-kc carrier and translates the frequencies to the
basic group band between 60 and 108 kilocycle s, suitable for application
to the channel banks. Each modulator is followed by the necessary filter
to select the wanted output band, and the final modulai tor is followed by an
aux111ary 2-stage flat-gain amplifier having a fixed gain of 45 decibels to
raise the signals to the standard level of 5 decibels required for the
channel bank. . '
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CHAPTER 9 TYPE "J" CARRIER TELEPHONE SYSTEM

Carrier and Pilot Supplies

The carrier and pilot supplies are shown functionally in the lower part of
Figure 9-3. Many of the techniques employed in these circuits are similar
to those described in the two chapters for the type "K' and type "L'" systems
and will therefore not be described in great detail here. All of the carrier
frequencies which are multiples of 4 kilocycles are derived from harmonics
of a basic 4-kc frequency, as in the type "K' system. The basic 4-kc
frequency is obtained from a tuning-fork-controlled oscillator, and the
harmonics of this frequency are generated by a saturated coil circuit. The
output of the harmonic producer appears on two leads, the odd-harmonic
bus and the even-harmonic bus. The particular harmonics needed for each
carrier are picked from these busses by means of filters. In this way are
obtained all of the carriers needed for the channel bank, the 340-kc carrier
for the first group modulator, and the 308-, 364-, and 784-kc carriers
when needed for the second group modulator.

For some of the type "J' system allocations, the second group modulators
require carrier frequencies of 306, 541, or 543 kilocycles, which are not
multiples of 4 kilocycles. To produce these, use is made of another base
frequency, 5 kilocycles, which is generated by a tuning fork oscillator like
the 4~kc oscillator. The 543-kc carrier is obtained by selecting the 137th
harmonic pf 4 kilocycles, namely 548 kilocycles, and modulating this
against 5 kilocycles in a second-order modulator. The output component
corresponding to the difference, 548-5, is the desired 543-kc frequency.
The 541-kc carrier is obtained by selecting the 67th harmonic of 4 kilocycles,
or 268 kilocycles, and modulating this against 5 kilocycles in a third-order
modulator. In a third-order modulator to which frequencies fl and fz are
applied, output components of 2f; + f, are obtained ( see equations ' »
Chapter 5 ). In the present case, f, = 268 and £, = 5, and the desired out-
put is (2 x 268) + 5 = 541 kilocycles. Similarly, to obtain the 306-kc
carrier, 316 kilocycles (the 79th harmonic of 4-kc) is modulated against 5
kilocycles in a third-order modulator, resulting in an output whose frequen-
cy is 316= (2 x 5) or 306 kilocycles. The modulator used in these circuits
all employ copper oxide varistors, and are followed by filters to select the
desired output component. Amplifiers are required in each circuit to ob-
tain the needed carrier levels.

There remain the line pilots. At the point where these are introduced into
the transmission circuits, at the input to the first group modulator, the -
required frequencies are 64 and 104 kilocycles in all west terminals, 60
and 111 kilocycles in east terminals of JNA or JSA systems, and 58 and

109 kilocycles in east terminals of JNB or JSB systems. These pilots
frequencies are generated by individual vacuum tube oscillators. For the
last mentioned pairs of frequencies required at east terminals, the oscil-
lator frequencies are controlled by quartz crystals in the oscillating cir-
cuits. The frequencies 64 and 104 kilocycles required for the west terminals
are identical with two of the channel carrier frequencies. For these cases,
therefore, the crystals are omitted from the oscillators and the frequencies

9.9
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CHAPTER 9 TYPE "J" CARRIER TELEPHONE SYSTEM

are accurately controlled by app1y1ng the 64- and 104-kc channel carriers
to the grids of the oscillator tubes, locking the oscillators in step with
those frequencies. The amplitudes of the pilots are adjusted so that their
levels at the mput to the line are each -3 dbm, where the transmission
levels of the carrier channels are +17 decibels relative to the sending toll
switchboard. The frequencies of the pilots when they reach the line are in
every case, as noted earlier, 40 and 80 kilocycles out of west terminals
and 92 and 143 kilocycles out of east terminals.

Most parts of the carrier and pilot supply circuits are provided in duplicate
for greater reliability, with various alarm features and automatic transfer
circuits which will not be described. One set of supply circuits is adequate
for ‘supplying ten J2 systems, provided not more than seven.of them have

the same frequency allocation. " :

9.3 REPEATERS
General -

The type "J' repeaters must, of course, provide the gain, equalization,
and regulation to compensate for the changeable line conditions which were
described in the last section. The regulating features include automatic
flat-gain and slope adjustments under control of two pilots in each direction
of transmission. These are not different in basic principle from the flat-
gain and slope regulation provided in the type "K' system as described in
Chapter 10, but they must accommodate a wider range of conditions. Un-
like the repeaters of the previously described carrier systems, the type
"J" repeaters are different for the two directions of transmission because
of the different frequency ranges and the consequent different line losses in
the two directions.

The normal output level of each repeater is the same as that of the terminals,
or +17 decibels. The output level of a repeater may be temporarily raised

to +27 decibels without intolerable overloading, to take care of sections
during severe sleet conditions. This is done by decreasing by 10 decibels
the sensitivity of the pilot control circuits so that they automatically regulate
to the higher level. All amplifiers are de S1gned with negative feedback.

This produces a high degree of stability, the gain being substantially inde=
pendent of tube changes and battery voltage variations. For the same reason,
the modulation is very low, the second- and third-order modulation products
from a single-frequency testing tone of normal lerel being 75 and 95 decibels,
respectively, below the fundamental. The maxzii “1m gains which can be -
obtained from the repeaters are 46 decibels in .- west~to-east direction

and 77 decibels in the east-to-west direction. The maximum gains that can
‘be used under normal weather conditions are, of course, much less than
these values, and are largely controlled by noise conditions.
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CHAPTER 9 TYPE "J" CARRIER TELEPHONE SYSTEM

The repeaters are divided into two classes, main and auxiliary.. These
are electrically and functionally similar. The main repeaters are in
attended stations and are usually in the same locations as the repeaters of
type "C! and voice-frequency systems on the same pole line. The auxiliary

. repeaters are unattended and are placed between the main repeaters. The
number required depends upon whether the area is normally subject to
sleet. With repeater spacings of 70 miles, fair performance can be ex-
pected for attenuations due to sleet which are as great as five times the
dry weather values. In nonsleet areas, longer spacings may be ’employed
Each line must be engineered for the partlcular condltlons expected in the
area it traverses.

Repeater Spacings

The permissible spacing of repeaters is determined in the final analysis by
noise, where the term '"noise'' includes line and repeater noise, crosstalk,
and modulation. :
In the type "J!" case; the objective is a total noise of 29 dba on an average
channel at a transmission level of -9 decibels, for a 4000-mile connection
consisting of five links. It is computed in practice for the top channel
whose frequency is taken to be 140 kilocycles, and the noise on this channel
~is allowed to be about 2 decibels worse than the average. Figure 9-6 shows
the division of the total noise. For single links of shorter length L, than
4000 miles, these quantities are reduced by 10 log10 4000, db.

Noise at -9-db level .
(4000 miles)

Average - Top .
Channel" Channel
Line and repeatér noise 26 dba 27 dba -
Unintelligible crosstalk 21 25 '
Modulation 22 22
'~ Terminals , 20 20
Total, (power addition) 29 dba " 31 dba

Figure 9-6 Noise on Type ""J' Systemé

The largest item in the table of Figure 9-6 is the line and repeater noise.

. This noise on a particular section is expressed in terms of the noise at the

i input of the repeater that terminates the section. The contribution of the

: section to the total system noise is determined by increasing the noise at
the repeater input by the difference between the standard -9-db level at the
system termlnal and the level at the repeater input. It is therefore evident
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CHAPTER 9 TYPE '"J' CARRIER TELEPHONE SYSTEM

that when sleet conditions in a section increase the line loss and depress

the level at the repeater input, the contribution of that section to the total
system noise is correspondingly increased. This indicates why repeater >
sections must be made shorter in sleet areas.

The equivalent repeater noise at the repeater input is only about -30 dba,
and is too lpw to have an appreciable effect on the total noise. The line
noise at the end of the wire section may be due to induction from power
line carrier systems, to radio waves, or to static. The noise from power
line carrier systems ordinarily occurs only in occasional sections where
exposure exists, and must be considered on an individual basis. Static is
a type of noise to which open-wire lines are universally exposed, and is a
function of the thunderstorm incidence {(TSI) which varies in different parts
of the country. TFor a TSI of 1000 and a one per cent field strength (field
strength exceeded one per cent of the time), the static noise at the input

of a type "J'" repeater (assuming lines with J5 transposition systems) is -4
dba at 80 kilocycles and -7 dba at 140 kilocycles. These figures allow 3
decibels for the fact that thunderstorms seldom occur simultaneously over
all of a 4000-mile system. For other values of TSI than 1000, the noise

- figures may be corrected by adding 10 log;q db. Data are available

. 0 1000’
-regarding the thunderstorm incidence in various parts of the country. The
values given are yearly averages and actually vary during the year. Curves
are available (see BSP ABZ25. 140) which show the distribution of the noise
magnitudes around the one per cent values given above and the approximate
number of hours they occur in the 5-month thunderstorm period from May
through September.

The actual layout of repeaters in a particular system requires computing
the system noise for different assumed repeater locations by methods in-
volving the above consideraticns.

Repeater Circuits - Regulation

The general arrangement of a type J2 repeater is shown in Figure 9-7. The
repeater is terminated at both ends in directional filters which separate

from each other the high- and low-frequency bands used for the two directions
of transmission. By comparing Figure 9-7 with the terminal circuits shown

in Figure 9-3, it is seen that the repeater circuits up to the final line

amplifier in each direction are much like the terminal receiving circuits

up to the first group demodulater, the west-to-east repeater branch resembling
the circuits at an east terminal, and the east-to-west repeater branch
resembling the west terminal circuits. The line amplifiers of the repeaters
are similar to the transmitting amplifiers of the terminals.

The west-to-east branch, which amplifies the low-frequency channels 1y1ng
between 36 and 84 kilocycles, begins with 2 regulating amplifier which in-

cludes in its input circuits a slope-regulating network and a flat-gain regu-
lator. The auxiliary filter which follows the regulating amplifier augments
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. the directional filters and increases the loss at the higher frequencies
amplified in the other branch of the repeater. It safeguards against over-
load and modulation difficulties in the amplifier and against having too

little loss in the loop circuit around the two branches of the repeater when
‘the gains are high. The auxiliary filter is followed by a deviation equalizer
. to remove residual irregularities from the over-all transmission charac-
teristic, and by a line amplifier which is a flat-gain amplifier identical
with the transmitting amplifier at the terminals.

‘The regulating amplifier is shown in somewhat more detail in Figure 9-'8.
- The pilots which control the regulation are picked off by filters at the out-
put of the line amphfler (see Figure 9-7), and after being ampl1£1ed and
rectified each is applied to a sensitive marginal relay. A change in the
level of a pilot of 10. 5 decibel causes the relay to close oné or the other of
-~ two contacts. This operates a motor gea.red to the movable plate of the
: control capacitor shown in Figure 9-8 in such direction as to restore the
. pilot to its proper level. The relays are of the sensitrol type which give
" a firm, positive contact by the use of magnetic attraction between the
‘movable contact which is of iron, and the fixed contacts which are magnets.
~All contacts are silver-plated. The magnetic contacts do not readily
release, so automatic means are provided to reset the sensitrol relays
about every 4 seconds, to stop the movement of the motors when sufficient
correction has been obtained. :

“The slope-regulating network consists of a series of sections, and the
‘movement of the capacitor plate effectively shifts the point along the net-
work at which the output potential is derived. Although the network contains
.discrete sections, the regulation is continuous because of the design of the

- movable capacitor plate so as to overlap the sections of the fixed plate.

A similar effect occurs in the flat-gain regulator, whose dual-stator
capacitor can select any fraction of the impressed voltage.

‘The regulating arrangements for the west-east direction are designed to

have sufficient range to compensate for the loss and characteristic with
_frequency of the line under all but extreme conditions. They, therefore,
provide both the regulation and the basic equalization, and additional basic
equalizers such as are used in the K and L carrier systems are not re-
-quired. The flat-gain adjustments occuring automatically and simultaneously:

.In the east-to-west branch of the repeater, more gain is required because
. of the greater loss of the line in the 92- to 143-kc range of frequencies used
in that direction. The regulating portion of tk :ircuit, therefore, includes
~two amplifiers, one following each of the regu...cing networks. The east-
to-west regulating arrangements are shown in iigure 9-9. These are ,
generally similar to the arrangements just described for the other repeater
“branch, except that the sections of the slope-regulating network are con-
nected in parallel rather than in tandem. The flat-gain is controlled by the
92-kc pilot, and the slope by the 143-kc pilot in the same manner as for
the west-east branch. Both pilots are picked off at the output of the line
amplifier.
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CHAPTER 9 TYPE "J" CARRIER TELEPHONE SYSTEM

-A. special feature is an auxiliary flat-gain control which is operated by the
- 143-kc slope pilot for a small region at one end of its range. This feature
comes into action under extreme sleet conditions, when the slope regulator .
- alone would have insufficient range to prevent abnormally high levels from
being impressed on the line at the high-frequency end of the transmitted
~band. The auxiliary flat-gain control, of course, reacts on the regular
flat-gain control because of its effect on the 92-kc pilot, sending the regular
flat-gain adjustment to the end of its range. The net effect is a gain
deficiency which varies from 5 decibels at 92 kilocycles to 0 decibel at
- 143 kilocycles. Since the extreme sleet conditions that could cause this

are not generally very widespread, the gain deficiency 1s usually made up
at the next repeater.

TO PILOT CHANNEL RELAY CONTROL CIRCUIT

[ (U R S g gy S g U M g My U

10 £
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Figure 9-9 East West Regulating Amplifier
Circuit

“The east-to-west regulating circuits are not quite adequate to take care of
+~all the required basic equalization. The east-to-west line amplifier is
‘therefore designed to provide part of the equalization. This is done by
means of a network in the feed-back circuit.

9.16



CHAPTER 9 TYPE ''J" CARIRIER TELEPHONE SYSTEM

9.4 CROSSTALK PROVISIONS AT REPEATER STATIONS

The crosstalk between open-wire pairs is reduced to acceptable limits by
transposing the wires and by staggering the freguency assignments of
adjacent type "J" systemis on the same pole line, as explained earlier.
Additional precautions are required at the repeater stations, which will
now be discussed. These are necessary largely because of the effect of
the gain of the repeaters on the interaction crosstalk.

The principles as applisd to type ""J' auxiliary vepeaters are illustrated in
Figure 9-10. Usually not all of the pairs on = pole line are equipped with
type "J'" systems. The iype "J'" auxiliary reveaters are located at points
wirere the non~J pairs have no voice-irequency or type '"C'' repeaters.

The non-J pairs therefore provide '"tertiary' paths which can conduct the
interaction crosstalk from one side to the other of the type "J'" repeater
station. To illustrate this, Figure 9-10 shows three pairs, pairs 1 and 3
being equipped with auxiliary type "J' repeaters, and pair 2 having no
repeater. Three possible crosstalk paths are shown.

0-32 0-32
—]LF
= ge-co
PAIR | W PSP W gy MNP ——— e . PAIR |-E
. g ] =+ N ! ~ . IR |
J PAIR ' { v \
/ 4 36w || |
? TYPE J REP V\—'Tp‘“'— :i\
[ 0-84 I
A - PATH C
a DF
| -~ !
v LonerTuoinaL X CROSSTALK %
| OIL N\ SUPPRESSION .
\ ) AN FILTER |
PAIR 2-W \\————-—a—-—--\fln--—--—-a»—-—!::}—- -——-—---———c>—-————--——-—<‘/ PAIR 2-E
NON J PAIR 00 \\ L_J R00 3
% 0-3¢
\\
TTTTTTTTT TR T T T TN |
0-32 0-32 \ PATH A
e L o - { l
. [- - 92-eo0 $2-e0 | )
PAIR 3-W T e T —_— PAIR 3-E
J PAIR pran S Y @f 1°F < oF )
\[ 36-00 ) N t 36-c0
o S bl TYPE J REP iF
0-84 0-84
=
uLm-‘ {:/\ oF
3 - ~ 3 TS the 17 3 ed ~ k :
Figure 9-10 Coupling Faths Requiring Crosstalk-suppression

Filters and Separation of East and West Cabling

g.17



CHAPTER 9 TYPE "J'" CARRIER TELEPHONE SYSTEM

.Consider crosstalk path A. Starting at the output of the east-to-west type
"J amplifier on pair 1 (transmission level +17 db), the carrier speech
channels pass westward through the directional filter (pass band 92-kc to
infinity) and the line filter (pass band 36-kc to infinity), where they join the
type "C'" and voice-frequency signals coming from the 0- to 32-kc line
filter. in the low-frequency branch. In the line proper, dissymmetries of
pair 1 with respect to the other wires and ground cause the high-level
metallic-circuit signals to induce longitudinal and metallic-circuit currents
in-all three pairs. The currents thus introduced in pair 2 are transmitted
eastward past the repeaters, where they in turn induce currents in pair 3
at.the low-level input to the east-west type '"J' amplifier on pair 3. These
crosstalk currents are then amplified and transmitted westward on pair 3.

.Because of the gain of the repeater, this amplified interaction crosstalk
‘could be serious if nothing were done about it. Two remedial measures are
employed. One is the installation of longitudinal choke coils as shown in
‘the figure, in all of the type "J" and non-J pairs of the line on both sides

of the repeaters. It may be noted that for the part of the energy transfer
paths just described that is between the numerous longitudinal circuits (a
longitudinal circuit involves transmission along the two wires of a pair in
parallel), wire configurations and transpositions are of no value. However,
the longitudinal choke coils greatly increase the attenuation of the longi-
tudinal paths and are therefore effective in reducing the crosstalk. The
second remedial measure is the crosstalk suppression filter, which is con-
nected in all of the non-J pairs which furnish the possible tertiary paths.
This filter provides loss at the carrier frequencies for both the longitudinal
and metallic-circuits of the pairs on which they are installed. By these
two methods, the leaks around the repeaters are 'plugged.

- Crosstalk path C is similar to path A, except that the final coupling from
the tertiary circuit is to the original instead of another system. This path
could. conceivably cause the repeater to sing. Obviously it is made in-
“nocuous by the same measures already described.

.Crosstalk path B is different in nature from paths A and C, and involves
straight coupling from the output of one repeater to the input of the other
without involving any tertiary circuits. This path may arise from proximity
‘between the east and west open-wire lines, or between the toll entrance or
office cables. The attenuation of this path is kept sufficiently large by

such measures as specifying that the terminal poles of the east and west
open-wire lines be at least 80 feet apart, that ihe east and west lead-in
cables be suitably separated, etc.

“9.5 USE OF COMPANDORS TO IMPROVE NOISE AND CROSSTALK
The provisions which have been described for controlling noise and cross-

talk on the open-wire type '"J'" systems are not wholly adequate to main-
tain the desired high transmission standards on all channels at all times.
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A further remedy, when needed, is available in the form of the 1A com-
pandor. This device is applicable to any type of telephone circuit, but has
found considerable use on type '""J" system channels because of the greater
transmission uncertainty of that system. Its cost makes it less attractive
for use on other systems, but on type "J" systems is often less than the
cost of gbtaining sufficient improvement by other means. Less expensive
compandoxa than the 1A have recently been designed as integral parts of
the type ""N'" and the type ""O! systems, but these are not available as
separate .devices for general use.

A compandor consists of a volume compressor applied at the sending end
and a volume expandor applied at the receiving end of a voice channel.
These are complementary variable-gain devices controlled by the speech
31gna1s themselves. The compressor may be thought of as 'a device that
adds gain for the weak, but not for the strong portions of the Speech thus
raising the levél of the weaker speech signals on the line and increasing
i,heir signal—tOmnoise ratio. The expandor restores the speech at the
receiving end to its normal level by adding loss equal to the gain introduced
ny the compressor. In so doing, the expandor also attenuates the noise
and crosstalk from the line when the speech signals are weak (or during
pauses in the speech). Providing the noise and crosstalk are not initially
so strong as to be heard through the loud portlons of the speech, a large
effective 1mprovement in the signal-to-noise ratio is brough about by the
compandor,

The cost of the compandor must of course be balanced against the cost of

obtaining sufficient improvement by more elaborate line transposition
schemes, closer spacing of repeaters, or other means.
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Figure 9-11 Frequency Translations in Type-J Carrier Systems
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. CHAPTER 10

TYPE "K" CARRIER TELEPHONE SYSTEM

10.1 GENERAL

The type K system provides twelve 2-way telephone channels on two 19-
gauge nonloaded pairs in aerial or underground toll cables. These pairs
cannot at the same time be used for voice-frequency systems. The type K
system operates on a 4-wire basis using one pair for each direction of
transmission. The two pairs are ordinarily in different cables, although
in special cases a single cable may be used which has a shield between
layers to separate the pairs into two groups. Because of the higher attenua~
tion of the 19-gauge pairs at the carrier frequencies, the line amplifiers
must be spaced at about one-third the interval required for voice-frequency
systems, or about every 17 miles., On a route which also-has voice~
frequency systems, therefore, the carrier system requires two "auxiliary'
repeaters between each pair of main stations where the voice-frequency
repeaters are located. On new routes not already equipped with.voice-
frequency systems, the main, attended stations may be as far apart as 100
to 200 miles, The auxiliary stations are arranged to be unattended, with
suitable alarm indications of troubles, to the nearest main station.

A number of type K systems may be operated in the same cables without
exceeding crosstalk requirements, provided the cable pairs are suitably
balanced for crosstalk as described in the last section of this chapter. On
existing cables, installed originally for voice-frequency use, most of which
are of the '"long pair twist'' variety, sat1sfactory performance may be
obtained if as many as about one-third of the pairs are used for type K
systems. On new type K routes, the usual arrangement is to install two
small cables of the '"short pair twist'’ variety, in which case all of the

pairs except those needed for order wires and other miscellaneous purposes,
may be used for type K systems.

Two models of the type K system have been developed: the original Kl
system, and its successor the K2 system. The Kl system is no longer
manufactured, although there are a considerable number in service in the
plant. More than 85 per cent of the type K systems, however, are of the K2
variety, so the following description will apply specifically to the K2 system
unless otherwise stated. The differences between the two models of the
type K system, which have largely to do with the methods of regulation and
equalization, will be mentioned at the appropr1ate points.
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The twelve telephone channels are transmitted on the cable pairs as the
upper sidebands of carriers located every 4 kilocycles from 12 to 56
kilocycles, inclusive. The total frequency band transmitted on the line
therefore extends approximately from 12 to 60 kilocycles. The original
voice-frequency telephone bands are translated to the line frequencies, and
vice versa, by a double modulation process. The first step takes place

in the channel modulators forming part of a '"l12-channel bank, '" which
translates the twelve voice bands to a group of lower sidebands, lying
between 60 and 108 kilocycles. This is done in order to realize the
economies obtainable with quartz filters, which type of filter would not be
suitable at the lower frequencies that would be involved in a single modula-
tion process translating the voice bands d1rect1y to the 12- to 60-kc range.
The same 12-channel bank is also employed in the types J and L systems.
The second stage of modulation in the type K system takes place in a
group modulator which translates the 60~ to 108-kc band as a whole, to

the line frequencies between 12 and 60 kilocycles. The frequency alloca-
tions for the two stages of modulation are shown in Figure 10-1.

All carriers used in the modulation processes are suppressed, but pilot
frequencies of 12, 28, 56 and 60 kilocycles (see F1gure 10-1) are trans-
mitted from the K2 terminals along with the carrier speech bands. These
serve automatically to regulate the gain and the frequency characteristic
of the system, the 60-kc pilot acting to regulate the flat gain of all of the
line amplifiers, and the other three pilots serving to control the gain and
the frequency characteristic of "twist'' amplifiers placed in the line at
occasional intervals, The methods by which this is accomphshed will be
described later,

No special signaling features are incorporated in the system, signaling
being accomplished by voice-frequency methods over the telephone channels.
Arrangements are available for removing telephone channels 6, 7, and 8
from a type K carrier system and replacing them with a continuous program
channel of 8-kc bandwidth.

10.2 OVER-ALL TRANSMISSION PERFORMANCE

This section summarizes the over-all transmission performance which is
expected of the type K system under normal conditions. The over-all
.transmission bandwidth of K2 channels, from toll switchboard to toll
switchboard, is substantially flat from 200 to 3200 cycles, the loss increas-
ing 10 decibels at about 150 and 3350 cycles. Five K2 channels in tandem
are expected to provide a bandwidth of about 175 cycles (175 to 3350)
measured at the 10-db loss points, The transmission variations at 1000
cycles of a K2 carrier link of any length are expected to be less than +1
decibel, which, allowmg for additional variations in the switchboards and
other equipment in the terminal offices, might be increased to an over-ali-
figure of +2 decibels.
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Figure 10-1 Frequency Allocations,
Type K Carrier System.

The K2 carrier circuits have a line velocity, including the effect of the
repeaters, of about 125, 000 miles per second. The channel banks add
enough delay to reduce the effective over-all velocity to about 105, 000 miles
per second,.
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The K2 carrier circuits are designed to provide reasonably satisfactory
crosstalk performance on a 4000-mile circuit composed of four 1000-mile
links. This assumes a systematic connection of channels in the systems
involved in the four links such that channels having the worst crosstalk

in one link are in series with channels having better crosstalk in other links,

The noise on an average K2 channel 4000 m11es long is not expected to
exceed 29 dba at the -9 db level,

10.3 GROUP TERMINAL EQUIPMENT - FIGURE 10, 17
General

The group terminal equipment, sometimes called the group modern,
includes not only the group modulator and demodulator, buf also the group
filters, the transmitting amplifier, and all other equipment in the main
transmission path of a type K.carrier terminal between the lZ2~channel
bank and the cable pairs except the receiving line amplifier, The prin-
cipal functions of this equipment are, first, to perform the second stage
of modulation required in the carrier terminal which translates the group
of frequencies from the channel bank to the proper frequency aliocation on
~ the line and vice versa, and secondly to admix the pilot channel frequencies
with the outgoing line signals at the proper levels, The 60-kc pilot is
generated in the transmitting amplifier, but the other three pilots are
generated separately in circuits to be described later. It is convenient

to describe the group terminal equipment in two parts, namely the trans-
mitting and receiving portions of the equipment.
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Figure 10-2 Group Modulator Civcuit, Block Schematic
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rou ircui N
A single-line block diagram of the transmitting branch of the group ter-
minal equipment is shown in Figure 10-2. The heart of this equipment is

the group modulator, which is shown separately in greater detail in
Figure 10-3, The modulator is a lattice-type copper-oxide modulator.

The input transformer for the modulator " te
is arranged so as to be a hybrid coil, Cw
the group of signal channels from the

12-channel bank being fed into the Piter

upper, and three of the pilot fre-

quencies being fed into lower con- '
jugate terminals of the hybrid coil C
circuit, The pilot frequencies at this

point are 64, 92 and 108 kilocycles,

These pilot frequencies are thus mixed
with the 12-channel group and are
modulated jointly against a carrier of
120 kilocycles, which is also applied
to the modulator as shown in Figure

103, The lattice-type modulator is Teo Prot
inherently balanced for both the input Channel Sugsty

signals and the 120-kc carrier, The

degree of balance is such that the input

signals and the carrier are attenuated Figure 10-3 Group Modulator
about 30 decibels. Schematic

The lower sideband of the modulation process is selected by the group-
modulator low-pass filter (see Figure 10-2)., This lower sideband consists
of the group of twelve channels which now appear as upper sidebands of
carriers (which are suppressed) of frequencies lying every 4 kilocycles
from 12 to 56 kilocycles, and the three pilots which have been translated

by the modulation process to frequencies of 56, 28 and 12 kilocycles.

The level of these pilots is low compared with the speech levelsiin the
carrier telephone channels, being -11 dbm at the output of the transmitting
amplifier where the level of each speech channel is +9.decibels with respect
to the toll switchboard level, -

It is obvious that the pilot frequencies are identical with the carrier fre-
quencies of channels 1, 5, and 12. It is necessary therefore to insure
that the carrier leaks in these channels from the channel modulators are
tco weak to affect the pilot channel levels, This is taken care of by the two
suppression filters shown in Figure 10-2 in the signal path ahead of the
group modulator. The 109B carrier leak suppression filter adds an
additional attenuation of about 40 decibels at frequencies of 64, 92, and
108 kilocycles. These suppression bands are extremely narrow, being
only about +20 cycles wide, and therefore do not affect the bandwidths of
the adjacent channels. The 216A suppression filter has the effect of
widening the suppression band at 64 kilocycles to about +150 cycles, This
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is necessary to avoid interference from low-frequency signaling impulses
which might enter channel 12 from the terminal, to the 56-kc pilot on the
line. The regulating circuits in the twist amp11f1ers which operate on the
56 pilot are particularly sensitive to such interference. .

‘The 4.2-db 'pad‘between the output of the modulator.and the group filter is .
for the purpose of improving the impedance facing the filter. The group
‘modulator filter is a coil- and condenser-type of filter designed to work
between 600-ohm impedances. It is a low-pass filter which cuts off very
sharply just above 60 kilocycles, : :

The transmitting amplifier is of a unique design which acts as an amplifier
to the signal channels with about 65 decibels of gain, and at the same time
‘behaves as an oscillator. generatmg 60 kilocycles. The amplitude of the
60-kc p110t thus produced is a function of the energy in the signal channels,
vvarymg in such a way that the total mean power out of the amplifier, which
is'made up of the power in all the signal channels plus the power of the
60-kc pilot, remains constant at +15 dbm. When the channels are ali idle,
the power out of the amplifier is composed ent;re_ly of the 60-kc pilot.
“When the channels are busy, the strength of the 6C-kc pilot is correspondingly
decreased to'maintain a constant output power of +15 dbm. The trans-
mission level of each signal channel at the output of the amplifier is +9
decibels, relative to the toll switchboard, '
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Figure 10-4 Schematic of Transmitting Amplifier
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/A schematic of the transmitting amplifier is shown in Figure 10-4. It is
a 3-stage amplifier having both a negative and a positive feedback path, the
latter being sharply tuned to 60 kilocycles, The loss in the positive feed-
back path is controlled by the resistance of a resistance lamp, the
resistance of the lamp and the loss in the feedback path increasing rapidly
with the current through the lamp. The amplitude of the oscillations in
such a circuit autornatmally stabilizés at the point where the loss in the
feedback path is just short of being equal to the gain of the amphfier, so
that oscillations are just sustained. The lamp is connected in the circuit
in such a way that the signal currents from the amplifier as well as the
nG-kc oscillations pass through it, Therefore the presence of energy in
ihe signal channels increases the loss of the positive feedback path,
;iiing the 60-kc amplitude to compensate for this by decreasing until
cscillations can again be sustained. The net effect is that the total power
out of the amplifier remains constant. A potentiometer in the positive
feedback circuit permits adjusting the level of the total power at which
llw amplifier stabilizes, and another one in the negative feedback path
srodts adjusting the signal gain., The output of the transmitting amplifier-
sent directly into the outgoing cable pair.

Croup Demodulator Circuit

4 single-line block diagram of the receiving branch of the group terminal
equipment is shown in Figure 10-5. The input of this circuit is connected
'iirecdy to the output of the receiving line amplifier (not shown), where the
transmission level of each channel is +9 decibels, and the nominal impedance
iz 135 ohms, The group demodulator is similar tc the lattice-type modulator
in the transmitting circuit just described, except that the input transformer
is not a hybrid coil, Ahead of the demodulator are two large pads with a
suppression filter between them for removmg the 60-kc pilot frequency.

The total loss in the two pads and the filter is 51 decibels, so that the

signals applied to the demodulator are reduced to the low transmission

level of ~-42 decibels, to avoid overloading the demodulator.
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Figure 10-5 Group Demodulator Circuit, Block Schematic
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The group of channels from the line is modulated against 2 group carrier
frequency of 120 kilocycles and the lower sideband produced by this process
is selected by the group demodulator low-pass filter. Thus the group de-
modulator translates the 12- to 60-kc group of frequencies from the line

to a group lying between 60 and 108 kilocycles, which is suitable for trans-
mission to the 12-channel bank. The group demodulatos filtcr is of the

coil and condenser type, and cuts off sharply just above 108 kilocycles.

Following the filter is a group demodulator amplifier to vaise the signal
level to the -5 db level necessary for application {o the chanu=2l bank., Two
designs of amplifier are available, the second being required when the
system is used for telephoto transmission., The other amplifier is not
suitable for telephoto transmission because of siight modulation effects
from the 60-cycle a-c power in the heaters of the tubes, io which telephoto
transmission is particularly sensitive, Both amplifiers ave {lat gain
amplifiers with a gain of about 42 decibels which is adjusiable cver a
small range.

C Ly Co

—¢ 1t | =i I N

C) l NON o \“‘#\ L 0DD
~ 4KC Tc nggﬁR Lo <" /[ “‘: @HARMONICS
- A Gl I B
Ci L Co Ev" """""" r——

EVEN
HARMONICS

Figure 10-6 Carrier Suppiy Circuit

10,8

b &
- OMANNEL

FILTERS
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10.4 CARRIER SUPPLY CIRCUITS

All of the essential parts of the K2 carrier terminals have now been de-
scribed except the carrier and pilot supplies. It was noted in the preceding
chapter that since the carriers are not transmitted, the frequencies of the
carriers supplied to the terminals at the two ends of a system must be

very accurate in order to avoid a frequency shift in the speech signals
transmitted by the system. All of the carrier and pilot frequencies used in
a tvpe K system are multiples of 4 kilocycles, The principle which is
smployed therefore is to provide a stable generator of 4 kilocycles followed
by harmonic producers which derive the required odd and even harmonics
of the base frequency of 4 kilocycles, The accuracy of all of the frequencies
iz therefore determined by the accuracy of the one source of 4 kilocycles.

The fundamental principles of the arrangements in general use on type J
and ¥ systems are illustrated in Figure 10-6 . The 4-kc base frequency
is obtained from a 128-kc crystal oscillator through a fractional frequency
gensration process,

The 4¢~kc wave, after generation and amplification, first passes through
luned circuits which remove all harmonics generated in the oscillator or
amplifier, and is then applied to the harmonic producer. This consists of
the nonlinear coil, Ly, and the capacitors C>. The coil has a small
permalloy core and is heavily saturated by the applied current wave except
when the current is near zero, The inductance of the coil is therefore very
large when the current is passing through zero, and is very small during
the rest of the cycle when the core is saturated, the change being very
sudden from one condition to the other, The effect of this is that as the
current in the coil passes through zero, say in the positive direction, a
voltage is impressed on capacitors Cp causing a current to flow into them
znd build up a charge on them., At a critical point the coil abruptly
saturates and its impedance drops suddenly to a very low value, This
practically short circuits the capacitors, so that they suddenly discharge,
creating a large negative peak of current of short duration. When the
current in the coil passes through zero in the opposite direction, a large
positive current peak is similarly created, Thus the output of the harmonic
producer consists of a train of sharp pulses of alternate polarity, one for
each half cycle of the 4-kc wave.

This wave, being symmetrical, is rich in all the odd harmonics of 4 kilo-
cycies and, by properly proportioning the circuit, the amplitudes of these
harmonics are made uniform over a wide range. This wave appears
directly on the odd-harmonic outlet or bus, Across this bus is bridged a
group of filters that select from it the various odd harmonics of 4 kilo-
cycles (68, 76, 84, 92, 100, and 108 kc) needed for the carrier and pilot
supplies. The even harmonics are obtained by applying the above wave to
a copper oxide rectifier, as shown in Figure 10-6, which inverts every
aiternate pulse, The wave from the rectifier contains all the even
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harmonics of 4 kilocycles and is led to the even-harmonic outlet or bus.
Another group of filters bridged across this bus selects the various even-
harmonics (64, 72, 80, 88, 96, 104, and 120 kc) which are needed for the
remainder of the carrier and pilot supplies. It will be noted that since the
output of the harmonic producer appears on two buses, one containing only
the odd and the other only the even harmonics, the frequencies applied to
either group of filters are separated by 8-kc 1nterva1s, which simplifies
the selectivity requirements of the filters.

The 64-kc pilot is used to maintain carrier and pilot supplies in synchro-
nism at all stations. A 64-kc pilot frequency derived from the carrier
supply at the master station is transmitted over the network and is used ic
synchronize successive stations. At the master station, the 4-kc frequency
supply circuit from which the 64-kc pilot is derived is set precisely to 4 ko
by comparing it with an accurate frequency standard. At controlled
stations, the 4-kc frequency supply circuit is motor-driven and continuously
synchronized by the 64-kc pilot frequency received from an adjacent

station in the network. Synchronization is accomplished in the frequency
comparison circuit of the carrier supply. At the controlled station, this
circuit compares the 64-kc pilot received from the network with the

locally generated 64-kc pilot. When a difference exisis between the two
pilots, a motor driven by the frequency comparison circuit operates to
eliminate the difference, so that the locally generated 64-kc pilot is at the
same frequency as the incoming 64-kc pilot. The locally generated 64-kc
pilot is then transmitted over the network for synchronization of the carriex
supply at the next station in a similar manner,

One carrier supply of the above type is adequate to take care of ten fo
fifteen type K carrier terminals, Since so many telephone channels depend
upon one carrier supply, it is provided in duplicate with automatic switch-
ing arrangements for switching over to the emergency supply in the event
of failure of the regular carrier supply. The details of these switching
arrangements will not be described here.

10. 6 GENERAL LINE TRANSMISSION PROBLEM - EQUALIZATION AND
REGULATION

The preceding sections have described the transmission features of the
carrier terminals, We have seen how the sending terminals modulate the
signals from twelve voice-frequency telephone channels so as to deliver
to the outgoing cable pair a group of single sideband carrier channels
lying between 12 and 60 kilocycles, each ca: v channel having a trans=-
mission level of +9 decibels relative to the ¢! switchboard., We have
further seen how four pilot frequencies are generated and applied to the
line along with the carrier telephone channels, the weak 1Z2-, 28., and
56-kc pilots each having a level of -11 dbm, and the strong 60-kc pilo:
hav1ng a variable level such that the sum of its power and the powes in ths

carrier channels (plus the other pilots) is +15 dbm. We have also secen
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how the receiving terminal accepts signals from the incoming line, which
are identical in level and frequency with those delivered to the line by the
distant sending terminal, and demodulates them to reproduce the twelve
voice-frequency telephone signals,
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Figure 10-7 Cable Layout for Type K Carrier

The problem now to be discussed is how the line, with all its large and
variable attenuation and attenuation-versus-frequency distortion and with
its tendency to noise and crosstalk between cable pairs, is made to repro-
duce at the receiving terminal a good replica of the signals delivered to it
by the sending terminal, The attenuation of the line is of course overcome
by means of the amplifiers which are added to it at approximately 17-mile
intervals. As noted earlier, the variations in transmission and the
attenuation-versus-frequency distortion are also taken care of by equalizers
incorporated in the amplifiers. Therefore, the discussion of this part of
the problem reduces substantially to a description of the line and twist
amplifiers, which follows in the next sections of this chapter.

The crosstalk phase of the problem is equally serious and important, for
the crosstalk coupling between pairs in a cable increases with frequency
and is therefore much worse in the carrier range than at voice frequencies,

Crosstdlk is controlled for type K carrier operation by three measure, two
of which are evident by inspection of Figure 10-7, This figure shows the
manner in which the carrier system is applied to the cables, The first
crosstalk reducing measure is the use of pairs in two different cables for

10,11



CHAPTER 10 TYPE "K'' CARRIER TELEPHONE SYSTEM

the two opposite directions of transmission. This effech'vely eliminates -
all near-end crosstalk between different type K systems using the same
cables. The second crosstalk-reducing measure is the frogging of the
oppositely directed one-way carrier channels between the two cables at sach
carrier repeater point., As shown in